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C O N S P E C T U S

Metal-catalyzed cross-coupling reactions, notably those permitting C-C bond formation, have witnessed a mete-
oritic development and are now routinely employed as a powerful synthetic tool both in academia and in indus-

try. In this context, palladium is arguably the most studied transition metal, and tertiary phosphines occupy a
preponderant place as ancillary ligands. Seriously challenging this situation, the use of N-heterocyclic carbenes (NHCs)
as alternative ligands in palladium-catalyzed cross-coupling reactions is rapidly gaining in popularity. These two-
electron donor ligands combine strong σ-donating properties with a shielding steric pattern that allows for both sta-
bilization of the metal center and enhancement of its catalytic activity. As a result, the number of well-defined NHC-
containing palladium(II) complexes is growing, and their use in coupling reactions is witnessing increasing interest.

In this Account, we highlight the advantages of this family of palladium complexes and review their synthesis and
applications in cross-coupling chemistry. They generally exhibit high stability, allowing for indefinite storage and easy
handling. The use of well-defined complexes permits a strict control of the Pd/ligand ratio (optimally 1/1), avoiding
the use of excess costly ligand that usually requires end-game removal. Furthermore, it partly removes the “black box”
character often associated with cross-coupling chemistry and catalyst formation. In the present Account, four main
classes of NHC-containing palladium(II) complexes will be presented: palladium dimers with bridging halogens, pal-
ladacycles, palladium acetates and acetylacetonates, and finally π-allyl complexes. These additional ligands are best
described as a protecting shell that will be discarded going from the palladium(II) precatalyst to the palladium(0) true
catalyst. The synthesis of all these precatalysts generally requires simple and short synthetic procedures. Their cata-
lytic activity in different cross-coupling reactions is discussed and put into context. Remarkably, some NHC-contain-
ing catalytic systems can achieve extremely challenging coupling reactions such as the formation of tetra-ortho-
biphenyl compounds and perform reactions at very low loadings of palladium (ppm levels).

The chemistry described here, combining fundamental organometallic, catalysis, and pure organic methodology,
remains rich in opportunities considering that only a handful of palladium(II) architectures have been studied. Hence,
en route to an “ideal catalyst”, [(NHC)PdII] compounds exhibit remarkable stability and allow for fine-tuning of the NHC
and of surrounding ligands in order to control the activation and the catalytic activity. Finally, unlike [Pd(PPh3)4],
[(NHC)PdII] compounds have so far been examined only in palladium-mediated reactions (most often cross-coupling
such as the Suzuki-Miyaura and Heck reactions), leaving a treasure trove of exciting discoveries to come.
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I. Introduction

The impact of the palladium-catalyzed cross-coupling reac-

tions, discovered in the 1970s, has been considerable and

continues to be the focus of much organometallic research.1

It is almost impossible nowadays to find an issue of a jour-

nal in the field of organic or organometallic chemistry with-

out a contribution dealing with some aspect of cross-coupling

reactions.2 Due to their wide applicability for C-C bond for-

mation, these reactions belong to the arsenal of synthetic

chemists and have clearly changed retrosynthetic analysis.3 As

a consequence of its versatility, the chemical industry has

been significantly involved in this area and numerous meth-

ods have been patented.4

Even though ligandless systems are known,5 strong σ-do-

nor ligands are necessary to reach a high degree of efficien-

cy.6 Since the early studies, tertiary phosphines have attracted

considerable attention and have allowed for the development

of catalytic systems possessing a wide scope. Recently, bulky

electron-rich alkylphosphines have enabled the use of

extremely low levels of palladium, providing high turnover

numbers (TON).7 To date, N-heterocyclic carbenes (NHCs) are

the only class of ligands that has been able to challenge the

widely employed tertiary phosphines.8 Since Herrmann

reported that NHC-containing well-defined palladium(0) and

palladium(II) complexes efficiently catalyzed the Heck reac-

tion (eq 1),9 NHCs have been advertised as potential alterna-

tives to phosphines.

In this Account, we will focus on an underdeveloped

aspect in Pd-catalyzed cross-coupling: the use of well-de-

fined NHC-containing palladium(II) precatalysts.10 Besides

the inherent advantages associated with NHC ligands (i.e.,

stability, steric, electronic, tunability),11 this class of precata-

lysts exhibits high stability in the solid state and in solu-

tion, allowing for indefinite storage and easy handling.

Furthermore, the use of well-defined complexes permits a

strict control of the Pd/ligand ratio (optimally 1/1),12 avoid-

ing the use of excess ligand that usually requires removal

in workup procedures.13 Finally, employing well-defined

precatalysts ensures the binding mode of the NHC ligand14

and partly removes the “black box” character often associ-

ated with cross-coupling chemistry and catalyst formation.

The present Account will focus on an important develop-

ment effort in our laboratory over the last eight years, and

we present here the culmination of studies that were initi-

ated using in situ formed catalysts15 to what we now favor,

well-defined species.

II. Palladium Dimers with Bridging Halides

Dinuclear palladium(II) complexes containing one NHC per

metal center and two bridging halides ligands are among

the most frequently encountered [(NHC)PdIIX2] compounds.

This is notably due to their straightforward synthesis, most

often from readily available [Pd(OAc)2] and the imidazo-

lium precursor of the NHC. Several protocols have been

reported involving the addition of inorganic salts (LiCl, NaBr,

NaI, NaOAc) and requiring prolonged heating in polar sol-

vents.16 The structures of some of these complexes are

depicted in Figure 1. Interestingly, the addition of a base is

not necessary,17 and alternative synthetic routes from

[MePd(COD)Cl],18 [(NHC)Pd(allyl)Cl],19 or [Pd(PhCN)2Cl2]20

have been described. It should be noted that heating a mix-

ture of [Pd(OAc)2] and imidazolium salt can produce a

highly unexpected type of complex [(NHC)(NHC′ )PdCl2],

where NHC′ is bound by the backbone (C4 or C5) to the pal-

ladium center.21 Therefore, using a [Pd(OAc)2]/imidazolium

salt mixture in catalysis can result in a number of catalytic

species and varied activities.

In terms of catalysis, the activity of these complexes has been

scarcely examined, that is, only in the Heck, the Suzuki-Miyaura,

and the Buchwald-Hartwig reactions. Compound 1 was found

to catalyze the coupling of 4-bromoacetophenone and butyl

acrylate at low catalyst loadings but was only studied for lim-

ited examples.22 On the other hand, 6 showed only poor activ-

ity in the Heck reaction, probably because of the lack of steric

pressure from the thiazolydene ligand.17b

In 2004, Glorius reported the outstanding activity of 2

and 3 in the Suzuki-Miyaura reaction.16c These complexes,

possessing an NHC of the IBiox family, allowed for the for-

mation of a tetra-ortho-substituted biphenyl in high yield.

Tested as well in the Suzuki-Miyaura coupling, complex 7

was found to be efficient for the coupling of aryl bromides

and chlorides in water,16e while 8 coupled only bromides

but with a larger scope, involving unactivated and steri-

cally hindered substrates.16d

The activity of 2 was further investigated by the Glorius

group in the Sonogashira reaction with unactivated second-

ary alkyl bromides.23 Under relatively mild reaction condi-

tions, functionalized alkyl bromides could be coupled with
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alkyl-substituted terminal alkynes; a representative scope is

shown in Scheme 1.

In 2002, we studied the activity of 5 in the N-aryl ami-

nation reaction.20 This complex was found to be highly effi-

cient for the coupling of aryl bromides and chlorides. A

variety of amines could be coupled with activated, unacti-

vated, encumbered, and heteroaromatic halides in high

yields and in short reaction times (Scheme 2). Interestingly,

due to the robustness of 5, reactions could be carried out

on the benchtop under aerobic conditions without loss of

activity. Recently 5 has been shown as excellent precata-

lysts in the Suzuki-Miyaura reaction.20b

III. Palladacycles

Palladacycles have recently gained importance in catalysis

notably because of their flexible framework and robustness.24

Although promising, the conjugation of a palladacyclic scaf-

fold and an NHC has been scarcely studied. In fact, a limited

number of NHC-palladacycles have been synthesized (see

Figure 2).

Typically, NHC-containing palladacycles are synthesized in

high yields by addition of a nucleophilic carbene to an ace-

tate- or halogen-bridged palladacycle dimer. In 2003, Iyer

described the synthesis and applications of palladacyles

9-11.25 These precatalysts were tested in the Heck reaction

where they displayed good to high activity. With aryl bro-

mides, TONs between 40 000 and 90 000 were observed,

whereas the use of chlorides was less successful. The activity

of compound 10 was further studied in the Suzuki-Miyaura

reaction where, as observed in the Heck, aryl bromides were

easily coupled and aryl chlorides were found to be more reluc-

tant partners. A large series of NHC-containing phosphapalla-

dacycles, including 12-15, was reported by Herrmann.26

Their catalytic activity in the Heck reaction was investigated,

showing promising results for further improvement. Notably,

the use of 15 allowed for the coupling of aryl chlorides with-

FIGURE 1. Structures of NHC-Pd dimers.

SCHEME 1. Activity of 2 in the Sonogashira Reaction

SCHEME 2. Activity of 5 in the Buchwald-Hartwig Reaction
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out the need for additives. Bedford and co-workers reported

the formation of phosphite palladacycles 16-19 and stud-

ied their activity in the Suzuki-Miyaura reaction.27 Overall,

these catalysts performed quite poorly (17 being the most effi-

cient) and could only couple unhindered and activated aryl

bromides.28

Along these lines, we reported, as early as 2003, the syn-

thesis of amino-palladacycles 20 and 21 (Figure 3).29 Since

then, the activity of the most efficient one, the IPr-containing

20, has been investigated in the Buchwald-Hartwig, the R-ke-

tone arylation, the reductive dehalogenation, and the

Suzuki-Miyaura reactions. It was proposed, based on NMR

studies, that in the presence of isopropanol, a Pd-hydride

could be formed, enabling the reductive elimination of the

aminobiphenyl shell and producing the active [(IPr)Pd0] spe-

cies. Reactions could be performed at low catalyst loadings

(1-0.05 mol %) and under mild conditions (rt to 65 °C). Pre-

catalyst 20 proved to be quite versatile and displayed a wide

scope in numerous cross-coupling reactions. Aryl chlorides,

bromides, and triflates, including heteroaromatics, reacted effi-

ciently with a wide array of nucleophilic partners. In the

Buchwald-Hartwig amination, primary and secondary alkyl

and aryl amines were coupled in high yields.29 Similarly, in

the R-ketone arylation, aryl and alkyl ketones reacted well.30

Additionally, reactions could be carried out under microwave

heating without loss of yield, allowing for extremely short

reaction times (i.e., 2 min). Compound 20 was further found

to catalyze the dehalogenation of aryl chlorides, a relevant

process for environmental issues keeping in mind the toxic-

ity of polychlorinated compounds.31 Again, as a testimony to

the high activity of 20, reactions occurred at room tempera-

ture in isopropanol, serving both as solvent and hydride

donor.30

Adding to the high activity and versatility of 20 described

above, its most impressive performance was observed in the

Suzuki-Miyaura reaction. Biphenyls were produced smoothly

at room temperature and in short reaction times in technical

grade isopropanol; a representative scope is given in Scheme

3.32 It was proposed that isopropoxide, formed in situ from

isopropanol, would form, upon addition onto boronic acid, a

tetravalent boronate species, facilitating the transmetalation

FIGURE 2. Structures of NHC-containing palladacycles.

FIGURE 3. Structures and activity of 20 and 21.

SCHEME 3. Activity of Palladacycle 20 in the Suzuki-Miyaura
Reaction
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step in the catalytic cycle. This method notably allowed for the

straightforward synthesis of tri-ortho-subsituted and heteroaro-

matic biaryls from aryl chlorides or triflates.30,32 It should be

noted that, despite its high activity, tetra-ortho-substituted biar-

yls could not be produced with this catalytic system.33

IV. Palladium Acetate and Acetylacetonate
Complexes
Palladium Acetate Derivatives. Among the multiple sources

of simple palladium(II) salts available for carrying out cross-

coupling reactions in conjunction with external ligands,

[Pd(OAc)2] is one of the most employed. It is therefore surpris-

ing that only a handful of well-defined NHC-containing palla-

dium acetate complexes have been reported and studied in

catalysis.

Simple addition of IPr ligand to a toluene solution of

[Pd(OAc)2] produced compounds 22 and 23, where the two

acetate molecules are bound differently (Figure 4).34 Interest-

ingly, as a function of the synthetic route, closely related com-

plexes 24 and 25, where a molecule of water occupies a

coordination site, can be obtained, the latter being extremely

active in palladium-catalyzed aerobic oxidation of alcohols.35

These precatalysts, primarily tested in the hydroarylation of

alkynes,34 were later found to be efficient in the Suzuki-
Miyaura36 and the R-ketone arylation reactions.37 An inter-

esting application of the activity of 22 in R-ketone arylation

using p-haloarylketones 26 to produce poly-R-arylketones 27
was reported by Matsubara (eq 2).38

Importantly, the authors observed that while 22 was

extremely efficient, a combination of [Pd(OAc)2] and IPr · HCl

afforded only poor yields. This is not surprising since a mix-

ture of [Pd(OAc)2] and NHC · HCl generally furnishes chloride-

bridged palladium dimers (see section II) and not an acetate-

containing palladium species. These last observations highlight

the advantage of using well-defined complexes in lieu of mix-

tures of palladium salts and ligands and can be better under-

stood in light of a report on the use of [Pd(OAc)2]/imidazolium

salt mixtures in the Heck reaction.21

Palladium Acetylacetonate Derivatives. Similarly to

[Pd(OAc)2], [Pd(acac)2] (acac ) acetylacetonate) has only

scarcely been used to form NHC-containing PdII complexes.

Cavell and co-workers reported the first synthesis of [(NHC)Pd-

(acac)L] (where L ) Me) complexes.39 They were shown to effi-

ciently catalyze the Heck reaction of activated aryl bromides,

reaching high TONs (∼100 000). Recently, we described the

synthesis of two novel types of NHC-containing Pd(acac) deriv-

atives, [(IPr)Pd(acac)2] (28) and [(NHC)Pd(acac)Cl] (29, 30).40 It

was shown that 28, possessing an η1-C-bound and a κ2-O,O-

bound acac, was an intermediate en route to 29, and a one-

pot procedure (Scheme 4, bottom path) was successfully

developed.

The synthesis of 29 and 30 was further improved and now

simply requires heating a mixture of imidazolium salt and

[Pd(acac)2] in technical grade dioxane without the need for a

base.41 This improved protocol allowed for the synthesis of a

14 g batch of [(IPr)Pd(acac)Cl], 29. This compound was found

to efficiently catalyze the aryl amination and the R-ketone ary-

lation reactions using aryl chlorides and bromides under rel-

atively mild conditions.42 The reaction scope of 29 was found

to be broad, including sterically hindered and unactivated

substrates as well as heteroaromatics for both couplings; a

representative scope in R-ketone arylation is presented in

Scheme 5.

Furthermore, mechanistic studies were conducted to gain

insight into the activation pathway involving this palladium(II)

precatalyst and on the catalytically active species. The use of

inert atmosphere MALDI-TOF techniques to examine mixtures

of [(IPr)Pd(acac)Cl] (29) and KOtBu revealed the presence of

monoligated [(IPr)Pd0],43 supporting the hypothesis of a bare

monoligated 12-electron palladium species as true catalyst in

cross-coupling reactions.

V. π-Allyl Palladium Complexes:
[(NHC)Pd(allyl)Cl]
Once again, the main advantages of utilizing mononuclear

[(NHC)Pd(allyl)Cl] complexes lie in their very straightforward

synthesis and high stability. They are usually produced from

[(allyl)PdCl]2 upon addition of 2 equiv of NHC ligand. In 2002,

we synthesized a number of [(NHC)Pd(allyl)Cl] (Figure 5,

31-37), which enabled the evaluation of the steric proper-

ties of the entire series of NHCs.44

These precatalysts are thought to be activated either

through a nucleophilic attack at the allyl moiety or through a

chloride/alkoxide σ-metathesis followed by reductive elimina-

tion, liberating in both cases a [(NHC)Pd0] species (Scheme 6).

FIGURE 4. Carboxylate-containing NHC-palladium complexes.
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In the course of the comparison of their activity in cross-

coupling reactions,45 optimization of the NHC ligand on the Pd

center showed IPr and SIPr to be the most efficient ligands in

aryl amination reactions, with a clear advantage for SIPr,

which performed best at room temperature. Further investi-

gation showed that 31 and 32 were able to perform a wide

array of cross-coupling reactions (Suzuki-Miyaura, Buchwald-
Hartwig, dehalogenation, ketone arylation) at low catalyst

loading and under mild reactions conditions.46 These precata-

lysts, which are both commercially available,47 can be syn-

thesized in a one-pot procedure from the imidazolium chloride

that is deprotonated in situ.48

Closely related to cross-coupling reactions, intramolecu-

lar direct arylations have been shown to proceed in the

presence of several NHC-palladium(II) complexes, includ-

ing 25. Thorough screening involving compounds 4, 5, 25,

and 31 revealed the superiority of 25 in this particular

transformation.49 Recently, Bellemin-Laponnaz and

co-workers reported the synthesis of palladium compound

38,50 bearing the SIBiphen carbene ligand, with the pur-

pose of mimicking Buchwald’s highly active biphenylphos-

phine scaffold.51 Disappointingly, the use of 38 in cross-

coupling resulted in very poor yield and rapid catalyst

decomposition.

Further developments for this family of catalysts led us to

the synthesis of unsymmetrically substituted allyl complexes

39-42, 42 being the SIPr-analogue of 41.52 As shown in

Table 1, terminal substitution on the allyl moiety resulted in

an elongation of the Pd-C(3) bond, destabilizing the allyl and

making it more prone to activation (regardless of the mecha-

SCHEME 4. Synthetic Routes to [(NHC)Pd(acac)Cl] Complexes

SCHEME 5. Representative Scope of 29 in the R-Ketone Arylation
Reaction

FIGURE 5. Structures of [(NHC)Pd(allyl)Cl] complexes 31-38.

SCHEME 6. Postulated Activation Pathways for [(NHC)Pd(allyl)Cl]
Complexes
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nistic activation pathway used: either nucleophilic attack or

reductive elimination, see Scheme 6).44,45

This was confirmed experimentally, the modified allyl

compounds 39-42 being much more active at room tem-

perature than the unsubstituted allyl 31. We examined the

scope of [(IPr)Pd(cinnamyl)Cl] 41 and [(SIPr)Pd(cinnamyl)Cl]

42 in Suzuki-Miyaura and Buchwald-Hartwig reactions,

respectively. A wide array of aryl bromides and chlorides

could be coupled at room temperature in short reaction

times, notably unactivated and sterically encumbered ones.

These second-generation allyl complexes also permitted the

coupling of nitrogen-containing heteroaromatics in high

yields.53 Most interestingly, 41 and 42 proved to be long-

lived catalysts, allowing catalyst loadings as low as 10

parts-per-million (ppm) when the temperature was increased

to 80 °C. A representative scope of these very low palla-

dium level reactions is presented in Scheme 7. It is worth

noting that catalytic systems employing such low levels of

palladium in aryl amination and in the Suzuki-Miyaura

reaction are extremely rare.54 Remarkably, in the case of

41 and 42, no loss of activity was observed, and hindered

substrates, reluctant aryl chlorides, and heteroaromatics

were coupled efficiently.

VI. Pyridine-Containing Palladium
Complexes
Surprisingly, while chelating bidentate pyridine-NHC

ligands are well-known, pyridine adducts of monodentate

NHC-containing palladium(II) compounds are scarce and

have only recently been recognized as efficient precata-

lysts for coupling reactions. Hence, Organ and co-workers,

capitalizing on the development of third-generation Grubbs

catalyst,55 recently reported the synthesis of complexes of

general formulas [(NHC)PdCl2(pyr)]. Prolonged heating of

IPr · HCl with palladium(II) dichloride in the presence of

excess base in neat 3-chloropyridine led to compound 43

in high yield (eq 3).56

These pyridine adducts, and especially the IPr-containing

43, showed good activity in the Suzuki-Miyaura reaction,

enabling the coupling of heteroaromatics and the formation

of tri-ortho-substituted biaryls under mild conditions. The same

group further investigated the catalytic activity of 43 in the

Negishi coupling. Remarkably, this precatalyst allowed for

sp3-sp3, sp2-sp2, and both types of sp2-sp3 couplings of

zinc reagents with halide derivatives.57 As a tentative mech-

anism for the activation of the pyridine palladium(II), the

authors proposed a double transmetalation between 43 and

the organometallic nucleophile leading, upon reductive elim-

ination, to homocoupling of the boron or zinc reagent and to

a [(NHC)Pd0] species, the remaining pyridine acting as a throw-

away ligand. Following up on these initial studies, they

reported the use of 43 in the Kumada-Tamao-Corriu reac-

tion.58 The scope of the catalytic system proved to be wide

and tolerant to heteroaromatics including thiophenes,

pyridines, pyrazoles, and benzothiazoles.

Very recently, Lee disclosed the synthesis of compounds

45-47 (Figure 6) and studied their behavior in the Suzuki-
Miyaura reaction.59 In the coupling of aryl bromides and

phenyl boronic acid, 45 was found more efficient than 46.

Furthermore, relying on their comparative studies, the authors

nicely demonstrated that monodentate NHCs perform better

than chelating bidentates for cross-coupling reactions, sup-

porting the concept of a bare monoligated palladium(0) as the

true active species.12,43 Pyridine-free palladium complex 48
(Figure 6), reported as early as 2001 by Batey and co-work-

ers, is clearly related to compounds 43-47. Interestingly, its

synthesis from [Pd(OAc)2] is unique and involves release of

N-methylimidazole from a second equivalent of the NHC pre-

cursor.60 The good activity of 48 in the Sonogashira reaction

allowed for the coupling of aryl iodides and terminal alkynes

at room temperature. Aryl bromides were found to be reluc-

tant and required elevated temperature, while aryl chlorides

could not be coupled.

VII. Outlook

The impressive explosion of interest in N-heterocyclic carbenes

as ligands was triggered only 17 years ago by the isolation of

a stable NHC by Arduengo.61 Since then, they have evolved

from laboratory curiosities to “phosphine mimics” and are now

TABLE 1. Selected Bond Distances in [(NHC)Pd(R-allyl)Cl] 31 and
39-41
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considered as a very special class of ligands. Following this

progression, well-defined NHC-containing palladium(II) pre-

catalysts, resulting from early in situ generated catalytic stud-

ies, are now coming to the forefront as they can already,

despite being in their infancy, match late-generation tertiary

phosphines in terms of catalytic activity in cross-coupling

reactions.

This area of chemistry, combining fundamental organome-
tallic, catalysis, and pure organic methodology, remains rich
in opportunities considering that only a few palladium(II) archi-
tectures have been studied. Hence, en route to an “ideal cat-
alyst”, [(NHC)PdII] compounds exhibit remarkable stability and
allow for fine-tuning of the NHC and of the surrounding
ligands in order to control the activation and the catalytic
activity. The only restraint in the structure of the palladium(II)

precatalyst is that, despite its stability, it must be easily acti-
vated (i.e., reduced to Pd0) under the reaction conditions. Addi-
tionally, the control of the ligand/Pd ratio can be very
advantageous in the context of mechanistic studies and is of
economic relevance considering the higher cost of late-gen-
eration ligands when compared with palladium sources.

Moreover, whereas popular catalytic systems such as
[Pd(PPh3)4] or [Pd2(dba)3]/PtBu3 have been thoroughly inves-
tigated, the efficient [(NHC)PdII] compounds have so far been
examined only in a few cross-coupling reactions (most often
Suzuki-Miyaura, Heck, and Buchwald-Hartwig), leaving most
of the spectrum of cross-coupling unexplored. Finally, mech-
anistic studies focusing on precatalyst activation and on the
catalytic cycle involving NHCs could enhance our understand-
ing of the particular character of NHCs; such studies are still
limited in number.62 Considering all of the above and the fact
that many of these well-defined complexes are now commer-
cially available, we strongly believe that this area will con-
tinue to grow in the near future and will bring numerous
surprises as it is now clear that NHCs are more than tertiary
phosphine mimics.
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Note Added after ASAP. There was an incorrect reference

citation in Section III of the version published on September

6, 2008; the corrected version was published on September

11, 2008.
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FIGURE 6. Structures of compounds 45-48.
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S. P. Stereoelectronic Parameters Associated With N-Heterocyclic Carbene
(NHC) Ligands: A Quest for Understanding. Coord. Chem. Rev. 2007, 251, 874–
883.

12 For a review, see: Christmann, U.; Vilar, R. Monoligated Palladium Species as
Catalysts in Cross-Coupling Reactions. Angew. Chem., Int. Ed. 2005, 44, 366–374.

13 A fact worth mentioning since late-generation phosphine ligands are by far more
expensive than common palladium sources.

14 For a review on abnormal binding mode of NHCs, see: Liddle, S. T.; Edworthy, I. S.;
Arnold, P. L. Abnormal N-Heterocyclic Carbenes. Chem. Soc. Rev. 2007, 36, 1732–
1744.

15 For our early work using in situ formed catalyst, see: (a) Zhang, C.; Huang, J.;
Trudell, M. L.; Nolan, S. P. Palladium-Imidazol-2-ylidene Complexes as Catalysts for
Facile and Efficient Suzuki Cross-Coupling Reactions of Aryl Chlorides with
Arylboronic Acids. J. Org. Chem. 1999, 64, 3804–3805. (b) Huang, J.; Grasa, G.;
Nolan, S. P. General and Efficient Catalytic Amination of Aryl Chlorides Using a
Palladium/Bulky Nucleophilic Carbene System. Org. Lett. 1999, 1, 1307–1309. (c)
Huang, J.; Nolan, S. P. Efficient Cross-Coupling of Aryl Chlorides with Grignard
Reagents (Kumada Reaction) Mediated by a Palladium/Imidazolium Chloride System.
J. Am. Chem. Soc. 1999, 121, 9889–9890. (d) Lee, H. M.; Nolan, S. P. Efficient
Cross-Coupling Reactions of Aryl Chlorides and Bromides with Phenyl- or
Vinyltrimethoxysilane Mediated by a Palladium/Imidazolium Chloride System. Org.
Lett. 2000, 2, 2053–2055. (e) Grasa, G. A.; Nolan, S. P. Palladium/Imidazolium Salt
Catalyzed Coupling of Aryl Halides with Hypervalent Organostannates. Org. Lett.
2001, 3, 119–122. (f) Yang, C.; Lee, H. M.; Nolan, S. P. Highly Efficient Heck
Reactions of Aryl Bromides with n-Butyl Acrylate Mediated by a Palladium/
Phosphine-Imidazolium Salt System. Org. Lett. 2001, 3, 1511–1514. (g) Viciu,
M. S.; Grasa, G. A.; Nolan, S. P. Catalytic Dehalogenation of Aryl Halides Mediated
by a Palladium/Imidazolium Salt System. Organometallics 2001, 20, 3607–3612.
(h) Grasa, G. A.; Viciu, M. S.; Huang, J.; Nolan, S. P. Amination Reactions of Aryl
Halides with Nitrogen-Containing Reagents Mediated by Palladium/Imidazolium Salt
Systems. J. Org. Chem. 2001, 66, 7729–7737. (i) Yang, C.; Nolan, S. P. A Highly
Efficient Palladium/Imidazolium Salt System for Catalytic Heck Reactions. Synlett
2001, 1539–1542. (j) Yang, C.; Nolan, S. P. Efficient Sonogashira Reactions of Aryl
Bromides with Alkynylsilanes Catalyzed by a Palladium/Imidazolium Salt System.
Organometallics 2002, 21, 1020–1022. (k) Grasa, G. A.; Viciu, M. S.; Huang, J.;
Zhang, C.; Trudell, M. L.; Nolan, S. P. Suzuki-Miyaura Cross-Coupling Reactions
Mediated by Palladium/Imidazolium Salt Systems. Organometallics 2002, 21,
2866–2873.

16 (a) Xu, L.; Chen, W.; Xiao, J. Heck Reactions in Ionic Liquids and the In Situ
Identification of N-Heterocyclic Carbene Complexes of Palladium. Organometallics
2000, 19, 1123–1127. (b) Xu, L.; Chen, W.; Bickley, J. F.; Steiner, A.; Xiao, J.
Fluoroalkylated N-Heterocyclic Carbene Complexes of Palladium. J. Organomet.
Chem. 2000, 598, 409–416. (c) Altenhoff, G.; Goddard, G.; Lehmann, C. W.;
Glorius, F. Sterically Demanding Bioxazoline-Derived N-Heterocyclic Carbene
Ligands with Restricted Flexibility for Catalysis. J. Am. Chem. Soc. 2004, 126,
15195–15201. (d) Shi, M.; Qian, H.-X. A Stable Dimeric Mono-Coordinated NHC-
Pd(II) Complex: Synthesis, Characterization, and Reactivity in Suzuki-Miyaura Cross-
Coupling Reaction. Appl. Organometal. Chem. 2005, 19, 1083–1089. (e) Huynh,
H. V.; Han, Y.; Ho, J. H. H.; Tan, G. K. Palladium(II) Complexes of Sterically Bulky,
Benzannulated N-Heterocyclic Carbene with Unusual Intramolecular C-H · · · Pd and
Ccarbene · · · Br Interactions and Their Catalytic Activities. Organometallics 2006, 25,
3267–3274.

17 (a) Ma, Y.; Song, C.; Jiang, W.; Xue, G.; Cannon, J. F.; Wang, X.; Andrus, M. B.
Borylation of Aryldiazonium Ions With N-Heterocyclic Carbene-Palladium
Catalysts Formed Without Added Base. Org. Lett. 2003, 5, 4635–4638. (b) Yen,
S. W.; Koh, L. L.; Hahn, F. E.; Huynh, H. V.; Hor, T. S. A. Convenient Entry to
Mono- and Dinuclear Palladium(II) Benzothiazolin-2-ylidene Complexes and
Their Activities Toward Heck Coupling. Organometallics 2006, 25, 5105–5112.

18 Green, M. J.; Cavell, K. J.; Skelton, B. W.; White, A. H. A Route to New
Methylpalladium(II) Carbene Complexes. J. Organomet. Chem. 1998, 554, 175–
179.

19 Jensen, D. R.; Sigman, M. S. Palladium Catalysts for Aerobic Oxidative Kinetic
Resolution of Secondary Alcohols Based on Mechanistic Insight. Org. Lett. 2003, 5,
63–65.

20 (a) Viciu, M. S.; Kissling, R. M.; Stevens, E. D.; Nolan, S. P. An Air-Stable Palladium/
N-Heterocyclic Carbene Complex and Its Reactivity in Aryl Amination. Org. Lett.
2002, 4, 2229–2231. (b) Diebolt, O.; Braunstein, P.; Nolan, S. P.; Cazin, C. S. J.
Room temperature activation of arylchlorides in Suzuki-Miyaura coupling using a
[PdCl2(NHC)]2 complex (NHC ) N-heterocyclic carbene). Chem. Commun., 2008,
3190–3192.

21 Lebel, H.; Janes, M. K.; Charette, A. B.; Nolan, S. P. Structure of “Unusual” N-
Heterocyclic Carbene (NHC) Palladium Complexes Synthesized from Imidazolium
Salts. J. Am. Chem. Soc. 2004, 126, 5046–5047.

22 McGuinness, D. S.; Cavell, K. J. Donor-Functionalized Heterocyclic Carbene
Complexes of Palladium(II): Efficient Catalysts for C-C Coupling Reactions.
Organometallics 2000, 19, 741–748.
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