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Abstract

Two synthetic methods allow synthesis of catalytically active metal carbene complexes from imidazolium salts without
passing through the free carbene. Abnormal carbene binding via C-4(5) is possible, influenced by ion pairing. Imidazolium-
based ionic liquids may be non-innocent solvents in homogeneous catalysis. To cite thisarticle: E. Peris, R.H. Crabtree, C. R.

Chimie 6 (2003) 33-37.

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Des complexes carbéniques issus de sels d’ imidazolium sont synthétisés par deux voies, sans passer par le carbéne libre, et
peuvent étre utiles en catalyse homogene. De tels carbenes peuvent également se lier anormalement en C-4(5), selon le
contre-ion. On avance |’ hypothése que des liquides ioniques peuvent potentiellement jouer le réle de ligands en catalyse
homogéne. Pour citer cet article: E. Peris, R.H. Crabtree, C. R. Chimie 6 (2003) 33-37.
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1. Introduction

The concept of forming N-heterocyclic carbene
(NHC) complexes by replacing the acidic 2-H of the
imidazole ring by a metal fragment dates back to the
work of Ofele and of Lappert (Fig. 1). The area
remained quiescent for decades until Arduengo
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showed that the free carbene could be obtained as a
species stable enough for crystallographic character-
ization if sufficiently bulky alkyl or aryl groups were
present at the 1 and 3 positions. HerrmannTElltook the
story a step further by showing that such carbenes are
excellent stahilizing ligands for a variety of homoge-
neous catalysts. Tens of research groups have
added carbenes to their armory and have provided
further examples of catalysts for a wide variety of
reactions. Among organometallic catalysts, only phos-
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phines are currently more versatile than carbenes and
since the carbenefield is much less developed, we can
expect rapid advance in the next few years. We have
also recently reviewed related aspects of our work in
thefield
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2. Base-assisted metallations

Our efforts have been directed towards incorporat-
ing NHCs into chelate[[5]] and pincer [[6]] ligand sys-
tems such as have proved invaluable in phosphine-
based catalysis. This requires us to avoid the standard
synthetic routevia deprotonation at the imidazole
2-position because this requires strong bases and nu-
cleophiles. These arelikely to prove incompatible with
the types of poly-imidazolium salts that are needed to
gain access to chelate and pincer NHCs because these
can contain avariety of acidic and electrophilic centers
that would lead to mixtures of products. In addition, we
wanted to be able to use smaller wingtip groups at
1 and 3 positions than are required to stabilize the free
carbenes.

Agostic C-H binding to metals is known to
acidify the proton that isbound, leading to theideathat
ametal acetate might be able to give direct metallation
via the reaction of equation (1). In this scheme, the
oxidation state of thefinal product isexpected to bethe
same as that of the starting acetate. As a test of this
procedure for a CNC pincer carbene complex, we
looked at the reaction of equation (1), in which the
readily prepared bis-imidazolium salt, 1, reacts with
Pd(OAC), at 165 °C to give the square planar Pd(I1)
complex, 2 . The complex is unaffected by heating
for many days at 165 °C in DMSO and air, in contrast
with phosphine derivativeswhich tend to decompose at
thistemperature evenintheabsence of air. Notethe use
of the pyridine unit to act as the initial binding site for
the ligand, bringing the imidazolium rings into the
vicinity of the metal.

Pd( OAc)

/
The robustness of 2 is demonstrated by its ability to
catalyze the Heck reaction at 165 °C, even in air. We
checked that the system retained activity in the pres-
ence of Hg(0), suggesting that metallic Pd(0) is not the
catalytically active species. The related Sonogashira
and Suzuki coupling reactions are also catalyzed by
2[8]

The high stability of 2 prompted a study of its
immobilizationinaclay tolook at the catalytic activity
of the heterogenei zed wstem Indeed, 2 and related
compounds with different wingtip alkyl groups (n-Bu,
CH_Ph, etc.) can readily be immobilized by impregna-
tion on montmorillonite K-10, affording effective sup-
ported catalysts for the standard Heck coupling. The
supported catalysts so obtained show catalytic activity
similar to that of their homogeneous counterparts. The
determination of Pd content on the supported catalysts
by XPS and elemental analysis, before and after each
catalytic reaction, shows that leaching is negligible.
The XPS analysis of the catalysts after its use in the
catalytic reactions showed that no Pd(0) is produced.
Once the reaction conditions were optimized, we were
able to recycle the catalyst at least ten times, without
significant loss of activity, even in the cases where the
reactions were performed at 180 °C.

The methylene-linked CNC pincer, 3 is also
readily metallated in asimilar manner to give atwisted
pincer complex, 4, with a chiral conformation (equa-
tion (2)). Ready conversion between the two chira
atropisomersis possible on the NMR timescale, so the
complexes cannot be used for the asymmetric version
of the Heck reaction. It should be possible to block the
interconversion by replacing a linker proton with an
akyl or aryl group, however, in which case the wingtip
R groups would project in a chiral manner into the

substrate binding pocket.
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3. Metallation via CH activation

Such a CH activation has been demonstrated for
Pt(0) and is suspected for Pd(0) Another
indication of the viability of CH activation as a syn-
thetic route, came from our synthesis of the CCC
pincer analogue, 6, from precursor 5. In this case, a
C-Br oxidative addition was chosen to install the phe-
nylene group in analogy with the pyridine group of the
CNC pincer. Asthe oxidative addition was expected to
require a low-oxidation-state starting material, we
turned to the common Pd(0) complex, Pd,dbas. The
final product contained a bis-carbene product with no
indication of the monocarbene intermediate (equation
(3)). Thisroute was efficient under air or argon, so H,

may be released in the reaction.
i]: (Br);
Br W Pd 5 (dba) 3 .
— @‘Hj
3 Br
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This proposal of H, release was followed up by look-
ing at the reaction of the mono-imidazolium salts, 7,
with szdbasm [13]} Instead of the formation of a car-
bene Pd(I1) hydride, only the bis carbene was isolated
or observed even with restricted amounts of imidazo-
lium salt and under mild conditions (equation (4)).
Thismakesit seem that the second step of thereaction,
between a metal hydride and an imidazolium salt, can
be very fast, even though intermolecular. This sug-
gested that ageneral route to carbene complexes might
be possible by reaction of a metal hydride with an
imidazolium salt.
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[R'=CH ; (2-pyridyl)]

We were therefore encouraged to look for other ex-
amples of the proposed pathway of equation (4) [14]] m
Since IrHgL, (L = PPhy) is known to react with pyri-

dinein THF at reflux to give[lr(py)HsL 5], welooked at
the pyridine—carbene chelate precursor, 8. Thisindeed
reacts with IrHgL,, but to give the abnormal ‘wrong
way’ product 9, in which the metal is attached, not to
the activated C-2 position, but to C-5 (equation (5)).

This was obvious both from the X-ray structure and

from the spectroscopic data.
/
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On moving to the smaller wingtip Me group, we were
able to obtain a 55:45 ratio of the wrong and right
carbenes (equation (6)). Later work described below
yielded the pure right (C-2) and wrong (C-5) carbenes
for study. One well-marked spectroscopic difference
between the two was the chemical shift difference
between the two imidazolium protons in the two iso-
mers. In the normal carbene, these are little different
and, accordingly, are little apart from one another in
the NMR spectrum. In the abnormal form, in contrast,
the two Hs differ substantialy, one being the active
2-H and the other being the C-5 H endo to the metal.
These differ by a full 2—4 ppm in chemical shift. The
mechanism of the formation of the C-4(5) bound NHC
isstill uncertain and needs further study.
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Thiswork established the existence of 4(5)-bound car-
bene complexes, where the electronic situation is pre-
sumably closer to that in the more normal Fischer
carbenes of type L,MCR(NR,). It adso implies that
catalysts that are formed in situ by incubation of a
metal salt with an imidazolium ion may not have the
expected structure. Abnormal binding may be gener-
ally expected for hydride precursors but we find it can
be suppressed by blocking the 4,5 sites, for example
using the benzimidazolium analogues.

A remarkably strong anion effect was seen in this
system: the BF,~ imidazolium salt gave the 55:45 mix-
ture of isomers mentioned above, but Br~ as counter-
ion gave essentially only the C-2 product and SbFs~
gave essentially only the C-4(5) form. Such a large
shift from one product to another is unexpected and
probably related to the existence of tight ion pairs for



36 E. Peris, RH. Crabtree/ C. R. Chimie 6 (2003) 33-37

organometallic ions in solution in solvents such as
CH.CI,, or THF. Theoretical work by Clot and Eisen-
stein on the system showed that while the free
carbene and the Ir complex favor binding at C-2, inclu-
sion of the counter-ion in the calculation (DFT) led to
an essentially isoenergetic situation. Attemptsto inter-
convert the isomers completely failed, so these are
kinetic not thermodynamic products, but the sameion-
pairing effects presumably operate at the relevant tran-
sition states.

The ion-pair structure was directly observed in a
prior case in NMR using NOE effects and the experi-
mentally favored ion-pair structure was predicted from
DFT calculations of the electric field around the cation
In the present case, ion pairing was readily appar-
ent because the C-2 proton of the C-4(5) carbene,
pointing to the exterior of the molecule, shifts by about
2 ppm on addition of Br-ion to the ShF; salt but no
other resonance is much affected. Together with the
C-H---anion hydrogen bonding seen in the X-ray struc-
ture, this illustrates the specia affinity of the C-4(5)
carbene for the anion, stabilizing this form relative to
the C-2 one.

Thisresult illustratesthe potential importance of the
counter-ion, often ignored in organometallic work to
the extent of omitting it from the diagram of the com-
plex reported in the paper. This attitude commonly
leads to work being carried out with only one counter-
ion in which case counter-ion effects would be missed.
lon pairing has been implicated in metallocene poly-
merization, however|[17]. A change of anion has some-
times proved beneficial in improving the ee of asym-
metric catalytic reactions with late transition metals

Our initial work in catalytic rhodium [19]] and iri-
dium chemistry isillustrated in equation (7) wherethe
bidentate carbene precursor salt has no initial binding
site such as the pyridine of the CNC pincer. In spite of
this, the synthesis of the product occurs in good or
acceptable yield. The Rh(I11) product has rather poor
catalytic activity but the Ir(111) species can be very
active for transfer hydrogenation from iPrOH as sol-
vent to Ph,CO, with up to 50 000 turnovers per hour at
80° C (M = Ir; Ph,CO/catalbase: 1000/1/5) in the
presence or absence of air. By far the best wingtip
group in this chemistry is neopentyl. This could be
preferred becauseit lacks B-hydrogens, which exempts

it from Hoffmann degradation of the wingtip akyls,
but benzy! that also lacks B-Hsis poor.
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Neopenty! groups seem to improve the synthetic yields
as well as giving highly active catalysts, so we have
continued to use them. The weak link in the bis-
carbeneisprobably the central CH, group that we hope
to replace by amore inert linker in future work. Again
the catalyst system is entirely unaffected by air and is
very robust compared to comparable phosphine sys-
tems. The tolerance of what are usually catalyst poi-
sons such as air and water could make these catalysts
more generally useful than phosphine analogues and
hold hope for future developments. Such catalysts
could also be regarded as at least somewhat ‘green’ in
avoiding the presence of phosphorus and in not need-
ing inert atmosphere or dry conditions, provision of
which imply energy input.

[M(cod)CI] 5

NaOAc, KI

4. Non-innocence of imidazolium derived ionic
liquids as solvents

The ready metallation of the imidazolium salts un-
der avariety of conditionsraises another point relevant
to green chemistry. lonic liquids commonly used in
that field as solvents for TM catalysts are very often
imidazolium salts It is therefore obvious that
carbene complexes could well be formed in situ under
reaction conditionsin which casetheionicliquid could
play more than a purely solvent role; an example of
such asituation hasindeed just been reported[[21]]

5. C-Bound histidine in metalloenzymes

Since metals are often bound via histidine (His) in
metalloenzymes, but X-ray structural studies of the
protein cannot distinguish between C and N, it is pos-
sible that His may be capable of binding in a non-
classical C-form [22]| If so, organometallic species
could be far more common in biology than currently
recognized. In collaboration with Sini and Eisen-
stein[[23]} welooked at this problem by calculating the
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energy difference expected between C and N bound
forms of imidazole. The results showed that for many
metal fragments the C-bound form was predicted to be
thermodynamically more stable. The better hydrogen
bonding possible by the NH bonds at positions1 and 3
in the C-bound form, versus a single such bond in the
N-bound form may help stabilize the C-His form. A
metalloenzyme could readilyarrange the presence of
suitable hydrogen bond bases to favor the C-form. The
N to C rearrangement might be expected to have a
significant barrier, but in a single case Taube [[24]
experimentally observed such arearrangement at room
temperature, so the barrier need not be excessive. No
cases are yet known in enzymes, however, but it ishard
totell Cfrom N binding. A recent review hasreiterated

this proposal

6. Outlook

The strong binding, thermal stability and air stabil-
ity of carbene complexes mean that they have substan-
tial advantages over other ligand types. The easy incor-
poration of imidazolium and related heterocycles such
astriazoliumsinto complex architectures suggests that
they may prove useful in a variety of materials and
sensor applications or in situations where a molecular
recognition element or cooperative reactivefunctionis
appended to acatalytic site. Their oxidative robustness
should allow catalysis of oxidation reactions, previ-
oudly difficult in view of the oxidation of PR3 com-
plexes.

7. Conclusions

Synthetic routes that avoid strong bases allow
N-heterocyclic carbenesto beincorporated into pincer
and chelate ligands that can give catalyststhat are very
thermally robust and are catalytically activeeveninair.
Binding at C-5isobserved in some cases depending on
the nature of the counter-ion. Neopentyl wingtip
groups prove to be particularly useful. The possibili-
tyof C-bound histidine in metalloenzymes is dis-
cussed.
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