
www.elsevier.nl/locate/jorganchem 

Journal of Organometallic Chemistry 600 (2000) 12-22 

Review 

N-Heterocyclic carbenes: state of the art in 
transition-metal-complex synthesis* 

Thomas Weskamp l, Volker P.W. B6hm, Wolfgang A. Herrmann * 

Anorganisch-chemisches Institut der Technischen Universitiit Miinchen, Lichtenbergstrasse 4, D-85747 Garching, Germany 

Received 29 November 1999; accepted 8 December 1999 

Abstract 

Recently, transition-metal complexes containing nucleophilic N-heterocyclic carbenes (NHCs) have been receiving increased 
attention in the literature, largely due to their favorable application in homogeneous catalysis. This article reviews the principles 
of known preparative procedures of such complexes that have been developed over the past 30 years since the independent 
isolation of chromium and mercury imidazolin-Zylidene complexes by 6fele and Wanzlick. The discussion will focus exclusively 
on the preparation of complexes of nitrogen heterocycles and makes no claim to be exhaustive. These complexes exhibit all the 
principles of NHC ligands and appear most frequently in the literature. 0 2000 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

It is now more than 30 years since ofele and Wanz- 
lick independently published the first structures and 
preparations of complexes containing N-heterocyclic 
carbenes (NHCs) [1,2]. Both reports used the deproto- 
nation of an imidazolium salt by a basic metal precur- 
sor to form the imidazolin-2-ylidene complexes shown 
in Scheme 1. Lappert subsequently extended the 
methodology to complexes containing imidazolidin-Z 
ylidene ligands [3]. In 1991 Arduengo et al. succeeded 
in crystallizing the first free carbene, which was pre- 
pared by deprotonation of 1,3_bis(adamantyl)imid- 
azolium chloride [4]. This allowed the preparation of 
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metal-NHC complexes directly from the preformed, 
free carbene, leading to an enormous revival in the 
interest in the preparation of free carbenes and their 
metal complexes [5-151. The focus on transition-metal 
compounds of heterocyclic carbenes has its roots in the 
unique properties of this type of carbenes when at- 
tached to a metal. 

NHCs are o-donating ligands and are more com- 
parable to P-, N- or O-donating ligands rather than to 
classical Fischer- or Schrock-type carbenes. In contrast 
to the ‘conventional’ carbene ligands, the metal-carbon 
bond is much longer and is chemically and thermally 
more inert towards cleavage. In striking contrast to 
many other heteroatom donating ligands, NHCs show 
very high dissociation energies. This phenomenon has 
been quantified by theoretical calculations for different 
metals, e.g. in comparison to phosphine ligands [16,17]. 
This article focuses on the synthetic methods for the 
preparation of NHC complexes that bear nitrogen as 
the only heteroatom in the ring system. The properties 
of these complexes have been reviewed before and will 
not be discussed in detail here [3,18-201. 
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Scheme 1. Preparation of the first transition metal complexes of 
NHCs by 6fele and Wanzlick. 

2. Synthesis of azolium salts as carbene precursors 

Generally, the synthesis of NHC complexes starts 
with N-substituted azolium salts. These precursors are 
generally accessible by two complementary synthetic 
routes: (i) nucleophilic substitution starting at the imi- 
dazole heterocycle and (ii) a multi-component reaction, 
building up the heterocycle with the appropriate sub- 
stituents in one step. 

In the first procedure, potassium imidazolide is re- 
acted with one equivalent of alkyl halide in toluene to 
give the 1-alkylimidazole [21]. Subsequent alkylation at 
the 3-position is easily effected by the addition of 
another equivalent of alkyl halide (Scheme 2) [22-241. 
The drawback of this simple route is that only primary 
alkyl halides can be reacted to produce the imidazolium 
salts in satisfactory yields, as reactions with secondary 
and tertiary alkyl halides result in substantial amounts 
of elimination by-products. 

In order to introduce other substituents at the l- and 
3-positions of the imidazolium salt, the reaction of 
primary amines with glyoxal and formaldehyde in the 
presence of an acid can be used [25-271. Variation of 
the amine used allows the preparation of imidazolium 
salt libraries, which can be further diversified by using 
different acids in order to change the anion of the 
imidazolium salt (Scheme 3) [28]. By synthesizing the 
bisimine prior to the ring closure with formaldehyde 
and an acid in a two-step sequence, it is possible to 

Scheme 2. Preparation of imidazolium salts from imidazole. 
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Scheme 3. Preparation of imidazolium salts by ring formation. 

form imidazolium salts derived from bulky anilines that 
do not bear a paru-substituent [29,30]. 

A method reported by Gridnev et al. allows the 
combination of both strategies: (i) synthesis of l- 
alkylimidazole by a multi-component reaction starting 
from glyoxal, formaldehyde, a primary amine and am- 
monium chloride and (ii) subsequent alkylation by a 
primary alkyl halide to give the imidazolium salt [31]. 
Direct coupling of imidazole with iodoarenes in the 
presence of copper(I1) triflate giving 1-aryl-imidazole 
and the alkylation in a second step follows the same 
synthetic scheme [32]. 

The reaction of an o&o-ester, e.g. HC(OEt),, with a 
secondary bisamine in the presence of an ammonium 
salt yields symmetrical imidazolidinium salts [33,34]. 
Treatment of 2,3-dihydro-lH-benzimidazoles with trityl 
tetrafluoroborate generates the benzimidazolium salt 
and triphenylmethane [35]. 

The importance of the azolium salt synthesis for 
NHC chemistry has its roots in the fact that the synthe- 
sis of NHC complexes involves the use of the proto- 
nated ligand except for few examples (vide infra). But 
in this respect, progress in the synthesis of appropriate 
ligand precursors can help to increase the applications 
of and the interest in not only N-heterocyclic, but all 
types of heterocyclic carbenes. 

3. Synthesis of transition-metal complexes 

Although NHC complexes of almost all metals of the 
periodic table are known, access to all these compounds 
is mainly based on three routes: the in situ deprotona- 
tion of ligand precursors, the complexation of the free, 
pre-isolated NHC and the cleavage of electron-rich 
olefins. A variety of other methods, mainly of impor- 
tance in special cases, will be discussed at the end of 
this review. 

3.1. In situ deprotonation of ligand precursors 

The in situ complexation of the ligand has the advan- 
tage of not having to prepare the free NHC. In cases 
where the carbene is unstable or difficult to handle, this 
approach offers the only means to prepare the desired 
complex. 

3.1.1. Deprotonation by basic metallates 
Azolium cations can be deprotonated in situ by 

Brijnstedt basic metallate anions upon heating. The 
metal of the base functions as the ligand acceptor at the 
same time. Gfele prepared the first (NHC)Cr(CO), 
complexes by this method (Scheme 1) [1,36]. This route 
has also been used to prepare complexes from benzimi- 
dazolium, pyrazolium, triazolium and tetrazolium salts 
[37]. The limit of this method is the availability of the 
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Scheme 4. Preparation of palladium(H) complexes with NHC by deprotonation of imidazolium salts. 

appropriate metallate precursor, which is determined by 
the nature and oxidation state of the central metal atom 
of the new complex as well as its ligand environment. 

3.1.2. Deprotonation by basic anions 
Bronstedt basic anions either on the metal precursor 

or the azolium salt can provide the desired ligand in 
situ by deprotonation. Commercially available acetate 
salts and acetylacetonate salts or metal alkoxides, 
which are simple to prepare, are frequently used. In the 
cases of coordinating anions on the azolium salt, this 
anion is incorporated into the new complex. To avoid 
this incorporation, non-coordinating perchlorate, hexa- 
fluorophosphate or tetrafluoroborate azolium salts have 
to be used. 

Wanzlick introduced the use of acetate salts in his 
synthesis of a mercury bis-NHC complex starting from 
mercury(I1) diacetate (Scheme 1) [2]. More than 25 
years later, this method proved to be especially valuable 
for palladium(I1) and nickel(I1) complexes starting from 
the corresponding metal(I1) diacetates and imidazolium 
or triazolium salts [38-421. For palladium, it is possible 
to apply the in situ deprotonation method even without 
solvent [38,39], but use of THF or even better DMSO 
provides enhanced yields of the complexes [41,42]. Ad- 
ditionally, a variety of palladium and nickel complexes 
with methylene bridged, chelating NHCs were accessi- 
ble only by this route (Scheme 4) [17,41,43-461 until 
these bidentate ligands were isolated as free carbenes 
recently [47]. The in situ deprotonation can be extended 
to other azolium precursors like benzimidazolium or 
triazolium salts and their palladium complexes, respec- 
tively [35,41,48-501. 

For rhodium(I) and iridium(I) compounds alkoxo 
ligands take over the role of the basic anion. Using 
u-alkoxo complexes of (n4-cod)rhodium(I) and iridi- 
um(1) - formed in situ by adding the u-chloro bridged 
analogues to a solution of sodium alkoxide in alcohol 
- with azolium salts leads to the corresponding NHC 
complexes at room temperature (Scheme 5) [39,51]. 
Using imidazolium ethoxide with [(r-14-cod)RhCl], pro- 
vides a way to the same complexes [51]. By this method, 
it is also possible to prepare benzimidazolin-2-ylidene 
complexes of rhodium(I) [51,52]. Furthermore, this 
method can be extended to triazolium- and tetrazolium 
salts [53]. The ruthenium(I1) complex [Cp*Ru(OCH,)], 

undergoes dimer cleavage on reaction with imidazolium 
salts and allows isolation of the stable 16-electron com- 
plex Cp*(NHC)RuCl [54]. 

The use of u-hydroxo u-alkoxo bridged polynuclear 
complexes of chromium, molybdenum, tungsten and 
rhenium in this synthetic approach leads to the forma- 
tion of monomeric bis(NHC) complexes (Scheme 6) 
[55-571. Chelating and non-chelating imidazolium salts 
as well as benzimidazolium and tetrazolium salts can be 
used. 

Basic silver(I) oxide is a convenient precursor to 
silver(I) bis(NHC) complexes [29,58]. The reaction is 
performed in CH,Cl, at room temperature. The 
cationic complex precipitates and is a useful NHC 
transfer agent (vide infra). 

Loosely bound $-cyclopentadienyl anions can also 
serve as the base to deprotonate imidazolium salts. 
When chromocene is reacted with an imidazolium salt 
in THF, the metal precursor loses one molecule of 
cyclopentadiene to form the 1Celectron complex 
Cp(NHC)CrCl (see Scheme 14) [59]. This complex can 
be further oxidized by CHCl, to Cp(NHC)CrCl,. 

3.1.3. Deprotonation by external base 
The addition of external base for the in situ deproto- 

nation of the azolium salts can lead to different prod- 
ucts as compared with the use of metal salts with basic 
anions. As an example, the use of potassium tert-butox- 
ide with an imidazolium perchlorate and one equivalent 
of palladium(I1) diacetate in the presence of sodium 
iodide forms a dimeric mono(NHC) complex (Scheme 
7) [60]. This method can also be used with triazolium 
salts [60]. The dimeric mono(NHC) complexes are valu- 
able precursors for the introduction of other ligands by 
dimer cleavage, e.g. phosphines or different NHCs 
[27,61]. It is also possible to deprotonate imidazolium 
salts in the presence of [(q4-cod)RhCl], with lithium 
tert-butoxide in THF at room temperature [27]. Using 
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Scheme 5. Preparation of imidazolin-2-ylidene complexes of rhodi- 
um(1) from a metal alkoxide. 
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Scheme 6. Synthesis of imidazolin-2-ylidene complexes of chromium by a redox reaction. 
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potassium tert-butoxide and sodium hydride in THF 
also generates the desired NHC from imidazolium salts 
(vide infra). The ligands can be coordinated e.g. to 
Cr(CO), and to W(CO)6 in situ [62]. 

Imidazolium salts can further be deprotonated with a 
phosphazene base at 0°C in THF and trapped by e.g. 
[(q4-cod)IrCl], [63]. The lower temperature allows the 
use of more sensitive imidazolium salts, such as those 
derived from natural products. By using phase-transfer 
catalysts like tetrabutylammonium bromide it is possi- 
ble to generate NHC complexes with a diluted, aqueous 
sodium hydroxide solution. For example, benzimida- 
zolium bromides and (Me,S)AuCl react in CH,Cl,- 
H,O at room temperature in this way to give 
[(NHC),Au]Br [64]. 

Triethylamine in THF can be used as the external 
base to deprotonate triazolium salts. The resulting 
NHCs were complexed in situ, e.g. to [(n6- 
cymene)RuCl,],, [(n4-cod)RhCl],, and [Cp*RhCl,], 
[65,66]. 

Addition of butyl lithium to a suspension of pallad- 
ium(I1) diiodide and methylene-bridged bisimidazolium 
salts leads to the in situ complexation of the NHC and 
formation of the cationic [(chelate),Pd]I, in low yield 
[67]. Higher yields are obtained by deprotonation with 
acetate anions in DMSO (vide supra). By deprotona- 
tion with butyl lithium in THF it is also possible to 
prepare an NHC analogous ligand of Trofimenko’s 
tris(pyrazolyl)borate [68]. Reaction with iron(I1) chlo- 
ride leads to the formation of a homoleptic hexa- 
(NHC)iron(III) complex. The same methodology works 
with benzimidazolium salts [50]. 

3.1.4. Elimination of small molecules from neutral 
ligand precursors 

The elimination of an alcohol from a neutral 2- 
alkoxy- 1 ,Zdihydro- 1 H-imidazole, i.e. a cyclic d&a-or - 
tho-ester, leads to the formation of NHCs. By 1961 
these compounds had already attracted much attention 
[69]. The cyclic carbene precursors are prepared by the 

Scheme 7. Preparation of dimeric imidazolin-2-ylidene complexes of 

palladium(I1). 

reaction of vicinal diamines with an ortho-ester like 
HC(OEt), [69-711. Upon heating, the elimination of 
ethanol forms the NHC, which in most cases dimerizes 
to the corresponding tetraaminoethylene derivative 
(vide infra). By a variation of the ortho-ester method it 
is possible to prepare imidazolidinium salts in the pres- 
ence of ammonium salts [33]. These can then be depro- 
tonated by a base [14,35,70] or transformed into the 
corresponding 1,3-substituted 2-alkoxy-imidazolidines 
by alkaline alkoxide in alcohol (Scheme 8) [72]. The 
reaction of triazolium salts with sodium methoxide in 
methanol yields 5-methoxy4,5-dihydro-lH-triazoles, 
which also eliminate methanol upon heating in vacua. 
The formed triazolin-5-ylidenes can then either be iso- 
lated or trapped by an appropriate metal precursor 
[6,72]. Imidazolium and benzimidazolium salts can also 
be transformed into the neutral diaza-ortho-esters by 
this method [72]. Imidazolidin-2-ylidene complexes of 
ruthenium were prepared in situ by this method at 
elevated temperatures in connection with the exchange 
of a phosphine ligand [34]. The variation of aromatic 
substituents on the nitrogen atoms in the ring system is 
easily possible by palladium catalyzed Buchwald- 
Hartwig amination of the vicinal diamines before the 
ring-closing reaction [73]. 

It is also possible to eliminate chloroform from 
trichloromethyl substituted heterocycles. For example, 
NJ’-dianilinoethane reacts with chloral to form 1,3- 
diphenyl-2-(trichloromethyl)imidazolidin which loses 
one molecule of chloroform upon heating (see Scheme 
15). The 1,3-diphenylimidazolidin-2-ylidene dimerizes 
spontaneously to form an electron rich tetra- 
aminoethylene [69-71,741. 

3.2. Complexation of the preformed, free NHCs 

Since the isolation of free, stable NHCs by Arduengo 
et al., the direct application of these compounds has 
attracted much attention in complex synthesis [4,5,19]. 
The use of isolated NHCs has the advantage that a 
large variety of metal precursors without special re- 
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Scheme 8. Preparation of 5-methoxy-1,3,4-triphenyl-4,5-dihydro-lH- 

triazole and thermal elimination of methanol. 
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Scheme 9. Preparation of free NHCs from imidazolium salts. 

quirements regarding the ligand sphere and the oxida- 
tion state can be used for the preparation of NHC 
complexes. 

Various methods have been developed to prepare the 
NHCs from suitable precursors. Azolium salts can be 
deprotonated by NaH and KOtBu or dimsyl-anions 
(DMSO-) in THF [4,5]. The generation of NHCs by 
reaction with NaH in a mixture of liquid ammonia and 
THF is a high-yield and the most general method 
(Scheme 9) [26,39]. In the case of N,N’ methylene- 
bridged bisimidazolium salts the preparation of the free 
dicarbene is only possible by the use of potassium 
hexamethyldisilazide (KHMDS) as the base in toluene 
[47]. With the other methods deprotonation occurs also 
at the methylene bridge [42]. 

Cyclic thiourea derivatives like 1,3,4,5_tetramethylim- 
idazole-2(3H)-thione - prepared by condensation of 
substituted thioureas with u-hydroxyketones - can be 
converted into the corresponding imidazolin-Zylidene 
by elemental sodium or potassium (Scheme 10) [75]. 
This method was adopted for the preparation and 
isolation of 1,3-bis-neo -pentylbenzimidazolin-2-ylidene 
through reaction with Na-K [13]. With lithium diiso- 
propylamide (LDA) as the base it is also possible to 
generate free benzimidazolin-2-ylidenes in solution [35]. 

As mentioned above, triazolium salts can be con- 
verted into 5-methoxy4,5-dihydro-lH-triazoles by the 
reaction with sodium methanolate in methanol. The 
heterocycles eliminate methanol upon heating in vacua 
(Scheme 8) [72] and the formed triazolin-5-ylidenes can 
then be isolated in certain cases [51]. The same method 
works with imidazolium and benzimidazolium salts 
[34,72]. 

3.2.1. Cleavage of dimeric complexes 
Nucleophilic NHCs can cleave dimeric complexes 

with bridging ligands such as halides, carbon monoxide 
or acetonitrile. Examples for this type of complex for- 
mation are the reaction of [(n4-cod)MCl], or 
[Cp*MCl& (M = Rh, Ir) with free NHCs (Scheme 11) 
[26,39,76-781. By the use of less sterically demanding 
NHCs it is also possible to incorporate two NHC 
ligands in a then cationic rhodium complex [39]. Cleav- 

R 

+ [;)I RT 
k 

Scheme 11. Cleavage of dimeric complexes by imidazolin-2-ylidenes. 

ing [Rh(CO),Cl], with NHCs leads to the formation of 
a bis-ligated complex (NHC),Rh(CO)Cl [39]. Dimer 
cleavage and incorporation of one NHC occurs also 
with [($-cymene)RuCl,], [26,39,79] and [Os(CO),Cl,], 
[39]. Higher nuclear clusters can also be cleaved, e.g. 
[Cp*RuCl], is cleaved to yield Cp*Ru(NHC)Cl by free 
NHC [80]. The same compound is obtained from 
[Cp*RuClJ, with 1.5 equivalents of free NHC [54]. 

A special case of ‘dimer cleavage’ is the reaction of 
NHCs with oligomeric metal salts to form mononuclear 
complexes. It is possible to break up bridging anions in 
TiCI, in pentane as the solvent resulting in (NHC)TiC14 
[81]. The coordination of one NHC is complementary 
to the reaction of the solvent adduct (thf),TiCl, 
with two NHC ligands (vide infra). Analogously, 
the mono(NHC) complexes are obtained from 
Y[N(SiMe,),], and La[N(SiMe,),], in hexane [82]. 

3.2.2. Exchange of phosphine ligands 
Phosphines and other ligands (vide infra) can be 

exchanged for NHCs. As most phosphines are simple to 
exchange even below room temperature, this method is 
an important means of NHC complex preparation. In 
certain cases it has been found that a sequential ex- 
change of phosphines can lead to the clean formation 
of mixed phosphine-NHC complexes. On the olefin 
metathesis catalyst dichloro-bis(tricyclohexylphos- 
phine)benzylidene ruthenium(I1) both phosphines can 
be displaced for various NHCs without affecting the 
benzylidene moiety (Scheme 12) [83]. The use of bulky 
NHCs leads to the substitution of only one of the 
phosphines to yield a mixed phosphine-NHC complex 
[16,80,84,85]. The exchange also works for Cp*- 
Ru(PCy,)Cl [80]. The substitution of triphenylphos- 
phine on (Ph,P),RuCl, with an excess of NHC results 
in the formation of (NHC),RuCl, [86]. 

The same approach allows the formation of palla- 
dium(0) complexes of various NHCs. Starting from 
bis(tri-ortho-tolylphosphine)palladium(O) quantitative 
ligand exchange provides the formation of bis- 
(NHC)palladium(O) complexes (Scheme 13) [87]. Again, 
by the use of sterically more demanding NHCs 
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Scheme 10. Preparation of imidazolin-2-ylidenes from thiourea derivatives. 
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Scheme 12. Phosphine exchange on ruthenium(I1) benzylidene complexes. 
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Scheme 13. Preparation of palladium(O) NHC complexes by phosphine exchange. 
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like 1,3-diadamantylimidazolin-2-ylidene just one of the 
phosphines is displaced [88]. Only tri-ortho-tolylphos- 
phine gave a clean substitution reaction, but not 
triphenylphosphine or tricyclohexylphosphine. 

Nickel complexes can also be prepared by phosphine 
exchange. Both triphenylphosphines can be displaced 
by NHC ligands in (Ph,P)2NiC12 [40]. Substitution of 
trimethylphosphine in (Me,P),NiCl, is possible by 
chelating NHCs [47]. The reaction yields either the 
monocationic [(Me,P)Ni(chelate)Cl]Cl or the dicationic 
mi(chelate),]Cl, depending on the reaction conditions. 

3.2.3. Exchange of other ligands 
In carbonyl complexes like Cr(CO),, W(CO&, 

Fe(CO), or Ni(CO), one or two carbon monoxide 
molecules can be displaced by NHC ligands 
[26,62,76,89]. Further substitution requires photolysis 
conditions [90]. 

Exchange of coordinated solvent molecules like THF 
in CpfM(thf) (M = Sm, Yb) by free NHC leads to the 
more stable mono imidazolin-Zylidene complex [91- 
931. The same exchange methodology is possible with 
(thf)3,25ErC13 to coordinate three NHCs and with 
(thfl,Y[N(SiHMe,)& resulting in different degrees of 
exchange dependent on the stoichiometry of the re- 
action [82]. (thf),NiCl, is a valuable precursor to 
the bis(NHC) complexes of nickel(I1) [40]. The 
bis(thf)tetrachloro complexes of titanium, zirconium, 
hafnium, niobium and tantalum allow the exchange of 
both solvent molecules for NHC ligands [94]. In 
(thf)W(CO), the solvent molecule can be exchanged for 
an NHC ligand selectively [35]. All three acetonitrile 
molecules can be exchanged by imidazolin-2-ylidenes in 
(CH,CN),M(CO), (M = Cr, MO, W) to give only fat- 
(NHC),M(CO), [62]. Reacting silver(I) and copper(I) 
triflates in THF with free NHCs can be regarded as 

well as an exchange of THF molecules but without the 
isolation of the solvent complexes [95]. 

Amines have also been exchanged by NHC in some 
complexes. For example TMEDA can be replaced by 
two NHCs in (tmeda),VCl, [62], and pyridine by one 
NHC in complexes of chromium, molybdenum and 
tungsten [94]. 

Olefins like 1,5-cyclooctadiene can also be subject to 
ligand exchange if no other ligands can be replaced 
(vide supra). Bis(NHC) complexes of nickel(O) and 
platinum(O) have been prepared from Ni(q4-cod), and 
Pt(r14-cod),, respectively [96]. The preparation of the 
corresponding palladium(O) complexes is impossible by 
this route and has to be achieved by exchange of 
phosphine ligands (Scheme 13) [87]. The exchange of 
r-14-1,5-cyclooctadiene ligands on palladium(O) is possi- 
ble if an electron-deficient alkene like tetracya- 
noethylene or maleic anhydride is present [971. But this 
does not result in homoleptic palladium(O)-NHC com- 
plexes as the acceptor olefin is not replaced. Starting at 
(q4-cod)Pd(CH,)Cl the olefin can be exchanged by one 
or two NHCs to form [(NHC)Pd(CH,)Cl], or 
(NHC),Pd(CH,)Cl, respectively [98]. Attempts to ex- 
change dibenzylideneacetone ligands from Pd,(dba), by 
free NHCs have failed in the isolation of well-defined 
palladium(O) complexes [38,98]. In certain cases it is 
also possible to replace anionic ligands by neutral NHC 
ligands. Nickelocene and chromocene undergo a cy- 
clopentadienyl shift from r$ to TJ’-coordination upon 
coordination of one imidazolin-Zylidene ligand 
(Scheme 14) [99]. Under certain conditions it is possible 
to remove a cyclopentadienyl ligand completely with 
another equivalent of NHC to form, e.g. the cationic 
[Cp(NHC)zNi]Cp complex with a non-coordinating cy- 
clopentadienyl anion [99]. This complements the depro- 
tonation of imidazolium salts by cyclopentadienyl 
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Scheme 14. Reaction of chromocene with imidazolin-2-ylidenes and 
imidazolium salts. 

anions where one of the ligands is removed totally from 
the metal center (vide supra) [59]. 

3.3. Cleavage of electron-rich olefins 3.4. Other methods 

Electron-rich olefins are nucleophilic and therefore 
subject to thermal cleavage by various transition-metal 
complexes. As the formation of tetraaminoethylenes, 
i.e. enetetramines, is possible by different methods there 
are various precursors to imidazolidin-2-ylidene com- 
plexes readily available [loo]. Dimerization of non-sta- 
ble NHCs is one of the routes used to obtain these 
electron-rich olefins (Scheme 15) [74]. The existence of 
an equilibrium between free NHC monomers and the 
olefinic dimer was proved recently [15]. In addition to 
the above-mentioned methods, it is possible to deproto- 
nate imidazolidinium salts with Grignard reagents in 
order to prepare tetraaminoethylenes [70]. The isolation 
of stable imidazolidin-2-ylidenes was achieved by de- 
protonation of the imidazolidinium salt with potassium 
hydride in THF [7]. 

Heating of tetraaminoethylenes in refluxing toluene 
in the presence of complex precursors such as man- 
ganese, iron, ruthenium, cobalt and nickel carbonyls 
yields the corresponding NHC complexes [3,101,102]. 
Generally, one or two carbon monoxide molecules are 
replaced by imidazolidin-2-ylidene ligands (Scheme 16). 
Higher substitution is nevertheless possible in certain 
cases [103]. In the case of [Ru3(C0)J the exchange of 
one of the carbonyl ligands occurs without disruption 
of the cluster structure [loll. The exchange of phos- 
phine ligands is also possible, e.g. in the Wilkinson 
catalyst (Ph,P),RhCl or in (Ph,P),RuCl, [86,103-1051. 
Dimeric complexes can also be subjected to this proce- 
dure and react under monomerization, e.g. [(n4- 
cod)RhCl], [103,104]. 

Benzimidazolin-2-ylidene complexes are conveniently 
prepared from the corresponding enetetramines or from 

n !‘h 

Scheme 16. Complex preparation by transition-metal attack on te- 
traaminoethylenes. 

benzimidazolium salt precursors (vide supra). In reflux- 
ing toluene the enetetramine is attacked, e.g. by [(n4- 
cod)RhCl], to form the mono(NHC) or the bis(NHC) 
complex depending on the reaction conditions [106]. 

In addition to the above-mentioned most common 
methods, some less frequently used reactions have also 
led to NHC complexes of different metals. In all these 
cases certain requirements for the metal, the complex 
precursor or the NHC itself have prevented broad 
application in the preparation of more examples. 

3.4.1. Vapor-phase synthesis 
In the case of sublimable NHCs, the vapor deposi- 

tion method can lead to the formation of desired com- 
plexes. In the case of 1,3-di-tert-butylimidazolin- 
2-ylidene and Group 10 metals, this method was suc- 
cessfully applied in the preparation of the correspond- 
ing homoleptic bis( 1,3-di-tert -butylimidazolin-2-yli- 
dene)metal(O) complexes of nickel, palladium and 
platinum [107]. 

3.4.2. The metalla- Ugi reaction 
The isolobal analogy of oxygen and a d6-transition- 

metal complex fragment ML, is the idea behind the 
application of the Ugi4-component condensation for 
hydantoins in complex synthesis [108]: anionic cyano 
complexes are reacted with an aldehyde, an isocyanide 
and an ammonium salt to form the desired NHC 
complexes. The drawback of this route is the fact that 
the coordinated NHC is limited to a hydrogen sub- 
stituent at the 3-position. This principle has been 
demonstrated for various metals, e.g. chromium and 
tungsten (Scheme 17) [ 1091. The imidazolin-Zylidene 
ligands in turn can easily be displaced from the metal 
by pyridine due to the protonation in 3-position to 
afford the substituted parent imidazole derivative. It is 
also possible to start the reaction sequence from a 

ph/NH HN.ph 

+ 
_H20 

- l/2 
PhMNyN‘Ph 

Cl&-CHO Ph.NAN.Ph 

\ 

Scheme 15. Synthesis of electron-rich tetraaminoethylenes. 
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PhCHO + [PhNH3] Cl + fBu-N-C + [NEb][(NC)Cr(CO),] 
- Hz0 
- [NEt&I 

Scheme 17. Metalla-Ugi-Ccomponent condensation. 

+ Cr(CO)B C ’ ‘N-Cr(CO), 
- 

Scheme 18. Disproportionation of (NHC)Cr(CO),. 

Bi + AgpO - 
RT 

k 

Scheme 19. Complex preparation by transfer of imidazolin-2-ylidene ligands from silver(I). 

defined isocyanide complex, e.g. with platinum as the 
central metal [l lo]. The a-H atom of the isocyanide is 
attacked by an amine base; subsequent cycloaddition of 
a dipolarophile to the ylid structure gives the desired 
imidazolin-2-ylidene complex. If the isocyanide ligand 
is replaced by an N-isocyanimine ligand, this reaction 
leads to triazolin-5-ylidene complexes [ 1111. 

3.4.3. Ligand transfer reactions 
NHC ligands can be transferred in an intermolecular 

way from one metal complex to another in certain 
cases. The first examples of this reaction were found in 
a disproportionation reaction of (1,3-dimethylimid- 
azolin-2-ylidene)Cr(CO),. The complex was heated un- 
der photolysis conditions to form (1,3_dimethylimid- 
azolin-2-ylidene),Cr(CO), and Cr(CO), (Scheme 18) 
[36]. The same reaction type is possible with molybde- 
num and tungsten [112]. Thermally induced dispropor- 
tionation of (NHC)Cr(CO), complexes occurs in the 
presence of other donor ligands such as pyridine or 
tricyclohexylphosphine (Scheme 18) [ 1131. Further sub- 
stitution requires photolysis conditions [36,62,113]. 

NHC transfer from imidazolidin-2-ylidene complexes 
of chromium, molybdenum and tungsten pentacarbonyl 
is possible. The NHC ligands have been successfully 
transferred to rhodium(I), palladium(II), platinum(II), 
copper(I), silver(I) and gold(I) [114,115]. Reacting 
(NHC)W(CO), with (PhCN),PdCl, results in mono- or 
bisligated complexes depending on the conditions used. 
Starting at (PhCN),PtCl,, the complex (NHC)Pt- 
(CO)Cl, is obtained indicating that a carbonyl transfer 
is also possible by this method. Using (Me,S)AuCl 

leads to the formation of the cationic [(NHC),Au]Cl 
and dimeric [Rh(CO),Cl], gives (NHC),Rh(CO)Cl. 

Cationic bis(imidazolin-2-ylidene)silver(I) complexes 
can also be used to transfer both NHC ligands to 
(CH,CN),PdCl, or (Me,S)AuCl in CH,Cl, at ambient 
temperature (Scheme 19) [58]. Furthermore, it is possi- 
ble to form the silver(I) complex from Ag,O in situ 
without isolation prior to the transfer reaction [116]. 
The silver(I) halide that forms during the transfer can 
be filtered off the product solution and recycled to give 
the donor complex in a phase-transfer catalytic reaction 
under basic conditions (vide supra). In certain cases it 
has been advantageous to use a mixture of CH,Cl, and 
ethanol as the solvent in this reaction [117]. 

3.4.4. Rare examples 
2-Lithioimidazoles - prepared from l-substituted 

imidazoles with butyl lithium at low temperatures - 
can be transmetallated by (L)AuCl with L = Me,S or 
PPh,, for example, and can subsequently be quenched 
by HCl to give a 3-hydrohnidazolin-2-ylidene complex 
(Scheme 20) [118]. This method has the disadvantage of 
resulting in a hydrogen substitution on one of the 
nitrogen atoms of the NHC ligand. 

1) (Me$)AuCI 
,H 1’ cl- 

2 [:> EL 2 [:$--Li 
-c 

IN Au 
N 

k k 

2) HC, 

I- R 2 

Scheme 20. Preparation of imidazolin-2-ylidene complexes with hy- 
drogen substitution. 
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PP”, 

S + Pd(PPh& 
- S=PPh3 
- 2 PPh, 

Scheme 21. Complex preparation by transition-metal attack on a 
thiourea derivative. 

The reaction of thiourea derivatives with a complex 
precursor to form NHC complexes is a combination of 
the carbene formation from thioureas with potassium 
and the cleavage of electron-rich oleflns by complex 
precursors. In the literature example, a stabilized 10-S- 
3-tetraazapentalene derivative is cleaved by Pd(PPh,), 
and (Ph,P),RhCl (Scheme 21) [119]. 

A variation on the thermal elimination of an alcohol 
from the neutral 2-alkoxy- 1,2-dihydro- 1 H-imidazole is 
the preformation of a chelate uic-bisamine complex, 
which is subsequently attacked by an o&o-ester to 
form the desired NHC complex. This principle has been 
demonstrated with nickel and platinum (Scheme 22) 
[120,121]. The reverse sequence is also possible, as 
demonstrated by the attack of a oic-bisamine on a 
tungsten carbonyl cation [(PhCCPh),W(CO)]+ [122]. 

Certain transition-metal complexes can serve as tem- 
plates for the synthesis of chelating NHC ligands. It is 
necessary to have functional groups present in the 
template that allow the build up of an intermediate 
imidazolium moiety, which is then subject to NHC 
formation. For example, 1-phenylphosphole complexes 
of palladium(I1) are attacked in a Diels-Alder reaction 
by 1-vinylimidazole [123]. If 1,Zdichloroethane is used 
as the solvent the imidazole is quaternized in situ and is 
then subjected to a spontaneous carbometallation reac- 
tion (Scheme 23). 

2 

2 HC(OEt)3 

A, DMF 

- 3 EtOH 

Scheme 22. Synthesis of NHC complexes by the attack of an ortho-es- 
ter on a chelate precursor. 

/ \ 
CICH2CH2CI 

Scheme 23. Template synthesis of a chelate NHC-phosphine pallad- 
ium(H) complex. 

4. Conclusions 

This survey on published synthetic routes to NHC 
transition-metal complexes shows that there exists a 
broad variety of different approaches to this class of 
complexes. In general, the preparation by cleavage of 
dimeric metal precursors or exchange of other ligands 
with free NHCs is the most convenient and general 
approach. In most examples the maximum number of 
NHC ligands on the metal is achieved by this method 
despite of some contrary examples. The major limita- 
tion of this approach is the necessity to prepare the free 
NHCs. 

In cases where this is not possible, the complex 
formation has to be accomplished in situ from a ligand 
precursor, e.g. the imidazolium salt in the case of 
imidazolin-2-ylidenes. Using this method there is often 
the chance to prepare complexes that do not have the 
maximum number of NHC ligands attached to the 
metal center, allowing further substitution and complex 
variation. Cleavage of tetraaminoethylenes has been 
used extensively in the preparation of imidazolidin-2- 
ylidene complexes. 

NHC transfer from one metal to another appears to 
be a simple alternative for the preparation of new metal 
complexes which have not yet been accessible. But still 
this method relies on the preparation of the ligand-do- 
nating complexes in advance and can therefore be 
limited by the access to this essential precursor. Further 
methods such as vapor-phase synthesis or template 
synthesis have only achieved importance in cases where 
the other methods have failed. 

Observations of NHC complex stability to date sug- 
gest that the low and medium oxidation states 0, + I, 
+ II and + III are stabilized best by this type of ligand. 
Both higher and lower oxidation states have presented 
preparation and isolation difficulties in many cases, 
although some extreme cases such as rhenium(VI1) are 
known. Nevertheless, 
pared for almost all 
Main Group metals 
states. 
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