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Abstract

During the last decade, the useMsheterocyclic carbene ligands (NHCs) based on imidazolium ions and related heterocycles has emerged
as an alternative to phosphines in the design of new organometallic catalysts. We review catalysts with chelate and pincer NHC ligands,
including complexes of palladium, ruthenium, rhodium and iridium. Transfer hydrogenation and Heck chemistry are given special attention.
Also discussed are Suzuki and Sonogashira coupling and immobilization on clay supports. Synthetic aspects are covered as well as a discussiol
of structural features, catalytic properties and catalyst recovery and recycling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and synthesis of complexes this connection, aided by the availability of the Tolman map
of electronic and steric effecf4]. N-heterocyclic carbenes

There are relatively few homogeneous transition metal (NHCs), derived from the replacement of the proton at C-2

catalysts where both steric and electronic effects can bein an imidazolium salt by a metal, have been known for
finely controlled by small changes of ligand structure within many yearq?2], but interest was dormant until Arduengo
the series. Phosphines have been the most widely used iret al.[3], isolation of the free imidazol-2-ylidene carbene

in 1991. Their potential as genuinely useful ligands for

catalysis is a relatively recent development springing from

;Cor_rlesggnding authors. £ o Herrmann et al[4]. Spectroscopic studies suggested NHCs
‘mail addresseseperis@qio.uj.es (E. Peris), were principally sigma-donors and only poor pi-acceptors,
robert.crabtree@yale.edu (R.H. Crabtree). . .
1 Fax: 34 964 728214, like phosphines, so an analogy between the two classes of
2 Fax: +1 203 432 6144. ligands developeb].
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2 2. Transfer hydrogenation

So many different catalytic applications of NHCs have
now been described that we limit our discussion to cases
4 5 in which a chelating or pincer carbene has been used. An
early catalytic application was transfer hydrogenation from
iPrOH to a ketone with KOH as co-catalyst. The accepted
Further work has shown that the two ligand classes are mechanism is deprotonation of metal-bound iPrOH to give
distinct in electronic properties, NHCs being more strongly an iPrO—M species. This can beta-eliminate to give a hy-
donor than even the most basic phosphifi$,7] The fan dride that can attack the substrate keton€ R= O to give
shaped steric profile of NHCs is also different from the cone R2.CH-O-M. Alkoxide exchange with iPrOH liberates the
shape of PRbut this has yet to be fully exploited. Certainly, product and re-forms the iPrO-M species. It is sometimes
it is easy to incorporate very bulky groups such as mesityl hard to eliminate the alternative Meerwein—Ponndorf—Verley
on the nitrogen atoms at positions 1 an@i’B and to vary (MPV) mechanism, however, which involves direct hydride
the steric size of these groups in a stepwise fashion. transfer between alkoxide and carbonyl compound. In the
Chelate carbenes, a focus of this review, require the use ofcontext of carbene ligands, the presence of an intermedi-
linkers between the imidazole rings, which presents potential ate metal hydride is a potential source of problems. If the
complications in that these sites may be deprotonated bycarbene reductively eliminates with the hydride, the ligand
relatively strong bases such as the BuLi sometimes usedis lost with formation of an imidazolium salt. Fortunately,
to form the carbene from the precursor imidazolium salt. there is no indication that such a reductive elimination is
Milder bases than BuLi, such as K[N(TM&)KH or KOtBu easy because the catalysts described in this section are ca-
were therefore introduced to resolve this problem; liquid pable of catalyzing up to 5 10* turnovers before deac-
ammonia or THF were the preferred solvents for generating tivation. The chelating character of the carbenes may help
the carbengg]. prevent decomposition, in part simply by chelation, but also
Pincer carbenes are a more recent developrf@nand by holding the carbene ring in a conformation that disfavors
in this case direct metallation of the imidazolium salt with reductive elimination, a reaction that is expected to require
Pd(OAc) proved successful, although the temperature re- the empty p orbital on the carbene carbon to be colinear
quired was high (170C). Subsequent pincers used an oxida- with the adjacent M—H bond.
tive addition of the imidazolium salt to Beliba) under very The first reported example was the [RRibis-carbene}
mild conditiong9]. In an unexpected development, displace- (OAc)] catalyzed reduction of a variety of ketones and
ment of the central pyridine ring of the CNC pincer proved imines[16]. The synthesis of this Rh(lll) species from the
easy, even occurring during conformational fluxionality of bis-imidazolium salt and [(cod)R@I], using NaOAc/KI
the CNC ring, when an outer sphere halide coordinates to theis unusual in taking place under inert atmosphere without
metal to convert the pincer to a chelating bis-carbene ligand. apparent oxidant in the system; presumably trace air takes
A potentially severe drawback of the metallation proce- this role. The usuah-Bu wingtip groups gave adequate
dure only became apparent with the discovery that imida- catalytic results but relatively rapid deactivation is seen. A
zolium salts can sometimes metallate at C-4 or C-5, in the great improvement was obtained by moving to iridium and
backbone part of the ring, a region normally considered in- to neopentyl wingtip group§l7]. The latter groups lack
ert[10]. This in turn means that catalysts that are made in beta hydrogen atoms and so may resist Hofmann type elim-
situ by treatment of the imidazolium salt with say,Rtha)y ination under the basic conditions used. These systems had
may need to be considered as having uncertain structuregood functional group tolerance in the substrate (e.g2,NO
until they can be isolated and characterized. The reactionsBr, pyridine ring) and conjugated enones were reduced to
that give abnormal C-4 or C-5 metallation prove to be very the saturated alcohol. Alkenes were isomerized, consistent
sensitive to conditions and even to counter jbh]. with the presence of hydride intermediates, but not reduced,;
Additional mild procedures are welcome in this area be- this makes the MPV mechanism unlikely. The catalytic sys-
cause it may be desirable to add even more sensitive func-tems were completely insensitive to air so that they could be
tionality in future. One promising procedure is treatment run on the open bench without any special precautions. On
of the imidazolium salt with AgO to form the silver—-NHC  the mechanistic side, it was shown that irayclohexanol,
complex followed by transmetallation to the metal of inter- the D on the carbinol carbon was essentially quantitatively
est. This promising transmetalation method was introduced transferred to the product carbinol carbon, as expected for
in 1998 by Wang and Lifj12]. A variety of silver—-NHC a monohydride mechanism®¢hemes 1 and)2
complexes have been maflE3], and many of them have Danopoulos, Winston, and Motherwell showed that de-
been successfully transferred to Pd, Au, Rh anfd 4;15]. protonation of 2,6-bis(arylimidazolium) pyridine dibromide
Failure to form a stable silver carbene complex, or more with KN(SiMe3), gave thermally stable 2,6-bis(arylimi-
commonly, failure of the silver carbenetiransmetallate to dazol-2-ylidene) pyridine, which was further used to prepare
the precursor can be problems with this method, however. ruthenium ‘pincer’ complexes. The latter showed catalytic
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Cinn,, new phosphine-free Pd catalysts is driven by both economic

/ and academic reasons: phosphine ligands are expensive,
toxic and unrecoverable. Besides, one of the most important
challenges in the search for good catalysts for the Heck
reaction is the activation of traditionally more inert bonds,
such as C—CI (aryl chlorides are often cheaper and more
readily available than other aryl halides), for which high

0 H temperatures are needed where P—C bond cleavage reactions
Pl (C/I"""I!L iR of phosphine complexes may deactivate the catalyst.

n
R

KOH/i-ProH
-H,0

Herrmann and co-workef21-23]and McGuinness and
Cavell [14], have recently performed Heck reactions with
L aryl chlorides using carbene-containing Pd complexes with
reasonably high TON values. The strongly electron donat-
ing character of the NHC ligand may facilitate oxidative
T addition. In the context of this review, it seemed useful to
Cim,, ( /'an-1 see whether pincer-carbene ligands instead of phosphines,
/ bn C would form palladium catalysts with enhanced or, at least,
L different catalytic properties.
Preliminary work [24] involved the bis-carbene-pincer
/\R T complex 1, whose synthesis at high temperature (DMSO,
Ho cn, 170°C) revealed its exceptional high thermal stability. A re-
PR '/'I Ly lated bis-carbene palladium complex such?g23,25] re-
sults a very efficient Heck catalyst under nitrogen at 1@0

Scheme 1. Proposed schematic catalytic cycle for the hydrogen transferbUt it deposits Pd black after 8 h in refluxing DMA in air,
catalyzed by iridium(bis-carbene) complexes involving a monohydride While 1 is unchanged after 24 h under the same harsh con-

_o_<
7\,23

active species. ditions.
activity in transfer hydrogenation of carbonyl compounds _ N@N (\N/\N/}
[18]. RU(CNC)(CO)Bs (CNC = 2,6-bis(butylimidazol-2- N(\ N /w N—. \—N\
ylidene)pyridine, compound in Section 4 gave similar - | )‘N\ 7 \Pd/
chemistry, with TONs as high as:2 10° [19]. Pd B N

Br | I

1 2

3. Heck and related C—C bond formation reactions
Compoundl was tested in standard Heck conditions

Many of the most widely used C-C bond formation re- (Scheme B and showed good activities in the coupling of
actions, such as the Heck reaction, for example, requireiodobenzene and styrene to givansstilbene in diethylac-
the use of any of a wide variety of Pd as catalysts. Pd(0) etamide (DEA, bp 184C) in the presence of NaOAc as base
readily undergoes oxidative addition with various XC—  with catalyst loading as low as 0.2%. Bromobenzene and
bonds, and the easy addition of unsaturated bonds to thestyrene are also quantitatively convertedttans-stilbene
RPdX intermediate so formed, followed by beta elimina- with catalyst loadings of 5%. Activated aryl chlorides
tion, completes the reaction. The reaction can be catalyzedreacted moderately (75% conversion, 5% catalyst) and re-
by palladium complexes with or without phosphine ligands quired the addition oh-BusNBr as co-catalyst. Although
(phosphine assisted versus phosphine-free catalysts). Thehese results did not differ much from those for other cata-
phosphine-containing catalysts, sometimes regarded as claslysts which can be even more efficient for certain substrates,
sical[20], often give good results in the Heck reaction. The the main lesson from this work is that Heck reactions can
primary role of the phosphine is to support Pd in its zero be carried out in the presence of air, so Heck coupling need
oxidation state, as PdLor PdlLg species. The search for not be an air sensitive process.

Ot O = o

Scheme 2. Hydrogen transfer between acetophenone jaogchbhexanol.



Scheme 3. Standard Heck reactions studied.

This preliminary result prompted the design of new
pincer-carbene palladium complexes with improved cat-
alytic activities. Disadvantages @fare its low solubility in
nonpolar solvents and its high reaction temperatures. Fortu-
nately, pincer-carbene ligand precursors are easy to prepar
and versatile, so they can be readily modified in order to
promote changes that can affect to the physical and chem
ical properties of their complexes. The introduction of a
CH, spacer between the rings enhances solubility, presum-
ably by avoiding the flat geometry df which may allow
metal-metal and aromatic stacking interactions in the solid
state. The resulting catalys3, [26], is soluble in CH{,
and resulted a much better activity than

X

Va

Cl—||2
g,
\

CHy N

sl)
I |

Br
Br

3

The chemical and physical properties bfcan also be
modified by changing the wingtip N-alkyl groups. Substi-
tution of the methyl group irl by ann-butyl substituent,
improved the solubility of the catalyst, probably by disturb-
ing the intermolecular interactions of the compound in the
solid state (compound) [27].

~ L1

N
N N

2 {o

Compound! showed a better Heck reactivity thagiving
good coupling activities even for aryl chlorides. For the ole-
fination of chlorobenzaldehyde yields remain high, even at
catalyst loading of % 10-3%. The TONs of 47,500—75,000
obtained with catalyst loading of 2 107%% are among
the highest yet reported for aryl chlorides, although the
temperatures previously used were lo28,29]. Previous
aryl chloride olefinations generally required high catalyst
loadings or long reaction times for comparable conversions
[14,21-23,25,29-31]n addition, our yields are almost the
same even in the absenceeBusNBTI, but the reaction time
is longer. A key mechanistic problem in Pd chemistry is the
potential for precipitation of colloidal Pd which can itself be

0
L

Br

4
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Scheme 4. Generalized Suzuki reaction.

n excellent catalyst. The catalysts described above retained
activity in the presence of Hg(0), however, arguing against
the presence of heterogeneous Pd.

3.1. Catalyst re-use

One of the most interesting challenges in the Heck reac-
tion is the search for recyclable catalysts. In order to find
whether the catalyst would be stable enough to be recycled,
suitable experiments were designed and carried out with
4-bromoanisole and styrene. On completion of the coupling
reactions, if the mixture is cooled and additional aliquots of
substrate and base added, the reaction is found to continue
without loss of activity. Six cycles were carried out, each
time without addition of more catalyst or solvent. The fact
that the reaction mixture retains full activity for several cy-
cles provides evidence for the stability of the system and
shows its potential for re-use.

3.2. Suzuki and Sonogashira catalysis

The Suzuki reaction between the activated aryl bromide
4-bromoacetophenone and phenyl boronic acid yielded the
substituted biphenyl in 88% yield when 1 mol% #fwas
used, and 70% for a 0.2 mol % loadirfgoheme 430 h both
reactions)32]. Traditionally, solvents as THF, dioxane, and
toluene are used in the Suzuki reaction, but the solubility of
4 constrained us to use DMA. Again, these reactions were
unaffected by air.

The Sonogashira reaction was also evaluated with
(Scheme k lodobenzene and phenylacetylene can be cou-
pled in pyrrolidine (bp 87C) with Cul as co-catalyst in
99% vyield. Yields are as low as 10% even after 19 h with
4-bromoacetophenone. We interpreted this low yield as
resulting from an undesired oxidative homocoupling of
the alkyne (Glaser reaction) to the corresponding symmet-

/

5% Cul

—

pyrrolidine 87°C

Generalized Sonogashira reaction.

oN

Scheme 5.
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rical diyne [33]. When the reaction is performed under to 4 with slight modifications such as change of tialkyl
nitrogen atmosphere and by slow addition of the alkyne, wingtips (R = CHz, n-Bu, -CHPh, p-CH2-Ph-NQ; X

keeping its concentration low4 proved to be highly effi-

cient affording the desired products in very short reaction

= Brl PFB! BF4)'
The Heck reactivities of the heterogenized catalysts com-

times. Under these reaction conditions, the coupling was pare well with their homogeneous counterparts, indeed, a

almost complete within 0.5h fop-nitrobromobenzene,
and quantitative within 2.5 h fgo-bromobenzaldehyde and
p-bromoacetophenone

3.3. Clay immobilization

perfect correlation of activities is observed with NaOAc as
base; the reactivity of the catalyst is therefore preserved
upon immobilization. Removal of the supported catalyst by
filtration and repeated C—C coupling reaction with recycling
showed that good conversion is retained over several cycles,

but a significant loss of activity is seen. Leaching of the pal-

Heck reactions present a tough challenge for the designladium complex was not involved because the amount of
of highly recyclable systems. The reaction needs at leastPd(ll), as determined by elemental analysis (AAS) and XPS
three reagents (halide, olefin, base) besides the catalyst itin the solid before and after the catalytic consecutive exper-
self. The salt generated by neutralisation of HX and base iments was essentially unchanged. It is important to point
in the last step of the catalytic cycle accumulates in the out that no Pd(0) was found by XPS on the surface of the
reaction medium, leading to an unpredictable influence on solids after being used in catalytic reactions.
the catalys{20] including possible promotion of the reac- Since montmorillonite K-10 readily absorbs ionic species
tion rate[34]. Despite all these problems, some approaches from solutions, we suspected that NaOAc, used as the base
to support[35] and heterogenize Pd catalytic systems in- on each consecutive C-C coupling run, could be adsorbed
volve immobilization of Pd catalysts on polymers, modified onto the solid surface, hence saturating or blocking the cat-
mesoporous silica g¢R2,36], or modified silica ge[37]. alytic active sites. Indeed, elemental and XPS analysis of the
However, although some of these preformed heterogenizedsolids before and after recycling, showed that the amount of
catalytic systems, such as the bis-carbene complex immobi-Na and C adsorbed considerably increased after consecutive
lized by Herrmann and co-workefg2], can be efficiently runs. In order to recover the catalytic activity after catalyst
recycled in a Heck reaction, they suffer from the disadvan- recycling we decided to use NE#&s non ionic base instead
tage that they require multistep syntheses. of NaOAc. Indeed, NRtyields quantitative conversions for

Taking into account the good Heck reactivity of compound the coupling of iodobenzene and styrene, even after ten con-
4 and its great stability, this and related compounds seemedsecutive runs. As expected, this base does not show any sig-
excellent candidates for new recyclable C—C coupling nificant affinity for surface adsorption, allowing the catalytic
catalysts.Scheme 6shows the general procedure for the sites to remain active on reuséiq. 1).
immobilization of the palladium catalysts onto the clays  Once optimised for the Heck coupling of iodobenzene
montmorillonite K-10 (MK-10) and bentonite (NaM), with styrene, we decided to extend the study to other
carried out by the solvent impregnation method. The immo- substrates, in order to determine whether our catalysts
bilized compounds are shown in Scheme 6; all are similar could also be useful for C-C coupling of the less reac-

I—rd
Br X
MK10 ?H j"l*
Oy
R’N\Kéd/\_NR ]
+ )
E|s X Nar- > (\N‘©‘N/§ <>
r R.N\K’T‘)_ K
N
Br
MK10= Montmorillonite MK10 wrnnnarsnnnnnnnnnnnnnnnnsane = Dnens

Na*-M= bentonite
R=Me, n-Bu, -CH,Ph, -pCH,PhNO,
X=Br, PFg, BF

Scheme 6. Immobilization of the Pd-catalyst on montmorillonite MK-10 and bentonite.
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100 N o Although it is very difficult to identify the catalytically ac-

80 ‘K\" ~ tive species, the high stability of the dimetallic compound

60 and the absence of HPNMR signals due to monometallic
= 40 species, suggest that the catalytic active species may be

20 dimetallic.

|4} 2 4 [} B 10 12
=\_-M
N* Runz fﬂj/@\/b\ N e
N_NT>NN /
Rh—/

. . . . . n-Bu N.n-Bu
Fig. 1. Conversions for the consecutive couplings (runs) of iodobenzene T

and styrene. Reactions in diethylacetamide (DEA) at’I8®ith 0.1 mol% %Br Br—Rh— &3/ \
catalyst used (4).<¢) NEt3 as base.A) NaOAc as base. b PFg
6

tive C—-Br and C—CI bonds. After optimising the reaction
conditions, we were able to activate C-Br, for five con-  The cationic bis-carbene Rh(l) compléxvas also tested
secutive runs without detectable catalytic decay. However, in the catalytic hydroformylation of alkenes, but proved to
the activation of C—Cl bonds was achieved in 15% yield at be completely ineffective. In this regard, severe differences
best. in the catalytic behavior 06 and 6 were also found for
Mechanisms in Pd chemistry raise particularly difficult the hydrosilylation of terminal alkynes. While compousid
issues. Mechanisms other than the traditional Pd(0)/Pd(Il) and the analogue complex with methyl wingtip groups, were
cycle have been invoked in order to explain how pincer phos- found to be effective catalysts for this reactighresulted
phapalladacyclic Pd(Il) could achieve high activity in the in a very ineffective catalyst, affording good conversions of
Heck reaction25,28,30,38] In particular, a Pd(I)/Pd(IvV)  the alkynes to the corresponding silyl alkenes only after very
cycle may be operating for some types of compounds. long reaction times (>72 H}0].
In many cases, the reduction of Pd catalysts leads to the We believe that the difference in the catalytic behavior
formation of Pd-black, that is itself reactive for the Heck of 5and6 arises from their different susceptibility for ox-
reaction in a heterogeneous fashion. In our case, we findidation. For reasons to be discussed elsewhere, oxidation
that elemental mercury, which selectively poisons hetero- to a Rh(lll) analogue is favored fds but is clearly disfa-
geneous catalysts, leaves the Heck activity4oéntirely vored for6 which remains Rh(l) even under oxidizing con-
unaffected so precipitated or colloidal Pd is not the active ditions. In this sense, those catalytic reactions for which
catalyst. an oxidative addition is required in any of the reactions
steps (hydroformylation, hydrosilylation), is clearly disfa-
vored for compound and not for5 or analogue dinuclear
4, Other reactions species.
The Ru(CNC)-pincer comple¥, gave an efficient cat-
The coordination of pincer ligands to Pt-group metals has alyst for the oxidation of simple olefins to aldehydes. Re-
afforded a wide range of compounds whose properties aremarkably, no side products were observed from overoxida-
still far from fully explored. Along with the reactions men-  tion, epoxidation or diol formatiofiL9].
tioned in the previous chapters, several other homogeneous

catalyzed reactions have attracted preliminary study, show- AN

ing the chemical versatility of this type of ligands. For ex- /@

ample, the synthesis of Rh(l)-carbene complexes prompted 72\ N N/§
the study of reactions typically catalyzed by phosphine N’K ‘ /Br N
complexes of Rh(l), such as hydroformylation and hydrosi- n-Bu RU M-Bu
lation of terminal alkynes; the preparation of Ru—(CNC) B ‘

pincer complexes suggested the study of reactions such as co

oxidation of olefins. 7

In this regard, the dinuclear Rh(l) compou&dshowed
high activity in the hydroformylation of a variety of ter-
minal alkenes. However, although conversions were high
and5 proved to be a good hydroformylation catalyst, the 5. Future prospects
most remarkable feature of this catalyst is that it remains
dimetallic under the harsh conditions used in the reaction In view of the increasing success of monodentate NHCs
[39]. High pressure NMR (HPNMR) spectroscopy reveals in catalysis, we can expect a rise in the use of chelat-
that the carbene ligand remains bound to Rh under 30 atming NHCs. The advantages seem to be enhanced stability
of CO/Hp, retaining the dinuclear character of the complex. and a more rigid conformation. The latter could become
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more important in asymmetric catalysis, for example. Ex-

tension to triazole analogues and other heterocyclic carbenes

have already shown initial promise and may be advanta-
geous for altering electronic effects. Open chain analogues
may afford additional ligand flexibility. The NHCs are more
donor than any traditional phosphine ligands, so we now
have access to a long unexplored part of the Tolman ligand
map.
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