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1. Introduction

The metal-catalyzed a-arylation of carbonyl compounds
has been extensively studied over the last decade as a method
to form C�C bonds. This is because of the importance of a-
aryl carbonyl moieties in many organic compounds which
possess interesting pharmacological and biological proper-
ties.[1] Prior to this technology, a number of classical organic
reactions were employed to construct some of these impor-
tant structural motifs. Conventional nucleophilic aromatic
substitution was only suitable when highly activated aryl
halides were employed,[2] while other methods involved the
use of stoichiometric amounts of metal catalysts with
preformed enolates.[3] These transformations, however,
suffer from many practical drawbacks, such as functional-
group compatibility, air and moisture sensitivity, and toxicity
of the reagents. It was therefore highly desirable to develop
efficient catalytic methods to address the arylation of various
carbonyl compounds with unactivated, less-reactive aryl
halides or pseudohalides. The end result of an a-arylation
reaction is a formal sp2�sp3 coupling through cleavage of a C�
H bond. In most processes, an intermediate metal enolate is
formed, which undergoes transmetalation to allow the final
reductive elimination to achieve the C�C coupling. The
general catalytic cycle for the a-arylation of carbonyl com-
pounds is depicted in Scheme 1.[4] The mechanism of the
reaction follows the conventional coupling pathway, although
the equilibrium between the Pd�O and Pd�C species in the
transmetalation can be the rate-determining step once the
oxidative addition is accomplished.

Several factors can determine the success of a metal-
catalyzed a-arylation reaction: the use of in situ generated
versus preformed metal complexes as catalysts, the nature of
the aryl halide, carbonyl compound, base, and solvent, the
stoichiometry of the reagents, and the reaction temperature.
Once the metal is fixed (usually palladium), the ligands can
influence the rate of several steps in the catalytic cycle,
especially the oxidative addition and the subsequent reduc-
tive elimination step. In general, as in any other cross-
coupling reaction, both the steric and electronic properties of
the ligands are important. The more electron-rich ligands

tend to stabilize the palladium(II) intermediate, thereby
facilitating oxidative addition of the aryl halide, while the
sterically hindered ligands make the reductive elimination
more facile by pushing the aryl and enolate group at the
palladium center closer together in space so that they
coordinate in a cis mode.

During the past few years, significant understanding of the
various factors influencing the a-arylation reaction has been
gained, although the area is still under development in terms

a-Arylated carbonyl compounds are commonly occurring motifs
in biologically interesting molecules and are therefore of high
interest to the pharmaceutical industry. Conventional procedures for
their synthesis often result in complications in scale-up, such as the
use of stoichiometric amounts of toxic reagents and harsh reaction
conditions. Over the last decade, significant efforts have been
directed towards the development of metal-catalyzed a-arylations of
carbonyl compounds as an alternative synthetic approach that
operates under milder conditions. This Review summarizes the
developments in this area to date, with a focus on how the substrate
scope has been expanded through selection of the most appropriate
synthetic method, such as the careful choice of ligands, precatalysts,
bases, and reaction conditions.
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Scheme 1. General catalytic cycle for a-arylation reactions. L = ligand.
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of improving the activity, selectivity, and tolerance of the
substrate to bases.

The main focus of this Review is to provide up-to-date
information on the metal-catalyzed arylation of carbonyl
compounds with an emphasis on, but not limited to, palla-
dium-based catalysts under in situ and preformed condi-
tions.[5] However, the reactions discussed are limited to the
use of aryl halides or pseudohalides with enolates generated
in situ from various carbonyl compounds such as ketones,
amides, esters, aldehydes, as well as the few reported
examples of the a-arylation of nitriles, sulfones, and nitro
alkanes. Section 9 focuses enantioselective catalysis, as enan-
tiopure compounds are extremely important in the pharma-
ceutical industries.

2. a-Arylation of Ketones

During the early 1970s, Semmelhack et al. proposed a
nickel(0)-mediated C�C bond formation as the key step in the
total synthesis of cephalotaxinone (Scheme 2).[6] Since this

pathway did not follow the classical reactivity pattern for a
nucleophilic aromatic substitution, an activation of the aryl
ring by the oxidative addition of ArI onto a nickel(0) species
was proposed. Subsequent reaction of the s-aryl nickel
complex with a carbanion generated with a base such as
LDA, resulted in the desired ring closure to form the
pentacyclic core structure of cephalotaxinone in 30–35%
yield. This is one of the earliest examples of metal-catalyzed
a-arylation reactions (the same research group has also found
that a photostimulated SRN1 activation pathway can effect
the ring-closing reaction in a higher yield).

The metal-catalyzed a-arylation reactions of enolates
derived from carbonyl compounds subsequently sparked
interest to understand the potential scope and generality of
this transformation. The most widely used catalysts for the a-
arylation of ketones are palladium complexes, although a few
nickel catalysts have been reported. There are three main
groups of ligands that have been studied: tertiary phosphines,
N-heterocyclic carbenes, and cyclic alkyl aminocarbenes. A
number of methods have also been applied to the synthesis of
biologically interesting molecules.[7]

2.1. Palladium Catalysis
2.1.1. First Generation Ligands

The research groups of Miura,[8, 9] Buchwald,[10] and
Hartwig[11] concurrently reported the intermolecular palla-
dium-catalyzed direct a-arylation of ketones. In their initial
studies, the more-reactive aryl iodides or aryl bromides were
utilized as the coupling partners for C�C coupling of a ketone.
Whereas Miura and co-workers used a PdCl2 catalyst without
a ligand, the choice of ligands employed by Palucki and
Buchwald as well as Hamann and Hartwig proved to be
crucial. Hamann and Hartwig used [Pd(dba)2] in combination
with 1,1’-bis(di-o-tolylphosphino)ferrocene (dtpf; 1),[12] while
Palucki and Buchwald observed superior results with a
palladium and binap (2) or tol-binap (3) system (Scheme 3).

Prior to these reports, the majority of methods developed for
this transformation involved the use of preformed main-
group enol ethers[13] or toxic bismuth and lead reagents.[14]

Therefore, the findings of the research groups of Miura,
Buchwald, and Hartwig constituted a milestone in this field of
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Scheme 2. Final step in the nickel-catalyzed synthesis of cephalotax-
inone by Semmelhack et al. LDA = lithium diisopropylamide, cod = cy-
clooctadiene.

Scheme 3. First generation ligands employed in the a-arylation of
ketones.
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research, which opened up the possibility for the simple direct
intermolecular arylation of ketones through the use of readily
available starting materials without the need for stoichiomet-
ric amounts of reagents to generate the carbanion species.
During this period, Buchwald also demonstrated the use of
aryl chlorides in a-arylation reactions.[23] The research groups
of Buchwald and Hartwig observed that palladium complexes
of chelating ligands afforded the products in good yields. This
was speculated to be due to the prevention of b-hydrogen
elimination from the palladium enolate by the use of bulky
chelating ligands, which force the palladium complex to be in
a four-coordinate state. Also, it was generally observed that
the bulkier the phosphine ligand was, the better the yield of
the reaction. In addition, Palucki and Buchwald also
hypothesized that diarylation may be suppressed by the use
of very bulky ligands.[10]

A number of other research groups also showed an early
interest in this field of catalysis. For example, Muratake et al.
developed a palladium-catalyzed intramolecular a-arylation
reaction of ketones,[15] and Miura and co-workers extended
their work on the arylation of 2-phenylphenol to include the
selective a-arylation of acetophenone.[8, 16] Both methods
were based on the use of a palladium/PPh3 catalyst system.

2.1.2. Bulky Electron-Rich Phosphine Ligands

For the rational design and development of more-active
catalyst systems for the arylation of carbonyl compounds,
Hartwig and co-workers tried to understand the catalyst
properties relevant for this transformation. On the basis of
previous findings, they suggested that two factors play major
roles: Firstly, sterically demanding ligands should be able to
stabilize the palladium center and thereby decrease the
energy of the reactive low-coordinate palladium(0) inter-
mediates. Secondly, alkyl phosphines are known to donate
more electron density to the metal and, therefore, are less
prone to undergo P�C cleavage than their respective aryl
analogues, thereby resulting in higher turnover numbers. In
addition, chelating ligands inhibit b-hydrogen elimination
from the intermediates—a pathway that prevents the forma-
tion of the desired a-aryl ketone as previously observed by
the research groups of Hartwig and Buchwald.[10,11] Based on
these hypotheses, Kawatsura and Hartwig evaluated palla-
dium sources in conjunction with a number of different
phosphine ligands in the a-arylation of ketones (Scheme 4).[17]

It was found that the bulky chelating bisphosphine ligand
DtBPF (4) in conjunction with a palladium source provided a
very effective catalyst system for the arylation of ketones with
both bromo- and chloroarenes. Interestingly, arylation reac-
tions could be carried out with aryl tosylates when the DtBPF
ligand was substituted by the related PPFtBu2 bisphosphine
ligand 5.

Grasa and Colacot also investigated the utility of DtBPF
in the a-arylation of ketones.[18] Following the successful
application of the air-stable precatalyst [PdCl2(DtBPF)] (6 ;
Figure 1) in the Suzuki reaction,[19] the same complex was
initially explored in the arylation of propiophenone. It was
found that the activity of the preformed catalyst was
significantly superior than the complex formed in situ from

[Pd2(dba)3] and DtBPF. The in situ catalysis using Pd and
DtBPF in a ratio of 1:1 gave very poor conversion. Interest-
ingly, the preformed [PdCl2(DtBPF)] catalyst was very active,
even though the palladium/DtBPF ratio was 1:1.[18]

To gain insight into the differences between the reactions
with an in situ catalyst and the one with a preformed complex
the reaction mixture was monitored by NMR spectroscopy

Scheme 4. a-Arylation of ketones by Kawatsura and Hartwig. Cp =cy-
clopentadienyl, Ts = toluene-4-sulfonyl.

Figure 1. X-ray structure of 6 (P-Pd-P bite angle 104.228).
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(Scheme 5). The fact that only one 31P NMR resonance (<
it> d< /it>= 54 ppm) was observed during the catalysis
suggests that both P atoms are coordinated to the palladium

center, at least in the ground state of the catalytically active
species.[18] The lower activity of the in situ catalyst system,
where the palladium/ligand ratio was 1:1, might be due to the
formation of the thermodynamically stable 18-electron spe-
cies [Pd(DtBPF)2], which may not equilibriate back to the 14-
electron species[Pd(DtBPF)], as observed by Buchwald and
co-workers in the case of the palladium/XantPhos (12) system
for C�N coupling (for the structure of XantPhos see
Scheme 8).[20]

The products of the [PdCl2(DtBPF)]-catalyzed coupling
between various aryl halides and propiophenone were
isolated in yields up to 97% (Table 1). The monoarylation
of acetophenone derivatives using sterically demanding aryl
halides was achieved in good yield.

Subsequent improvement of this process indicated that
these reactions can be carried out at significantly lower
catalyst loadings within 1–3 h, even on a 10 g scale, with a
simple work-up.[21] The catalyst is also useful for room-
temperature arylations. At lower catalyst loadings, the purity
of the ether-based solvents such as THF and dioxane seems to
be important. Lower activities were observed when using
older bottles of solvents which had been opened for a few
months; this finding might be due to the formation of
peroxides. A trace amount of moisture does not seem to have
any negative effect.

In contrast to the reaction carried out with the preformed
palladium complex 6,[18, 21] Kawatsura and Hartwig had earlier
suggested that the intermediate palladium enolate complex
formed in the in situ reaction remains monocoordinated to
one of the phosphorus atoms of the bidentate ligand,[17]

thereby maintaining a tricoordinate palladium state when
the bulky DtBPF ligand was used (Scheme 6). This is some-
what contradictary to work carried out by Colacot et al. (see
Scheme 5). When less-bulky diphenylphosphinoferrocene
(DPPF) was used, the palladium center remained tetracoor-
dinate, with no reductive elimination at room temperature.
Therefore, Hartwig and co-workers recommended that one
could use sterically hindered monophosphines instead of
using a bulky bidentate ligand such as DtBPF in the a-
arylation reactions.

To prove the hypothesis, commercially available mono-
phosphines such as PtBu3 and PCy3 (Cy = cyclohexyl) in
conjunction with [Pd2(dba)3] or Pd(OAc)2 were evaluated in
the a-arylation reactions.[5b, 17] The coupling processes were
observed to proceed in high yields when various aryl
bromides or chlorides were employed (Table 2). It was
noteworthy that two equivalents of base were required for
selective monoarylation: the a-hydrogen atom in the product
is more acidic than that in the starting material, and the excess
base ensures complete deprotonation of both product and
starting ketone. As a consequence of the more sterically

Scheme 5. NMR spectroscopic monitoring of the reaction of p-chloro-
toluene with propiophenone in the presence of [PdCl2(DtBPF)].

Table 1: Arylation of Ar-X (X = Br, Cl) with propiophenone.

Entry ArX Product Yield [%]

1 97

2 81

3 65

4 90

5 95

6 61

7 95

8 91

9 60
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hindered a position in the product, the enolate of the starting
material reacts preferentially to facilitate the monoarylation
selectivity.

Beller and co-workers also used bulky electron-rich
monophosphines as ligands for the a-arylation of a number
of ketones in the presence of a Pd(OAc)2/nBuPAd2 (Ad =

adamantyl) catalyst system.[22] Generally, this method
afforded the a-arylated products in lower yields than those
obtained by using the Hartwig method.

2.1.3. Biaryl Electron-Rich Phosphine Ligands

The hypothesis by Palucki and Buchwald that bulky
phosphine ligands suppress diarylation[10] was subsequently
investigated in a number of cases. The study substantiated
that the use of less-bulky ligand 7 in the a-arylation reaction
resulted exclusively in the diarylation product when methyl
ketones were used as substrates (Scheme 7a).[23] By using
ligand 7, Buchwald and co-workers also demonstrated for the
first time, an effective room-temperature arylation (Sche-

me 7b).[23] The high catalytic activity of the catalyst generated
from this ligand could be due to the more electron-rich nature
of the cyclohexyl groups on the phosphine compared to the
aryl substituents on the binap ligand. This finding indicates, as
in the studies by Hartwig and co-workers, that both the steric
and the electronic properties of the ligand are important in
the palladium-catalyzed a-arylation reactions.

Subsequently, Buchwald and co-workers used their newly
designed biaryl ligands, such as 7–11, as well as the known
XantPhos (12), in a-arylation reactions of ketones. Previous
studies indicated that in some cases the presence of ligands 8
and 9 resulted in more active catalysts than did ligand 7
(Scheme 8). For the reactions where ligand 7 was necessary
for high catalytic activity, it had been noted that the
alternative phosphines 10 and 11 provided activities compa-
rable to 7, but with the advantage of a more facile synthesis. It
is interesting that prior to exploring the newly developed
ligands in a-arylation chemistry, Buchwald and co-workers
had investigated the reaction in the absence of any ligands.[24]

Surprisingly, the limited number of aryl bromides tested gave
a-arylated propiophenone in moderate to good yields.

Scheme 6. A tricoordinate palladium species observed in the enolate
step prior to the reductive elimination (according to Kawatsura and
Hartwig).

Table 2: Palladium-monophosphine-catalyzed a-arylation of ketones
under Hartwig’s conditions.

Entry ArX Product Ligand Yield [%]

1 PhBr PtBu3 98

2 PCy3 93

3 PtBu3 82

Scheme 7. Diarylation of methyl ketones and room-temperature mono-
arylation at the a position by using Buchwald’s ligand.

Scheme 8. Structures of the arylation ligands 7–11 and of XantPhos
(12).
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Although phosphines 8 and 9 in combination with a
palladium source served as effective catalysts for reactions
with a number of substrates, in many cases, however, the
yields were unsatisfactorily low. To elucidate whether there is
a need in these cases for a second coordinating group on the
ligand (ligand 7 has a coordinating NMe2 group, while 8 and 9
can form palladacycles), ligand 10 was synthesized in which
one ortho position is blocked with a Me group. It was found
that ligand 10 in conjunction with Pd(OAc)2 acted as an active
catalyst for the a-arylation of a variety of different substrates
with catalyst loadings as low as 0.1 mol%. As Kawatsura and
Hartwig had observed earlier,[17] the use of two equivalents of
base suppressed diarylation of the substrates and provided
cleaner reactions when carried out at room temperature.
When the Me group was replaced by an iPr group, ligand 11 in
combination with Pd(OAc)2 (1 mol %) provided the mono-
arylated product in good yield. A detailed study was carried
out using the bidentate phosphine ligands to understand the
increase in regioselectivity obtained with ketones containing
acidic protons in both the a and a’ positions.[24] Buchwald and
co-workers also developed a very efficient method for these
type of substrates by using a [Pd2(dba)3]/XantPhos (12)
catalyst system,[23] where XantPhos (12) has a relatively large
bite angle (1118)[25] compared to many bidentate ligands.
Catalyst loadings as low as 0.2 mol % palladium could be
used.[23] Generally, the substrate scope could be improved by
substituting NaOtBu for a milder base, such as K3PO4.
Interestingly, in the case of o-halonitroarenes, a phenol
additive significantly improved the efficiency of the reaction:
The use of [Pd2(dba)3]/ligand 7 in the presence of a phenol
(20 mol %) enabled a number of methyl ketones to be
efficiently arylated and subsequently transformed to poly-
substituted indoles by a reductive cyclization reaction.[26]

The above studies illustrate how a careful combination of
ligand and base could improve the reactivity and selectivity of
a coupling reaction such as a-arylation. The choice of catalyst
system is dictated by the nature of both substrates—the
ketone and the aryl halide. A few examples of the optimized
systems are listed in Table 3. In their recent studies, Biscoe
and Buchwald used palladacycle 13, which contains one of the
ligands from the Buchwald research group (X-Phos 14), to
increase the selectivity of the monoarylation of methyl
ketones (Scheme 9).[27]

Since phenols, like aryl chlorides, are also very readily
available starting materials, the development of methods in
which aryl triflates are employed was of great importance,
although these compounds are relatively expensive to prepare
and sometimes difficult to handle. The reactivity of ArX
increases in the order: ArOTs<ArCl<ArOTf<ArBr; how-
ever, aryl tosylates are easy to handle and cheaper than aryl
triflates. Kawatsura and Hartwig reported the first example of
the use of an aryl tosylate in the a-arylation of propiophenone
in which a catalyst generated from Pd(OAc)2 and PPFtBu2

was employed.[17] Buchwald and co-workers later expanded
the substrate scope for this transformation by using Pd(OAc)2

in combination with X-Phos (14).[28] A fairly efficient a-
arylation of ketones was demonstrated (75–85 % yield;
Scheme 10).

2.1.4. Other Bulky Monophosphines

Capretta and co-workers have described successful Suzuki
cross-coupling reactions catalyzed by [Pd2(dba)3] in the
presence of a bulky tertiary phosphine with a phosphaada-
mantane ligand.[29] They also described the efficient a-
arylation of ketones, this time by employing the preformed

Table 3: Palladium-catalyzed a-arylation of ketones under Buchwald’s
conditions.

Entry ArX Product Ligand Yield [%]

1 – 93

2 8 91

3
9
10

66
80

4 10 70

5 10 61

6 11 88

7 12 74

8 12 67
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air-stable catalyst 15.[29] In this way, the a-arylation of
propiophenone or isobutyrophenone with a number of aryl
bromides or chlorides was achieved in good to excellent yield
(Table 4). Notably, the majority of substrates could be
coupled even at 40 8C, which demonstrates the good activity
of this catalyst.

2.1.5. N-Heterocyclic Carbene Ligands

Although the majority of palladium catalysts employed in
a-arylation reactions contain tertiary phosphines, Nolan and
co-workers reported the use of N-heterocyclic carbenes
(NHCs), which are highly s-donating ligands, in the a-
arylation of ketones.[30] In addition to the strong basicity, the
substituents on the imidazole nitrogen atoms can provide the
crucial steric bulkiness.

Nolan et al. had previously reported the formation of
monomeric palladium species bearing only one NHC ligand
by making the 16-electron [(NHC)Pd(allyl)Cl] complex
16.[30a] It was proposed that the activation step of these
catalysts involves the inter- or intramolecular nucleophilic
attack of a base such as NaOtBu or KOtBu on the allylic
moiety (Scheme 11).[31] This palladium complex was inves-
tigated in the a-arylation of ketones by using aryl chlorides
and triflates (Table 5).

Nolan and co-workers also later discovered a second
group of metal complexes with NHC ligands, this time by
combining the beneficial properties of the carbene ligands
with the robustness of palladacycles,[32] similar to the original

Scheme 9. Monoarylation of methyl ketones under Buchwald’s
conditions.

Scheme 10. Arylation of aryl benzenesulfonates.

Table 4: Catalyzed a-arylation reactions using ArBr substrates according
to Capretta and co-workers.

Entry ArX Product Yield[a] [%]

1 93

2 95

3 96

4 93

5 80

6 87

7 78

[a] Yield of isolated product.
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strategy of Buchwald and co-workers. The results obtained
using catalyst 17 (Scheme 12) are comparable to those with
allyl complex 16. Here, the catalyst activation could occur by
an attack of an alkoxide on the palladium center, thereby
giving a palladium alkoxide species. Subsequent reductive
elimination of this aryl palladium alkoxide intermediate
would generate the active catalyst species. Alternatively,
activation could occur through the formation of a pallada-
cycle-NHC-aryl complex, which would undergo reductive
elimination to form an arylated aminoaryl fragment and
generate the [Pd(NHC)] species. Nolan and co-workers also
reported the use of air- and moisture-stable palladium(II)
precatalyst 18 (Scheme 12) in a-arylation reactions.[33] The

Scheme 11. Catalyst activation pathway proposed by Nolan and
co-workers.

Table 5: Arylation of ketones according to Nolan and co-workers.

Entry ArX Product Yield[a] [%] Entry ArX Product Yield[a] [%]

1 81 6 72

2 78 7 80

3 50[b] 8 91a

4 60 9 93

5 71 10 87

[a] Yield of isolated product. [b] Yield determined by NMR spectroscopic analysis.
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yields of the a-arylated ketones in this process were slighly
improved in comparison to their previous methods.

A nice application of N-heterocyclic carbenes in a-
arylation is shown in the study by Matsubara et al. on step-
growth polymerization.[34] Prior to this report, Wu and co-
workers had explored the use of the bulky phosphine ligands
PtBu3, P(o-tolyl)3, and binap (2) in the polycondensation
reactions of haloaryl ketones; however, the catalyst loading
was relatively high (10 mol% Pd(OAc)2 or [Pd2(dba)3]).[35]

2.1.6. Cyclic Alkylaminocarbenes

In addition to bulky electron-rich phosphines and cyclic
diaminocarbenes (N-heterocyclic carbenes), a third group of
ligands was developed by Bertrand and co-workers.[36] These
ligands are stable cyclic alkylaminocarbenes (CAACs), where
one of the electronegative amino susbtituents has been
replaced by an alkyl group to take advantage of the s-donor
ability of the amino group, hence making them more electron-
rich than both NHCs and tertiary phosphine ligands. Fur-
thermore, the presence of the tertiary carbon atom, which
forms part of the cyclohexane ring, provides a “flexible steric
bulk” that differs from the steric bulk of the other two classes
of ligands.[37] The strong s-donating properties combined with
the flexible steric bulk should, in theory, further accelerate the
oxidative addition, transmetalation, and reductive elimina-
tion in the catalytic cycle of the a-arylation reaction
compared to NHCs.

Bertrand and co-workers explored the effect of these air-
stable CAAC ligands in the a-arylation reaction of ketones at
room temperature (Table 6).[36] Prior to this study, no a-
arylation was successful at room temperature with aryl
chlorides, especially with sterically hindered, ortho-disubsti-
tuted aryl chlorides. A dramatic difference in activity was
observed with catalysts 19–21 (Scheme 13): While 21 proved
to be the most effective catalyst for the coupling of
unhindered aryl chlorides, complex 20 was more active for
bulky aryl chlorides. This difference can be rationalized on
the basis of the “steric and electronic match” between the
substrate and the catalysts bearing different ligands.

2.1.7. Other Ligands

During the course of the studies on the in situ generation
of diaminooxophosphine (daop) ligands through salt elimi-
nation from the corresponding chlorophosphine (Scheme 14),
Ackermann et al. instead observed an oxidative addition of
the chloride to the palladium center, with formation of a
phosphenium cation.[38]

The oxidative addition products are isolobal with N-
heterocyclic carbenes, which are ligands frequently used in
coupling reactions. Ackermann et al. explored the activity of
these novel phosphine ligands in the a-arylation of ketones.
Crucially, no salt elimination was observed with phosphine
chloride 22 in the presence of NaOtBu, which would ensure
that the desired oxidative addition of the chloride to the
palladium center would occur. The a-arylated products could
be obtained in good to very good yields (75–98%; Table 7) by
using [Pd(dba)2] and 22. However, no examples with electron-
poor aryl halides were demonstrated, and the loadings and
reaction temperatures were significantly higher than for the
[PdX2(DtBPF)] (X = Br and Cl) catalyst employed for similar
systems.[21]

2.2. Nickel-Catalyzed Reactions

Nickel catalysts have also been gaining some attention,
since nickel is cheaper than palladium. However, only a
limited number of examples of useful reactions have been
reported, as the starting nickel(II) salts are not easy to reduce
to the nickel(0) species. Furthermore, the active nickel(0)
compounds are toxic and/or highly air sensitive.

Table 6: Carbene-catalyzed a-arylation according to Bertrand and
co-workers.

Entry ArCl Cat. (mol%) T [8C] Yield [%][a]

1 PhCl 19 (0.5) 23 22
2 PhCl 20 (0.5) 23 29
3 PhCl 21 (0.5) 23 100
4 PhCl 21 (0.01) 23 72
5 2-MePhCl 19 (0.5) 23 0
6 2-MePhCl 20 (0.5) 23 10
7 2-MePhCl 21 (0.5) 23 82
8 2,6-Me2PhCl 19 (0.5) 23 0
9 2,6-Me2PhCl 20 (1.0) 50 81
10 2,6-Me2PhCl 21 (0.5) 50 0

[a] Yields as determined by NMR spectroscopy.

Scheme 13. Palladium catalysts from Bertrand and co-workers.

Scheme 14. Salt elimination from diaminochlorophosphine.

Scheme 12. N-Heterocyclic carbene ligands developed by Nolan and
co-workers.
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Buchwald and co-workers[39]and Chan and co-workers[40]

had previously reported the asymmetric a-arylation of cyclic
esters and cyclic ketones in the presence of a nickel(0)
precursor and chiral ligands (see Section 9). Inspired by their
success, Matsubara et al. developed the active, easy to
prepare, and stable nickel catalyst 23 by incorporating an
NHC as the stabilizing ligand.[41] NHC ligands also possess
strong s-donor properties and steric bulk. The activity of this
catalyst may be attributed to its ability to eliminate triphe-
nylphosphine, thereby creating a vacant coordination site on
the nickel center. This mechanism is analogous to the
activation of the Grubbs second generation metathesis
catalyst, where Cy3P dissociates to create a vacant site on
the ruthenium center.[42]

Efficient a-arylation of a number of propiophenone
derivatives could be achieved using 10 mol% of 23 to afford
the product in moderate to good yield (Table 8). Notably,

Table 7: Diaminochlorophosphine-mediated a-arylation.[a]

Entry ArX R1 Yield [%]

1 H 90

2 H 98

3 H 96

4 H 92

5 OMe 90

6 F 90

7 OMe 89

8 F 80

9 OMe 78

10 H 75

11 OMe 87

[a]

Table 8: Arylation of ketones according to Matsubara et al.

Entry ArX Product Yield[a] [%]

1 54

2 42

3 78

4 70

5 66

6 48

[a] Yield of isolated product.
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these are the only examples of nickel-catalyzed a-arylation
reactions of acyclic ketones. However, these reactions may
not be suitable for industrial applications because of the
potential toxicity of the nickel catalysts.

3. Palladium-Catalyzed a-Arylation of Esters

a-Aryl esters and their derivatives are of great synthetic
importance in organic chemistry because of the prevalence of
this motif in several pharmacologically active ingredients with
analgesic and anti-inflammatory properties.[5c] Some exam-
ples are naproxen (24), flurbiprofen (25), dichlofenac (26),
and indomethacin (27; Scheme 15).

Prior to the development of the direct metal-catalyzed
arylation of esters, which will be discussed in this section, very
few catalytic and economically viable methods were available
to construct a-aryl esters. While there are no regioselectivity
issues associated with the a-arylation of esters, their lower
reactivity and relative sensitivity to basic conditions makes
this transformation intrinsically challenging. The potential for
ester enolates to undergo a Claisen condensation also
complicates the synthesis. Significant recent developments
in this area have mostly been demonstrated by the research
groups of Hartwig and Buchwald. In this section, the major
focus will be on the syntheses of a-aryl esters by metal-
catalyzed coupling reactions between aryl halides and in situ
formed enolates of esters. However, there are a few alter-
natives to these syntheses, such as Goossen�s approach,
wherein an a-bromo ester is treated with an aryl boronic
acid in the presence of a palladium catalyst.[43]

3.1. Triphenylphosphine-Based First Generation Catalysts

In the late 1990s, Satoh et al. reported, concurrently with
their findings on the arylation of ketones, one of the first
examples of the a-arylation of esters (Section 2).[44] They
employed a palladium/triphenylphosphine-based catalyst
system, as was also employed recently by Sol� and Serrano
in their intramolecular a-arylation reaction.[45] They demon-
strated the cyclization of b-(2-iodoanilino) esters in the
presence of [Pd(PPh3)4] and potassium phenoxide to afford
the indoline products in low to good yields (Scheme 16). Since
a good background on the use of first generation catalysts was
provided in Section 2.1.1 on ketone arylation, the discussion
will not be further elaborated because of space limitation and
limited synthetic relevance.

3.2. Bulky Electron-Rich Biaryl Phosphines

Following the finding that bulky electron-rich o-biphenyl
phosphines significantly improved the a-arylation reaction of
ketones, Moradi and Buchwald reported an extensive study
on the palladium-catalyzed a-arylation of esters.[46] A similar
positive effect was also observed when these types of ligands
were used in the arylation of nitroalkanes, malonoesters, and
1,3-diketones. In addition, a good functional-group tolerance
and high regioselectivities were observed. The efficient
arylation of a number of esters was achieved by employing
Pd(OAc)2 in combination with ligands 7, 28, or 29 (Scheme 17
and Table 9).

In accordance with previous results obtained in the
alkylation of b-diketones,[47] the choice of counterion seems
to be important to form a M�O bond with a more covalent
character and thus provide selective monofunctionalization of
the esters. As it is known that Li�O bonds are more covalent
than Na�O bonds,[48] the use of lithium hexamethyldisilazide
(LiHMDS) has resulted in the formation of monoarylated
esters in good yields. The most general ligand for the coupling
reaction of aryl bromides was 7, while ligand 28 provided the
best results for aryl chlorides.

Less attention has been paid to the development of
intramolecular a-arylation reactions than the respective
intermolecular versions. The research groups of Ciufolini,[49]

Muratake,[15] Reissig,[50] Hartwig, and Buchwald have an
interest in this field. Buchwald et al. reported the intra-
molecular arylation of a-amino acid esters in the presence of

Scheme 15. Examples of anti-inflammatory drugs.

Scheme 16. Synthesis of indoline-3-carboxylic acid derivatives accord-
ing to Sol� and Serrano. Bn = benzyl.

Scheme 17. Ligands employed by Moradi and Buchwald for the aryl-
ation of esters.
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their highly effective biaryl P,N ligands to form isoindoline or
tetrahydroisoquinoline carboxylic acid esters.[51] The reaction
proceeded in high yields when the more sterically hindered
biphenyl-based phosphine ligands were employed. The use of
other simpler aryl phosphines or alkyl phosphines resulted in
lower yields. It was proposed that the high activity of the
biaryl phosphine ligands might arise from weak coordination
between the biaryl moiety or the amino group and the metal
center. It was also noted that the use of [Pd2(dba)3] as a
catalyst precursor resulted in superior results than Pd(OAc)2,
which could be explained by the potential of dibenzylidenea-
cetone to act as a supporting ligand to the intermediate
palladium(0) complexes. Buchwald and co-workers also
demonstrated the first and only example of the use of aryl
benzenesulfonates as coupling partners in the a-arylation of
an ester.[28] For this transformation, Pd(OAc)2/X-Phos (14)
was used as the catalyst system to arylate ethyl phenyl acetate
in very good yield (88%). Recently, Biscoe and Buchwald

accomplished the selective monoarylation of methyl esters by
employing palladacycle 30, which bears a tBuX-Phos ligand,
as the catalyst (Scheme 18).[27]

3.3. Other Bulky Electron-Rich Monodentate Ligands

In addition to the biaryl P,N ligands, there are two very
prominent classes of ligands that have been shown to result in
effective a-arylations, namely bulky alkyl monophosphines
and nucleophilic carbenes. Hartwig and
co-workers noticed that the a-arylation
of esters could be carried out at room
temperature by using 2 mol% [Pd-
(dba)2] and N-N’-bis(2,6-diisopropyl-
phenyl)-4,5-dihydroimidazolium (31;
Scheme 19) or PtBu3.

[52]

While the method of Moradi and
Buchwald required the use of two
equivalents of ester[46] relative to each
aryl halide, Hartwig and co-workers
used only a slight excess of the ester.[52]

However, 2.3 equivalents of the base
were needed to ensure that the more acidic product would not
quench the enolate of the starting material. Hartwig and co-
workers subsequently improved this protocol by using PtBu3

as a ligand and LiNCy2 as a base. In many cases, the catalyst
loadings could be reduced, and the number of equivalents of
the base was lowered to 1.3.

While Gaertzen and Buchwald reported the intramolec-
ular arylation of a-substituted amino acid derivatives,[51] Liu
and Hartwig demonstrated the first intermolecular version of
this reaction.[53] They used azlactones as amino acid deriva-
tives, with the arylation carried out using [Pd(dba)2] or
Pd(OAc)2 in combination with Ad2P(tBu) or Q-Phos (32).[53]

The arylation of azlactones derived from alanine, phenyl-
alanine, phenylglycine, leucine, and valine underwent reac-
tion in good yields (Scheme 20). Importantly, the azlactones
can be readily hydrolyzed to generate a-aryl-a-substituted
amino acids.[54]

Although significant advances in the metal-catalyzed
arylation reactions of alkali metal enolates had been made
in terms of reaction efficiency, the basic conditions required
for this transformation limited the substrate scope. Compo-
nents bearing nitro, cyano, carboxy, and keto groups were not

Table 9: a-Arylation of esters according to Moradi and Buchwald.

Entry ArX Product Ligand Yield [%]

1 7 81

2 7 71

3 7 68

4 7 81

5 29 48

6
7
28

49
90[a]

7 7 83

8 28 82

9 28 54

[a] 1.5 mol% [Pd(dba)2] and 6.3 mol% 28 was used.

Scheme 18. Monoarylation of methyl esters using the palladacyle
developed by Biscoe and Buchwald. [a] Reaction conducted at 0 8C.

Scheme 19. Carbene
ligand for the a-aryl-
ation of esters and
amides.
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amenable to the reaction conditions. It was also difficult to
achieve arylation at the more-hindered position of substrates
bearing two acidic a protons. In addition, strong basic
conditions also had an adverse effect on the enantioselective
catalysis, as it favored the racemization of the newly formed
tertiary stereocenters.

To alleviate such complications, Hartwig and co-workers
developed an a-arylation reaction of esters and amides under
less basic conditions,[55] which paralleled the cross-coupling
reactions of zinc enolates. However, the range of aryl halides
was very limited and the yields were generally low.[56] Hartwig
and co-workers mostly utilized zinc enolates and aryl
bromides as coupling partners in the presence of either
[Pd(dba)2]/Q-Phos (32) and the palladium(I) dimer [{Pd(m-
Br)(tBu3P)}2] (33). These are both highly efficient commer-
cially available catalyst systems.[57] This significantly
expanded the substrate scope of esters. Notably, most of the
reactions could be carried out at room temperature with no
formation of diarylated product (Table 10).

The discovery that 33 was an effective catalyst for the a-
arylation of zinc enolates prompted Hama and Hartwig to
further explore the use of this catalyst for the arylation of
alkali metal enolates of esters with both aryl bromides and
chlorides (Table 11).[58, 59] The preformed catalyst 33 was
found to be more efficient than the in situ Pd/PtBu3 system.
Generally, catalyst loadings were reduced to 0.2–0.25 mol%,
while obtaining higher yields of the arylated products
compared to those with the in situ [Pd(dba)2]/PtBu3 catalyst
system, which used a loading of 0.4–1 mol % (Table 12).

Moloney and co-workers also investigated the use of
Reformatsky reagents in a-arylation reactions. They reported
a microwave-assisted, [Pd(PPh3)4]-catalyzed arylation of the
zinc reagent of tert-butyl acetate to give products in moderate
yields.[60]

4. b-Difunctionalized Compounds

The difficulties encountered in the a-arylation of b-
difunctionalized compounds are highlighted by the limited
number of reports that can be found in the literature. The
reactions prior to the recent palladium-catalyzed methods
were carried out using stoichiometric or catalytic amounts of
copper, mostly by using the more-reactive substrates such as
aryl iodides.[61] Rawal and co-workers demonstrated the use

Scheme 20. a-Arylation of azlactones according to Liu and Hartwig.
[a] 5.0 mol% [Pd(dba)2], 10 mol% Ad2PtBu, 3.3 equiv K2CO3, 100 8C.
[b] 5 mol% Pd(OAc)2, 5 mol% Ad2PtBu, 3.3 equiv K3PO4, 80 8C.
[c] 5 mol% Pd(OAc)2, 5 mol% Q-Phos (32), 3.3 equiv K2CO3, 80 8C.
[d] 10 mol% Ad2PtBu. [e] 100 8C.

Table 10: Arylation of esters under mild conditions using Reformatsky
reagents according to Hartwig and co-workers.

Entry ArBr Conditions[a] Product Yield [%]

1 A 87

2 A 94

3 A 87

4 B 81

5 C 95

6 C 66

7 A[b] 91

[a] A) 1 mol% [Pd(dba)2], 1 mol% Q-Phos (32), THF, RT; B) 0.5 mol
[{[P(tBu)3]PdBr}2] (33), THF RT; C) 0.5 mol 33, 1.05 equiv KH, THF, RT.
[b] 70 8C.
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of an intramolecular a-arylation reaction of a b-ketoester to
form the bicyclic framework of the welwitindolinones,[62] a
family of indole alkaloids exhibiting potent biological (such as
antifungal, larvacidal, and insecticidal) activities.[62]

In this section, the a-arylation of malononitriles, malo-
noesters, and malonates by using palladium, copper, and
nickel catalysts will be discussed.

4.1. Palladium-Catalyzed a-Arylation
4.1.1. Palladium/PPh3-Based First Generation Catalysts

Motivated by their successful development of a palla-
dium-catalyzed method to couple aryl halides with ethynyl
compounds,[63] Takahashi and co-workers reported one of the
first examples of intermolecular a-arylation of dicarbonyl
compounds through the use of the simple first generation
catalyst [PdCl2(PPh3)2] (Table 13).[64,65] Sakamoto et al.[66] and
Ciufolini and Browne[49] independently reported the [Pd-
(PPh3)4]-catalyzed a-arylation of malononitriles and malo-
noesters in moderate yields. Ciufolini and Browne also
demonstrated the intramolecular arylation of malonates.[49]

Table 11: a- Arylation catalyzed by [{Pd(m-Br)(tBu)3P}2] (33).

Entry ArBr Catalyst loading
[mol%]

Product Yield [%]

1 0.2 83

2 0.25 87

3 0.05 72

4 0.05 88

5 0.5 71

6 0.5 75

7 0.2 86

8 0.4 73

Table 12: Arylation using chloroarenes.

Entry Conditions Product Yield [%]

1
1% [Pd(dba)2]/1% PtBu3

[a]

0.4% 33
62
77

2
0.4% [Pd(dba)2]/0.4% PtBu3

[b]

0.2% 33[b]
42
81

3 0.15% 33[b] 73

4
0.4% [Pd(dba)2]/0.4% PtBu3

[c]

0.2% 33[c]
79
84

5
0.4% [Pd(dba)2]/0.4% PtBu3

[c]

0.2% 33[c]
69
73

6
0.4% [Pd(dba)2]/0.4% PtBu3

[c]

0.2% 33[c]
81
75

7
0.4% [Pd(dba)2]/0.4% PtBu3

[c]

0.2% 33[c]
66
71

[a] RT. [b] 60 8C. [c] 100 8C.
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4.1.2. Electron-Rich Alkyl Monophosphines

Kawatsura and Hartwig found that DtBPF or PtBu3 in
combination with [Pd2(dba)3] or Pd(OAc)2 can provide an
effective catalyst system to arylate malonates under milder
conditions.[17] Notably, the use of less electron-rich ligands,
such as DPPF, 2, PPh3, and P(o-tolyl)3, were not useful for this
reaction. Kondo et al. subsequently also investigated the
arylation of malonates by employing a [Pd2(dba)3]/PtBu3

system.[67] Changing the base from NaOtBu to Cs2CO3

resulted in an accompanying decarboxylation of the arylated
products.

To extend the substrate scope of the a-arylation of
malonates, Beare and Hartwig carried out a more extensive
ligand screen, even including 32 and PtBu2Ad (Table 14).[68]

From this study, it was evident that both PtBu3 and DtBPF
generated the most generally active palladium catalysts,
although 32 or PtBu2Ad proved to be more successful ligands
for aryl chloride substrates. It was even possible to decrease
the palladium loading to 1 mol %, as was shown in the
arylation of diethyl malonate with bromobenzene in the
presence of a [{Pd(allyl)Cl}2]/DtBPF combination. However,
the reactions involving pyridyl halides as electrophiles and
diethyl alkyl malonates failed to provide any of the desired
products.

Following the successful development of a-arylation
conditions for malonates, Hartwig and co-workers turned
their attention to the arylation of the more-challenging
cyanoacetates. Previously, the same research group demon-
strated the use of fluorescence resonance energy transfer to
screen the catalysts and conditions for this transformation.[69]

By using this high-throughput screening technique, the use of
[Pd(dba)2] in combination with PtBu3 or PtBu2Ad was
identified as the most active catalytic system for these types
of arylation reactions. A wider range of substrates for this
transformation was subsequently investigated (Table 15). In
contrast to malonates, ethyl cyanoacetate could form the
diarylated products under similar conditions.[68]

Table 13: a-Arylation of malononitriles according to Takahashi and
co-workers.

Entry ArX Product Yield [%]

1 92

2 72

3 86

4 56

Table 14: a-Arylation of malonates according to Beare and Hartwig.

Entry ArX Ligand Product Yield [%]

1 DtBPF 89

2 DtBPF 89

3 DtBPF 87

4 PtBu2Ad 90

5 32 86

6 PtBu3
88
90[a]

7 PtBu3 86

8 PtBu3 87[b]

9 PtBu3 86

10 PtBu3 79

[a] 1 mol% [{Pd(allyl)Cl}2] , 1.1 equiv NaOtBu, dioxane, 45 8C. [b] 1 mol%
[{Pd(allyl)Cl}2] , 1.1 equiv NaOtBu, dioxane, 100 8C.
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4.1.3. Biaryl Phosphine Ligands

There are few limited reports on the a-arylation of
dicarbonyl compounds with the dialkylaryl phosphine systems
developed by Buchwald and co-workers. Buchwald and co-
workers reported one isolated example, where Pd(OAc)2 in
combination with ligand 34 catalyzed the a-arylation of
diethyl malonate in good yield (Scheme 21).[24] Parkinson and

co-workers later employed this catalytic system to a-arylate
acetoacetate esters, which was followed by a subsequent
decarboxylation to obtain 2-aryl acetic acid esters.[70]

4.1.4. Other Palladium-Catalyzed Reactions

Urbano and co-workers have reported an a-arylation of
malonates in which a heterogeneous base was used rather
than a typical homogeneous base.[71] Na2[PdCl4] in combina-
tion with Ba(OH)2 gave the highest conversions (97–98 %),
with high selectivity observed for the monoarylation products
from various halobenzenes.

Verkade and co-workers also demonstrated the effective
a-arylation of cyanoacetates by employing a [Pd2(dba)3]/
proazaphosphatrane (35) catalyst system, as illustrated by the
arylation of nitriles (see Scheme 39 in Section 7.2).[72,73]

4.2. Copper-Catalyzed Arylation

Although palladium catalysts are the most widely
employed catalysts for a-arylation, the use of copper catalysts
has also received some attention. Hurtley reported a pioneer-
ing study on the copper-catalyzed arylation of activated
methylene compounds.[74] Initially, o-bromobenzoic acids had
to be used as the coupling partners, which significantly
narrowed the substrate scope. In a number of subsequent
methods stoichiometric amounts of a copper complex were
used at high reaction temperatures in polar solvents. In most
cases reproducibility problems were encountered, although
reasonably good yields were obtained in the cases of highly
activated aryl halides.[75]

Miura and co-workers reported an improved process
whereby arylation could be achieved by using a catalytic
amount of copper iodide.[76] This method, however, suffered
from low yields and narrow substrate scope. Hennessy and
Buchwald subsequently improved the process by using a CuI/
2-phenylphenol catalyst system to arylate malonates.[77] Ma
and co-workers later developed a method in which CuI was
used in combination with l-proline to efficiently arylate
diethyl malonate in DMSO.[78] Kwong and co-workers
subsequently reported a copper-catalyzed a-arylation of
diethyl malonate that could be carried out at room temper-
ature in dioxane.[79] A number of monodentate oxygen donor
ligands and bidentate O,S and O,N ligands were explored in

Table 15: a-Arylation of cyanoacetates according to Hartwig and
co-workers.

Entry ArX Ligand Product Yield [%]

1 PtBu3 87

2 32 91[a]

3 PtBu3 87

4 32 81

5 PtBu3 93[b]

6 PtBu3 91

7 PtBu3 91[c]

8 PtBu3 91

[a] 1 mol% [{Pd(allyl)Cl}2] , 100 8C. [b] 0.5 equiv cyanoacetate, 1.1 equiv
aryl bromide, 4 mol% [Pd(dba)2], 8 mol% PtBu3. [c] At 100 8C.

Scheme 21. a-Arylation of malonates according to Buchwald and
co-workers.
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the coupling reaction. The use of 2-
picolinic acid (36 ; Scheme 22)
resulted in efficient arylation.

A number of aryl iodides and
bromides, including heterocyclic
iodides, afforded the arylated prod-
ucts in good yield (Table 16). Kwong
and co-workers also demonstrated

that their CuI/picolinic acid system can be applied in the
arylation of a b-ketoester.[79]

4.3. Nickel-Catalyzed Arylation

Cristau et al. reported the only example of a nickel-
catalyzed a-arylation reaction of b-difunctionalized com-
pounds.[80] The reaction of malononitrile with a number of
aryl halides in the presence of in situ generated [Ni(PPh3)3]
afforded the products in moderate to good yields.

5. a-Arylation of Amides

Following the successful arylation of ketone enolates, the
search was then on to extend the methodology to enolates
derived from amides. The higher pKa values of amides
compared to ketones meant that it was necessary to signifi-
cantly modify the conditions for the arylation reaction. It was
thus clear that this difference in acidity affected the rate of
many steps in the catalytic cycle. A series of examples show
the applicability of the a-arylation of amides to the total
synthesis of biologically active compounds. Freund and
Mederski demonstrated the rapid construction of 1,2-dihy-
dro[indole-3,4’-piperidin]-2-ones,[81] which are present in a
number of biologically active compounds, for example,
neurokinin antagonists,[82] oxytocin antagonists,[83] and mono-
amine transporter inhibitors.[84] The intramolecular a-aryla-
tion of amides was similarly demonstrated by Honda et al. in
the total syntheses of cherylline and latifine.[85]

5.1. First Generation Ligands

Hartwig and co-workers carried out a preliminary screen
which showed that a [Pd(dba)2]/2 combination gave the best
results for the a-arylation of amides (Table 17).[86] In all cases,
a small amount of the diarylated product (ca. 10 %) was also
isolated. This method was also extended to intramolecular
arylation to obtain oxindoles with complete regioselectiv-
ity.[86]

Scheme 22. Ligand used
by Kwong and co-work-
ers.

Table 16: Copper-catalyzed arylation according to Kwong and co-work-
ers.

Entry ArI Product Yield [%]

1 92

2 82

3 73

4 77

5 90

6 68

7 78[a]

8 88[b]

[a] 70 8C. [b] 100 8C.

Table 17: Intermolecular arylation of amides according to Hartwig and
co-workers.

Entry ArX Product Yield [%][a]

1 70

2 72

3 16[b,c]

4 49

[a] Yield of monoarylated product, although diarylation was observed in
all cases. [b] PtBu3 ligand was used. [c] GC yield.
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5.2. Electron-Rich Monophosphine Ligands

Encouraged by the results obtained with the [Pd(dba)2]/2
catalyst system, Lee and Hartwig investigated the use of the
electron-rich monophosphine ligands that had provided good
results in other a-arylation reactions.[87] It was found that a
combination of Pd(OAc)2 and PCy3 efficiently promoted the
oxindole formation. Notably, the PCy3 ligand was not
particularly effective in the arylation of ketones or malo-
nates.[17] A wide range of a,a-disubstituted oxindoles could be
synthesized effectively by using this method (Scheme 23). In

addition, the substrate scope was extended to include various
aryl chlorides.[87] The same catalyst system could be employed
at slightly increased catalyst loadings for tandem intra- and
intermolecular arylation processes, through which a-arylated
oxindoles could be prepared in moderate yields in two steps
(55–61%; Scheme 24).

The intermolecular arylation of acyclic amides presents
problems since a stronger base is required for this trans-
formation than for the a-arylation of ketones and esters.
Other complications involve decomposition of the catalyst

caused by the strong base, which resulted in high catalyst
loadings, in addition to the quenching of the starting enolate
by the a-arylated product. Furthermore, diarylations are
often observed as minor side reactions. To alleviate these
problems, Hartwig and co-workers used zincamide enolates
as starting materials rather than using alkali metal eno-
lates.[55, 88] These preformed Reformatsky reagents could be
arylated effectively at room temperature by employing a
catalyst formed from [Pd(dba)2] and Q-Phos (32). Encour-
aged by these results, Hartwig and co-workers developed an
a-arylation method in which the Reformatsky reagents would
be generated in situ, thereby avoiding the problematic
isolation of the zinc amide enolates.[88] The enolates were
formed by the addition of activated zinc metal to a solution of
the a-bromoamide at room temperature. This could be
subsequently arylated using either [Pd(dba)2]/Q-Phos (32)
or the palladium(I) dimer 33, depending on the nature of the
amide enolate. A final modification to this methodology
provided a very mild general method for the a-arylation of
amides. The use of the in situ generated Reformatsky

Scheme 23. Synthesis of oxindoles according to Lee and Hartwig.
[a] X = Br, 50 8C [b] X =Cl, 70 8C.

Scheme 24. Intra- and intermolecular arylation according to Lee and
Harwig.

Scheme 25. a-Arylation of amides accordong to Hartwig et al.
[a] 1 mol% [Pd(dba)2], 1 mol% Q-Phos (32). [b] 2 mol% [Pd(dba)2],
2 mol% Q-Phos (32). [c] 3 mol% [Pd(dba)2], 3 mol% Q-Phos (32).
[d] 0.5 mol% [{Pd(m-Br)(tBu3P)}2] (33), 1.05 equiv KH. [e] 1 mol% [{Pd-
(m-Br)(tBu3P)}2] (33), 1.05 equiv KH. [f ] 70 8C. [g] 4 mol% [Pd(dba)2],
4 mol% Q-Phos (32).
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reagents (reaction of the amide with secBuLi formed the
lithium enolate, which was followed by the reaction with
ZnCl2) was also employed in many cases. Again, the
palladium complex based on the Q-Phos ligand or 33 were
used as catalysts to effect the arylation reaction (Scheme 25).
Examples of microwave-mediated arylation of Reformatsky
reagents generated from amides have been reported by
Moloney and co-workers; however, this method afforded
significantly lower yields than those observed by using the
method developed by Hartwig and co-workers.[60]

5.4. Biaryl Monophosphine Ligands

Cossy and co-workers developed a process based on the
use of a palladium catalyst derived from biphenyl mono-
phosphine ligand 7 to extend the substrate scope of the a-
arylation reactions to include Reformatsky reagents formed
from cyclic amides.[89] It was postulated that amines such as
hexamethyldisilazane (HMDS) present in the reaction mix-
ture could chelate to the zinc enolate dimer to form I
(Scheme 26). Furthermore, the zinc enolate may be proton-

ated by the amine to generate the amide and species II. It is
possible that I and II are less prone to undergo the desired a-
arylation reaction. On the basis of this assumption, the
HMDS base was changed to secBuLi so as to avoid the
formation of complexes I and II. Indeed, carrying out the a-
arylation reactions with secBuLi afforded the products in high
yields (Scheme 27).

Durbin and Willis reported a second application of a
system based on 14 for the a-arylation of amides (Table 18).
Oxindoles were generally arylated in lower yields than with
Hartwig�s Pd/PCy3 system.[90]

5.5. Carbene Ligands

Lee and Hartwig, during their evaluation of phosphine
ligands, also demonstrated the first a-arylation of amides with
NHC-based complexes.[87] Although PCy3 generally per-
formed better, in certain cases the use of ligand 31 provided
the a-arylated products in higher yields. Subsequently, Zhang
and co-workers developed a [Pd2(dba)3]/ligand 37 catalyst

Scheme 26. Proposed species in the Reformatsky reaction.

Scheme 27. a-Arylation of N-protected 2-piperidinones according to
Cossy and co-workers.

Table 18: Oxindole synthesis according to Durbin and Willis.

Entry ArX Product Yield [%]

1 70

2 85

3 70

4 60

5 76

6 61
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system that could effectively mediate formation of an
oxindole.[91] In analogy with observations made by Nolan
and co-workers,[92] it was suggested that two close coordina-
tion sites on the metal were necessary for the formation of a
C�C bond. Instead of having two carbene ligands bound to
the palladium center, the oxidative addition of ligand 37 to
the palladium(0) center provided a precatalyst that was less
bulky, and could mediate the formation of an oxindole from
several substrates. In general, the [Pd(dba)2]/37 catalyst
system was more active than the [Pd(dba)2]/2 system, which
is evident from the lower catalyst loadings (1.5–3 mol%), and
afforded moderate to high yields of the oxindoles
(Scheme 28).

6. a-Arylation of Aldehydes

Metal-catalyzed a-arylation of aldehydes is notoriously
difficult because of its propensity to readily undergo aldol
condensation under the basic conditions. Alhough this area is
not fully developed, significant developments have recently
been made. This transformation is of great importance, as
illustrated in the total synthesis of nominine.[93]

6.1. First Generation Aryl Phosphine Ligands

Muratake et al. first demonstrated that the intramolecular
a-arylation reaction of aldehydes was possible in the presence
of the [PdCl2(PPh3)2]/Cs2CO3 system (Scheme 29).[94] The use
of Cs2CO3 is a common theme in all the subsequent methods
for the a-arylation of aldehydes.

6.2. Electron-Rich Alkyl Phosphines

Miura and co-workers first evaluated the use of bulky
electron-rich monophosphines in the a-arylation of alde-

hydes.[95] The desired transformation occurred in moderate
yields when Pd(OAc)2/PtBu3 was used as the catalyst system
(Scheme 30). Subsequently, Vo and Hartwig reported the a-
arylation reaction of aldehydes through the use of a

palladium(p-allyl) chloride dimer (APC) catalyst in combi-
nation with the less-electron-rich bidentate ligand DPPF
(Scheme 31) or the bulky monodentate electron-rich Q-Phos
ligand (32 ; Scheme 32).[96] It was found that the arylation of
linear aldehydes proceeded in excellent yields with a [Pd]/
DPPF system, whereas the arylation of branched aldehydes
required the use of the Q-Phos (32) ligand. A few examples of
the use of aryl chlorides as substrates have also been reported.

A number of palladium precursors and ligands were
evaluated for activity in the study. Both [Pd(dba)2] and
Pd(OAc)2 resulted in lower yields than APC. It was observed
that APC in conjunction with bulky electron-rich phosphine
ligands provided a facile generation of the active, presumably
a 12-electron, [LnPd0] species in the catalytic cycle.[97]

In a comparison study between their APC/phosphine and
Buchwald�s Pd(OAc)2/phosphine catalyst systems, Hartwig
and co-workers observed a remarkable difference in the yield
of the a-arylated products of four chosen coupling partners
(Scheme 33).[96] The APC/ligand method consistently per-

Scheme 28. Oxindole formation according to Zhang and Huang.
[a] Starting from the aryl chloride.

Scheme 29. Intramolecular a-arylation according to Muratake et al.
[a] Yield of alcohol after reduction with NaBH4.

Scheme 30. a-Arylation of aldehydes according to Miura and co-work-
ers. In each case the yield of the isolated product is given. [a] K2CO3

was used instead of Cs2CO3.
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formed better, with differences in the yields of up to 73 %.
The authors attribute this superior activity to a combined
effect of both the palladium precursor APC and the ligands.

6.3. Electron-Rich Biaryl Phosphine Ligands

Mart�n and Buchwald reported a general method for the
a-arylation of both linear and a-branched aldehydes through
the use of catalysts generated from Pd(OAc)2 and the biaryl
phosphine ligands 2, 38, or 39 (Scheme 34).[98] Although the
substrate scope for this transformation was broad, it did not
encompass the coupling between electron-rich aryl halides
and linear aldehydes.

To overcome this limitation and get a better understand-
ing of the reaction, Mart�n and Buchwald studied the
significance of water in the reaction mixture. They had
already noted the influence of water during their initial
studies on a-arylation.[98] The addition of molecular sieves, the
use of vigorously anhydrous solvents, and flame-dried Cs2CO3

all resulted in very poor yields of the desired product, whereas
the use of regular anhydrous solvents with a small amount of
water notably increased the yield. It was, therefore, suggested
that the presence of a small amount of water might promote
the reduction of Pd(OAc)2 to form the active [LnPd0]
species.[99] Having identified this, Mart�n and Buchwald
were able to improve the yields of the a-arylation of linear
aldehydes with aryl halides bearing electron-donating sub-

Scheme 31. a-Arylation of linear aldehydes.

Scheme 32. a-Arylation of branched aldehydes. [a] 0.5 mol% APC,
1 mol% Q-Phos (32), 80 8C. [b] 1 mol% APC, 2 mol% Q-Phos (32),
90 8C. [c] 1 mol% APC, 4 mol% DPPF in dioxane. TMS = trimethylsilyl.

Scheme 33. Comparison study of the arylation of aldehydes.
[a] 2 mol% Pd(OAc)2, 3 mol% rac-binap (2), dioxane. [b] 2 mol% Pd-
(OAc)2, 3 mol% S-Phos (39), dioxane. [c] 1 mol% APC, 4 mol% DPPF,
dioxane. [d] 0.5 mol% APC, 1 mol% Q-Phos (32), THF.

Scheme 34. a-Arylation of aldehydes. Ligand and reaction temperature:
[a] rac-Binap, 80 8C. [b] 38, 100 8C. [c] 39, 80 8C. [d] Two equivalents of
the aldehydes were used at 80 8C.
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stituents (Scheme 35).[100] It was also hypothesized that
employing a ligand with a wider bite angle might improve
the yield, since bidentate phosphines with a larger bite angle

facilitate the reductive elimination step.[101] After optimiza-
tion studies, it was found that [{Pd(allyl)Cl}2] or [{Pd-
(cinnamyl)Cl}2] in combination with XantPhos (12) serves
as the optimal catalyst system for the a-arylation of aryl
bromide substrates. The use of precatalyst 13 in the coupling
of linear aldehydes with electron-rich aryl chlorides afforded
the a-arylated products in excellent yields. However, no
examples of sterically hindered electron-rich aryl halides
were reported in this study.

6.4. Carbene Ligands

One single example of the a-arylation of isobutanal with
2-chlorotoluene was reported by Bertrand and co-workers,
who employed their previously developed CAAC palladium
complex 21 as a very effective catalyst.[36] The early success of
Muratake et al.[94] and Bertrand and co-workers in effecting
the difficult a-arylation reaction of aldehydes may have
inspired other research groups to also investigate this field.

7. a-Arylation of Nitriles

The a-arylation of nitriles would provide a useful method
to access some synthetically versatile intermediates and

potential biologically active compounds.[102] An example of
this is the synthesis of verapamil by Hartwig and co-work-
ers,[108] which is a drug used in the treatment of hypertension
and chest pain arising from a low supply of oxygen to the
blood vessels.[103] However, the reactions of the aryl palladium
cyanoalkyl intermediate that would be formed in the conven-
tional catalytic cycle is not well known, and there are a
number of possible bonding modes: The anions of nitriles can
coordinate to a metal center through the a carbon atom[104] or
through the cyano nitrogen atom.[105] Alternatively, the anion
can bridge two metal centers to form a h2-CN system.[106]

Nitriles are also less acidic than ketones, but the cyano group
is more electron withdrawing than a keto group, which could
lead to unpredictable effects during catalysis, such as compli-
cations in the reductive elimination step.

7.1. Triaryl and Electron-Rich Alkyl Phosphine Ligands

To gain some insight into cyanoalkyl complexes, Culkin
and Hartwig prepared a number of these compounds that
contained a variety of phosphine ligands.[107] It was observed
that the preferred binding mode for the cyanoalkyl group was
through the a-carbon atom. In the case of very sterically
demanding ligands (for example, diisopropylphosphinoferro-
cene; DiPPF), the nitrile coordinated to the palladium center
through the nitrogen atom. In addition, when a labile ligand
was present, the phosphine was displaced by the nitrogen
atom of the cyano group, and a bridging cyanoalkyl complex
was formed. Investigation into the reductive elimination from
the isolated cyanoalkylpalladium complexes identified binap
(2) as the optimal ligand for this transformation. In isolated
examples, better yields were obtained with a combination of
[Pd2(dba)3]·CHCl3 and PtBu3. By using this method, however,
it was not possible to achieve monoarylation of the primary
nitriles—diarylation was always observed. This was proposed
to be due to the lower pKa value of the arylated nitrile
compared to that of the starting material. To address this
problem, Wu and Hartwig investigated this transformation
under milder conditions. On the basis of their previous
experience on a-arylation, they attempted coupling reactions
with cyanoalkylzinc and -silicon reagents.[108] The lower
basicity of these reagents compared to cyanoalkyl–alkali
metal species resulted in improving the functional-group
tolerance greatly. It was demonstrated initially that the
monoarylation of acetonitrile could be achieved by using
trimethylsilylacetonitrile (Scheme 36). The catalyst systems
vary, depending on the aryl bromide substrate. Catalytic
systems such as [Pd2(dba)3]/Xantphos, [Pd2(dba)3]/PtBu3, and
[Pd2(dba)3]/PPhtBu2 were used, while ZnF2 was employed as
a substoichiometric additive. In analogy with work carried out
on the coupling of silyl enol ethers,[109] it was proposed that
ZnF2 seems to be strong enough to form a hypervalent silicon
species that is more activated towards transmetalation.
Interestingly, no reaction was observed in the absence of
this additive. The reaction conditions developed could
successfully be transferred to the arylation of a-TMS-
propionitrile; however, for the arylation of a-silylcyclohex-

Scheme 35. Arylation of aldehydes using electron-rich aryl halides.
[a] 80 8C. [b] 100 8C. [c] 1 mol% APC. [d] [{Pd(cinnamyl)Cl}2] .
[e] 2 mol% Pd(OAc)2. [f ] 2 mol% Pd(OAc)2, 3 mol% S-Phos (39).
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ylcarbonitrile the ZnF2 had to be replaced with the stronger
Lewis base KF (Scheme 37).

With the aim of further extending the substrate scope,
Hartwig and co-workers investigated the use of zinc reagents

in place of the silyl reagents. The zinc reagents were generated
by treating the secondary nitrile with LDA, and removing the
resulting diisopropylamine under vacuum before adding the
ZnCl2, palladium precursor, and ligand. If the amine was not
removed from the reaction mixture prior to the coupling
reaction, a significant amount of the the C�N coupling
product was observed. By following this procedure they were
able to improve dramatically the substrate scope for the
arylation of secondary nitriles (Scheme 38).

7.2. Triaminophosphine Ligands

After successfully using their bicyclic proazaphospha-
tranes in palladium-catalyzed Suzuki cross-coupling reac-
tions[72] and aryl aminations,[110] Verkade and co-workers also
investigated their use in the arylation of nitriles, initially by

using aryl bromides.[73] The electronic and steric properties of
the proazaphosphatranes can be adjusted by introducing the
appropriate substituents at the PN3 nitrogen atoms. The high
stability of the metal complexes formed with this type of
ligand is suggested to be due to the transannular interaction
between the lone pair of electrons on the bridgehead nitrogen
atom and the phosphorus atom.

The use of an in situ catalyst generated from Pd(OAc)2

and phosphatrane 35 developed by Verkade and co-workers
provided a very efficient system to arylate acetonitrile as well
as primary and secondary nitriles (Scheme 39). The arylation
of acetonitrile resulted exclusively in the diarylated product.
Importantly, the Pd(OAc)2/35 catalyst system proved to be

Scheme 36. a-Arylation of TMS nitriles under mild conditions accord-
ing to Wu and Hartwig. [a] 2 mol% [Pd2(dba)3], 2 mol% XantPhos
(12), 0.5 equiv ZnF2, DMF, 90 8C. [b] 2 mol% [Pd2(dba)3], 4 mol%
PtBu3, 0.5 equiv ZnF2, DMF, 90 8C. [c] 2 mol% [Pd2(dba)3], 4 mol%
PhPtBu2, 0.5 equiv ZnF2, DMF, 90 8C. DMF =N,N-dimethylformamide.

Scheme 37. a-Arylation of silyl derivatives of secondary nitriles.

Scheme 38. a-Arylation of zinc nitriles.

Scheme 39. a-Arylation of nitriles using aryl bromides according to
You and Verkade’s. [a] 1 mol% Pd(OAc)2, 2 mol% 35. [b] 4 mol%
Pd(OAc)2, 8 mol% 35, 90 8C. [c] 2 mol% Pd(OAc)2, 4 mol% 35, 90 8C.
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very effective for the arylation of nitriles when employing
less-expensive aryl chlorides as coupling partners
(Scheme 40).[111] However, this arylation was only demon-
strated for chlorobenzene with a number of primary and
secondary nitriles. Notably, the monoarylation of acetonitrile
was achieved in 70% yield by increasing the amount of
acetonitrile.

8. Miscellaneous a-Arylations

8.1. Nitroalkanes

In addition to the functional groups already discussed,
nitroalkanes are another plausible substrate class for a-
arylation reactions. Muratake et al. demonstrated the first
intramolecular version of this transformation to build up a
number of tricyclic molecular structures (Scheme 41).[94] The

major side product was the corresponding ketones, formed by
a Nef reaction from the secondary nitro group. In many cases,
this was in fact the only product observed.

Buchwald and co-workers expanded the a-arylation
reactions of ketones and esters to include nitroalkanes.[112]

The use of [Pd2(dba)3] in combination with monophosphine
ligand 34 resulted in the intermolecular arylation of nitro-
alkanes in moderate to good yields (Scheme 42). Notably, the
arylation could be carried out chemoselectively when car-

bonyl groups bearing a-hydrogen atoms were present in the
substrates.

8.2. Sulfoximines

Inspired by the development of intramolecular a-aryl-
ation of sulfoximines to form heterocycles,[113] Bolm and co-
workers investigated the intermolecular version of this
palladium-catalyzed methodology to synthesize a-arylated
sulfoximines, as this would offer a convenient route to
substrates that were previously challenging to synthesize.
Cho and Bolm achieved the a-arylation reaction in good
yields by using a palladium catalyst generated from Pd(OAc)2

or [Pd2(dba)3] and PCy3 (Scheme 43).[114] Subsequent hydrol-
ysis effected decarboxylation to reveal the free sulfoximines.

8.3. Sulfones

Beletskaya and co-workers were interested in using
sulfones as auxiliaries for the more facile formation of
carbanions and subsequent a-arylation.[115] The sulfones can
later be easily removed by reductive desulfonylation.

Scheme 40. a-Arylation using aryl chloride substrates according to You
and Verkade.[111] [a] 10% of di-phenylated product observed. [b] Diox-
ane as the solvent, 1.4 equiv KOtBu as a base.

Scheme 41. Intramolecular a-arylation of nitroalkanes according to
Muratake et al.

Scheme 42. a-Arylation of nitroalkanes according to Buchwald and co-
workers. [a] Using aryl bromide. [b] Using aryl chloride. DME= 1,2-
dimethoxyethane.

Scheme 43. a-Arylation of sulfoximines according to Cho and Bolm.
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Beletskaya and co-workers demonstrated that a range of
sulfones could be successfully arylated by using [Pd2(dba)3]/
PPh3 (Scheme 44). The substrate scope was, however, limited
to the use of electron-neutral or electron-deficient aryl

bromides, with only one example of an electron-rich aryl
iodide. Interestingly, the use of bidentate and bulky electron-
rich monophosphines as ligands did not lead to significant
improvements over PPh3. Furthermore, the use of excess base
was also necessary to obtain the desired product. After
mechanistic investigations, it was proposed that the base was
not only involved in the formation of the enolate, but was also
required to form the anionic palladium intermediate IV,
which underwent a more-facile reductive elimination than the
neutral transmetalated complex III (Scheme 45).[115]

This hypothesis was supported by the fact that sulfones
containing tertiary a-carbon atoms do not react to form the
product, since the resulting aryl palladium intermediate
cannot be deprotonated. This hypothesis could also explain
why monoarylation of the sulfones was observed exclusively.

9. Asymmetric a-Arylations

The asymmetric arylation of enolates would provide an
effective method for constructing quaternary stereocenters.
This structural motif is present in important intermediates in
the syntheses of biologically active natural products, such as
aphanorphine[116] and tochuinyl acetate (Scheme 46).[117] An
early application of an enantioselective a-arylation reaction is
illustrated by the formal total synthesis of physovenine by
Zhang and Zhang (Scheme 46).[118] Physovenine belongs to a
family of compounds that have been shown to be clinically
useful for relieving symptoms of Alzheimer�s disease.[119] In
this section we will summarize the reported studies on
ketones, esters, amides, and aldehydes.

9.1. a-Arylation of Ketones

After development of an a-arylation protocol for the
functionalization of ketones by employing rac-binap (2) as the
ligand, Buchwald and co-workers reported an asymmetric
variant in which Pd/(S)-binap was used as the catalyst
system.[120] This process, however, suffered from high catalyst
loadings (10 mol%) and forcing reaction conditions (100 8C).
The same research group subsequently addressed these issues
and reported an improved protocol for the asymmetric
synthesis of 2-aryl-2-alkyl cyclopentanones.[121] A number of
bidentate phosphine ligands that had previously been shown
to be effective in the asymmetric vinylation of enolates[122] and
Suzuki cross-coupling reactions[123] were investigated in the
arylation reaction. Ligand (S)-40 or (S)-41 afforded the a-
arylation products at room temperature with dramatically
improved ee values over those obtained with the binap system
(Scheme 47). In addition, the loading was reduced (to
1 mol% [Pd2(dba)2]). Importantly, the protecting group
could be readily removed by treatment with aqueous HCl,
followed by washing with aqueous sodium hydroxide to reveal
the 2-alkyl-2-aryl cyclopentanone moiety.

Scheme 44. a-Arylation of sulfones according to Beletskaya and
co-workers. [a] Using aryl iodide.

Scheme 45. Proposed mechanism by Beletskaya and co-workers for the
arylation of sulfones.

Scheme 46. a-Arylations in synthesis. TBDMS= tert-butyldimethylsilyl.
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Inspired by the work of Buchwald and co-workers on the
nickel-catalyzed asymmetric a-arylation of esters[39] (Sec-
tion 9.2), Chan and co-workers extended the application to
the arylation of ketones.[40] The atropisomeric ligand (R)-P-
Phos (42) was employed in combination with [Ni(cod)2] to
afford a-arylated products in moderate to good yields and
ee values up to 98% (Scheme 48). The palladium-based
catalytic systems had always been problematic with 2-
methyl-1-indanone, in particular for para-substituted aryl
bromides, where racemic mixtures of the product were
obtained. Although Chan and co-workers solved this prob-
lem, they found that the nickel catalyst was limited to the
asymmetric arylation of cyclic ketones.

Hartwig and co-workers subsequently reported a process
where aryl triflates could be used as electrophiles in the
presence of a palladium or nickel catalyst in combination with
(R)-difluorphos (43 ; Scheme 49).[124] Notably, lower reaction
temperatures could be used in the case of aryl triflates
compared to the corresponding aryl bromides, which resulted
in improved enantioselectivities (70–98%).

9.2. a-Arylation of Esters

The palladium/binap catalyst system proved unsuccessful
in the asymmetric a-arylation of lactones. Buchwald and co-
workers thus substituted the palladium catalyst with [Ni-

(cod)2], which provided the desired a-arylated products with
excellent ee values (> 90%; Scheme 50).[39] However the
[Ni(cod)2] is not available in sufficient quantities for a
commercial process. Interestingly, the addition of ZnBr2 to
the reaction mixture increased the yield. It was suggested that
this additive acts as a Lewis acid to facilitate bromide
abstraction from [(binap)Ni(Ar)(Br)] and generate the cat-
ionic species [(binap)Ni(Ar)]+, which undergoes transmeta-
lation more rapidly. This is the only report of the enantiose-
lective a-arylation of ester substrates, although a couple of
diastereoselective processes have been developed recently.

Researchers at Amgen reported a diastereoselective a-
arylation of cyclic ester derivatives, where the use of
palladium(I) dimer 33 resulted in a good yield and diaste-
reomeric excess of the desired product.[125] Interestingly, the
in situ catalyst system [Pd2(dba)3]/PtBu3 gave products in
significantly inferior yields to those obtained with the
preformed catalyst (Scheme 51).

Jansat and co-workers subsequently developed a catalyst
generated in situ from Pd(OAc)2 and PtBu3·HBF4 to effect
the arylation of the dioxolane derivative of mandelic acid at
room temperature to give the product in very good yields and
diastereomeric excess (Scheme 52).[126]

The only examples of an asymmetric arylation of b-
ketoesters were reported by Ma and co-workers, who
employed copper catalysis to arylate 2-methylacetoace-
tate.[127]

Scheme 47. Improved method for the palladium-catalyzed asymmetric
arylation of ketones according to Buchwald and co-workers. [a] (S)-40.
[b] (S)-41.

Scheme 48. Nickel-catalyzed asymmetric a-arylation according to Chan
and co-workers. [a] Using PhCl.
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9.3. a-Arylation of Amides

Based on the poor enantioselectivities of commercially
available chiral phosphine ligands, Lee and Hartwig decided

to investigate chiral carbenes in the palladium-catalyzed
formation of oxindoles.[87] It was found that a catalyst
generated in situ from [Pd(dba)2] and 44 or 45, which contain
chiral substituents on the nitrogen atom, provided the
oxindole products in up to 70% ee (Scheme 53). Surprisingly,
the two ligands (44 and 45) gave the products as opposite
enantiomers.

Subsequent to the report by Lee and Hartwig, a number of
other research groups disclosed their investigations of the
enantioselective formation of oxindoles through the use of
different carbene derivatives as ligands.[128] Kundig and co-
workers reported the first excellent enantioselectivity

Scheme 50. Enantioselective a-arylation of esters according to Buch-
wald and co-workers. [a] From ArCl. [b] From ArBr. [c] 80 8C.

Scheme 51. Diastereselective a-arylation of esters according to Bercot
et al.

Scheme 52. Diastereoselective arylation according to Jansat and
co-workers. [a] 50 8C.

Scheme 49. Enantioselective a-arylation using aryl triflates according
to Hartwig and co-workers. Tf = triflate. [a] 10 mol% [Pd(dba)2],
12 mol% 43, 60 8C. [b] 5 mol% [Ni(cod)2], 6 mol% 43, 80 8C.
[c] 5 mol% [Ni(cod)2], 6 mol% 43, 100 8C.

Scheme 53. Carbene-mediated enantioselective oxindole synthesis
according to Lee and Hartwig.
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through the use of imidazolium iodide ligands 46–48
(Scheme 54).[129] The yields of the reaction were generally
very high with ee values up to 90 %.

9.4. a-Arylation of Aldehydes

The only report in the literature that describes the
enantioselective a-arylation of aldehydes is that by Garc�a-
Fortanet and Buchwald.[130] They accomplished the intra-
molecular version of this transformation by employing ligand
49 to generate all-carbon tertiary stereocenters with excellent
enantioselectivity. A number of ligands were screened for this
reaction, including biaryl systems such as binap and SegPhos
as well as chiral ferrocene ligands. However, all of them
resulted in inferior enantioselectivity than the ligands from
the phox family (Scheme 55).

10. Summary and Outlook

Over the past ten years, great advances have been made in
the field of a-arylation of carbonyl compounds catalyzed by
transition-metal complexes. Today, a large number of car-
bonyl compounds—including ketones, esters, amides, nitriles,

1,3-dicarbonyl compounds, aldehydes, nitroalkanes, sulfoxi-
mines, and sulfones—can be coupled with electron-rich,
electron-neutral, electron-poor, and sterically hindered aryl
halides or pseudohalides. Until now, only a limited number of
asymmetric versions of these reactions have been reported,
and further studies are expected to be devoted towards
improvements in this area. A number of commercial practical
catalysts are available for this transformation. Palladium is
still the metal of choice, although other metals such as copper
and nickel have been used with some success. Some of these
processes have been investigated by pharmaceutical compa-
nies on multi-kg scales for phase II and III trials of new drugs.
Along with these developments, there is continual on-going
research in industry and academia to develop more active and
selective catalysts with higher turnover numbers. a-Arylation
has some similarities with metal-catalyzed direct arylation
chemistry, which also undergoes formation of a C�C bond by
cleavage of a C�H bond, but has more in common with
traditional cross-coupling reactions.

We thank Gerard Compagnoni (Director, Johnson Matthey
Catalysis and Chiral Technologies, JMCCT) and Fred Han-
cock (Technical Director JMCCT) for their support in
promoting new technologies relevant to the manufacture of
catalysts for pharmaceutical, agrochemical, and fine chemicals
applications.
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