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a b s t r a c t

The present review refers to catalytic methods to arylate arene or heteroarene compounds. The result-
ing compounds are ubiquitous in biology and in pharmaceuticals or fine chemicals production. Until a
few decades ago they were prepared according to laborious procedures often involving a series of steps
all requiring product isolation. Catalytic methods are much simpler and convenient and often consist of
one-pot procedures leading to highly selective reactions. The reaction types described here encompass
intermolecular as well as intramolecular reactions. Assistance by chelating groups, heteroatoms and met-
f exceptional level and an old good friend.

eywords:
–H arylation
–C coupling

allacycles are considered for metal-catalyzed reactions not involving the use of oxygen or stoichiometric
oxidants.

© 2009 Elsevier B.V. All rights reserved.
etal catalysis
iaryls
eraryls

. Introduction

Catalytic formation of biaryl compounds has been the object of a
ariety of methods which successfully compete with the more labo-
ious conventional ones. It is essentially based on the replacement
f an aryl-bonded leaving group such as a halide with a suitable
ucleophile under the catalytic action of a transition metal. The lat-
er must be able to undergo oxidative addition of the aryl halide to

fford an arylmetal halide (or other leaving group) complex, where
ubstitution with an aryl group can take place. This latter group
enerally is another organometallic species such as Grignard, Stille
nd Negishi reagents or an arylboronic acid [1–4].

∗ Corresponding authors. Tel.: +39 0521 905555; fax: +39 0521 905472.
E-mail addresses: chiusoli@unipr.it (G.P. Chiusoli),

arta.catellani@unipr.it (M. Catellani).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.07.023
Direct C–H arylation of arene compounds overcomes the need
for a functional group in one of the aryl moieties undergoing C–C
coupling [5]. As we shall see, however, to obtain a selective reaction
some type of assistance is usually necessary. For recent reviews
on aryl–aryl coupling by metal catalyzed direct arylation see Refs.
[6–12]. For the use of oxygen or stoichiometric oxidants, which are
not considered here, see Ref. [13,14].

We shall deal with catalytic non-oxidative: (i) intermolecular
C–H arylation of unactivated arenes; (ii) intramolecular arylation;
(iii) assisted intermolecular arene C–H activation.

2. Intermolecular C–H arylation of unactivated arenes
Unactivated arenes such as benzene react efficiently with
aryl iodides [15], in general according to an arene electrophilic
substitution operated by an arylmetal complex formed by oxida-
tive addition of an aryl halide to a low valent metal. Using

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:chiusoli@unipr.it
mailto:marta.catellani@unipr.it
dx.doi.org/10.1016/j.ccr.2009.07.023
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Scheme 1.

C∗
pIr(H)Cl]

2
(C∗

p = C5Me5) in the presence of t-BuOK as a base
t 80 ◦C the cross-coupling reaction of 4-iodoanisole and ben-
ene led to a 66% yield of 4-methoxybiphenyl. A new bimetallic
h catalyst which tolerates functional groups was used to cou-
le aryl bromides and chlorides with benzene at 70 ◦C with
atisfactory yields and high turnover numbers. As shown in
cheme 1 the catalyst is formed in situ by reaction of [bis(2-
yridyl)amino]diphenylphosphine with half an equivalent of
Rh(cod)Cl]2 (cod = cyclooctadiene). Both the anionic and cationic
h species are needed for catalysis [16].

Radical mechanisms have been proposed both for Ir- [15] and
h- [16] catalyzed reactions.

Pd catalysis has been successfully used to arylate the polar
ydrocarbon azulene regioselectively at the electron-rich 1-
osition [17].

A recent achievement consists of the use of pivalic acid
n the reaction of Pd(0) (from Pd(OAc)2) with bromoarenes
nd benzene in the presence of K2CO3 at 120 ◦C (Scheme 2).
-Dicyclohexylphosphino-2′-(N,N-dimethylamino)biphenyl (Dav-
Phos) was the ligand of choice for Pd [18]. The addition of
0 mol.% Me3CCO2H led to 4-methylbiphenyl in 81% yield from
-bromotoluene and benzene.

An intermediate in which the pivalate anion helps to abstract
ydrogen from benzene has been postulated as first proposed
y Echavarren [19]. Theoretical studies on aryl–aryl intramolec-
lar coupling have shown that in many cases of intramolecular

rene arylation substituent effect and kinetic isotopic effect are not
ompatible with the traditional electrophilic substitution mecha-
ism and are best interpreted by a mechanism involving hydrogen
bstraction by a base or by an appropriate ligand [19,20]. Experi-

Scheme 2.
Scheme 3.

ments and theoretical calculations by Fagnou and coworkers have
lent support to this interpretation [21], which appears to be valid
for any type of intra and intermolecular arylation of arenes.

Selectivity in the arene position to be arylated is a problem
in these reactions and orienting groups such as the chelat-
ing ones (Section 4.1) or heteroatoms (Section 4.2) or bridges
between the aryl coupling moieties [22a] can help to obtain
acceptable results. Using o-bromobenzyldiarylmethane systems
where one ring contained substituents while the other was
unsubstituted, arylation occurred preferentially on the ring bear-
ing electron-withdrawing substituents, including those like the
methoxy one that behave electronegatively by inductive effect.
Electron-releasing substituents such as the trimetylsilyl and the
tert-butyl drove the reaction towards the unsubstituted ring. Selec-
tivity depends on substituent position, the ortho position close to
the C–H bond being the most sensitive (Scheme 3) [19b].

Pentafluorobenzene and other electron-poor perfluoroaro-
matics can be cross-coupled with aryl halides using as cat-
alyst precursor Pd(OAc)2 and 2-dicyclohexylphosphino-2′,6′-
dimethoxybiphenyl (S-Phos) in isopropyl acetate [22b]. As in the
pivalate case a base assisted C–H substitution mechanism has
been postulated [22c]. According to theoretical calculations this
mechanism also accounts for reactions of electron-rich arenes.
DFT calculations by Fagnou’s group have in fact confirmed the
metalation–deprotonation mechanism and have led to predict the
site of attack in a number of arylations, especially heteroatom
assisted arylations. The similar outcome for very different struc-
tures has been explained as resulting from the balance between the
expense of energy required for bringing the arene and the catalyst
to the transition state (distortion energy) and the gain in electronic
interaction energy due to bringing the two partners together [21].

The reader will be referred to the mechanistic results of these
studies throughout the present review because of their general sig-
nificance.

C–H arylation of arenes substituted by electron-withdrawing
groups, has also been obtained extending the Cu-phenanthroline-
based method cited in Section 4.2.
3. Intramolecular arene C–H arylation

In contrast with the intermolecular arene C–H arylation seen
above the intramolecular arylation readily occurs selectively. The
field is dominated by Pd catalysis.
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Scheme 7.
Scheme 5.

Intramolecular cyclization between two aryl units was first
eported in 1982 when 3-bromo-4-phenylaminocinnoline was con-
erted to indolo[3,2-c]cinnoline in 55% yield by heating in MeCN
ith triethylamine and ethyl acrylate at 150 ◦C under the catalytic

ction of Pd(OAc)2 (Scheme 4) [23]. The reaction takes place only
n the presence of an olefin such as ethyl acrylate probably because
oordination of the latter facilitates reductive elimination from the
etal [24].

This type of cyclization was applied to several aryl halides ortho-
onded to an aryl group not only through an NH bridge but also
hrough other bridges containing one or two heteroatoms [25].
mes reported the Pd-catalyzed synthesis of dibenzofuran from
-bromophenyl phenyl ether in 74% yield by heating at 170 ◦C in
MA (N,N-dimethylacetamide) in the presence of Na2CO3 as a base

Scheme 5). The reaction is likely to proceed through an �2- or
1-arene coordinated species favoring C–H activation [26,27].

The procedure has been utilized for the synthesis of several nat-
ral products containing the biphenyl unit [28–34].

The direct Pd-catalyzed arylation is quite useful for the synthesis
f configurationally unstable lactones (Scheme 6) which allow the

troposelective construction of axially chiral biaryl systems through
ucleophilic attack on the lactone. The appropriate choice of the Pd
atalyst precursor and the ligand depends on the steric hindrance
f the substituents present in the aromatic rings [35].

Scheme 6.
Scheme 8.

Analogous intramolecular coupling reactions led to con-
densed dihydroazaphenanthrenes [36], naphthobenzazepines [37]
pyrrolophenanthridine (alkaloids precursors) [38], and a porphyrin,
containing a five-membered condensed ring, from bromote-
traphenyl porphyrin [39].

Sequential Pd/Pt-Bu3 catalyzed amination of o-chloroanilines
with bromoarenes and intramolecular coupling on the ortho C–H
of the bromoderivative led to carbazoles. The natural alkaloid
Clausine P (1,7-dimethoxy-6-methyl-9H-carbazole) was obtained
in a one-pot reaction in 80% yield from 2-chloro-5-methoxy-4-
methylaniline and 2-bromoanisole under microwave irradiation at
160 ◦C in toluene using Pd(OAc)2, Pt-Bu3 and t-BuONa [40].

Recently another Pd-catalyzed domino reaction involving ami-
nation and direct C–H bond arylation to generate carbazoles from
anilines and 1,2-dihaloarenes has been reported (Scheme 7) [41].

Pd-catalyzed domino reactions involving ortho alkylation of
aryl iodides and direct arylation of indoles [42], pyrroles [43],
thiophenes and furans [44] to produce polycyclic heterocycles
have been described by Lautens’ group. For example the seven-
membered annulated ring product of Scheme 8 was obtained in
89% yield. The intramolecular heteroarylation is the last step of a
sequence involving alkylation of palladacycles. Arylation via met-
allacycles is dealt with in Section 4.3.

An analogous strategy led to annulated 2H-indazoles and 1,2,3
or 1,2,4-triazoles [45a] and to many other condensed heterocycles
[45b].

A variety of polycyclic thiophenes and benzothiophenes have
been made accessible [45c].

According to a domino Pd-catalyzed amination/direct arylation
strategy o-gem-dibromovinylaniline gives rise to an indolylpalla-
dium species which reacts with heteroaromatic groups such as the
thienyl one, linked to the indole nitrogen through alkyl groups, to
form a new condensed ring. Tris(2-methoxyphenyl)phosphine in
toluene with cesium carbonate as a base and silver carbonate as
halide scavenger were required to obtain an optimal process (yields

up to 92%) (Scheme 9) [45d].

Another auto-tandem catalysis reaction leading to indolo-
quinolines and involving intermolecular Pd-catalyzed C–N and
intramolecular arylation is due to Maes’ group [45e].

Scheme 9.
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from aryl iodide in acetic acid at 130 C; the second, suitable for aryl
chlorides, uses n-butyl-di-1-adamantylphosphine ligand in DMF at
145 ◦C [68a]. Here the carboxylic group plays the role of assisting
arylation [68b].
Scheme 10.

Recently the direct intramolecular C–H arylation of arenes to
enerate a variety of five- and six-membered carbo- or heterocyclic
iaryl compounds has been extensively studied. The ligand 2-
diphenylphosphino)-2′-(N,N-dimethylamino)biphenyl gave with
d an efficient catalyst for intramolecular ring closure of aryl bro-
ides o-linked to an arene through an ether or an amide group [46].
sing Pd(OAc)2/PCy3·HBF4 direct arylation of aromatic C–H bonds
ith chlorides, bromides and iodides was achieved (Scheme 10).

odides were less reactive because of catalyst poisoning due to the
ccumulation of the iodide salts formed. This could be prevented by
he addition of silver additives [47]. Aryl chlorides could be cyclized
n high yields using electron-rich N-heterocyclic carbene ligands
48,49].

According to Fagnou’s group Pd(OH)2/C (Pearlman’s catalyst) is
n excellent catalyst for arene direct intramolecular arylation reac-
ions of aryl iodides and bromides. Moreover evidence was provided
ndicating that an active homogeneous Pd species is formed under
he reaction conditions [50]. The significant kinetic isotope effect
bserved in many direct arylations points to the involvement of
rocesses in which proton abstraction by a base (SE3 process) or �-
ond metathesis are at work [46,47]. Progress in Pd-catalyzed direct
–H intramolecular activation in synthesis of biaryl derivatives has
een reviewed [10].

As mentioned before these intramolecular cyclizations are likely
o imply pre-coordination of the arene to be arylated to Pd through
n �2- or �1-bond [26,27]. From this standpoint intramolecular
eactions may be regarded as chelation assisted.

Intramolecular arylation of phenols to benzochromenes can
lso be achieved in dioxane at 140 ◦C in the presence of 2.5 equiv.
f t-BuOH and without transition metals. Starting from a deriva-
ive of the substrate shown in Scheme 10, containing a hydroxyl
roup meta to the aryl C–O bond, the 1-hydroxy derivative of
H-benzo[c]chromene was obtained (73% yield) along with its 3-
ydroxy isomer. A benzyne intermediate appears to be involved
51].

. Assisted intermolecular arene C–H arylation

This leads us to selective attacks on arene C–H bonds through
ntermolecular reactions. The need for the assistance of a chelat-
ng group [52], a heteroatom [53] or a metallacycle [54] has been
ecognized as far back as the eighties.

.1. Arene C–H arylation assisted by chelation

The original work by Tremont, who reported the alkylation with
lkyl iodide at the ortho position of acetanilide [55], has been
xtended to arylation [56]. A number of anilides as pivaloyl or
cetyl derivatives have been arylated with aryl iodides to the cor-
esponding 2,6-diarylanilides using palladium acetate as catalyst
nd stoichiometric silver acetate in trifluoroacetic acid at 90–130 ◦C
Scheme 11). High yields and turnovers up to 1000 have been
ttained. Benzamides [57] and benzylamines [58] have also been

rylated analogously.

In the same category of reactions can be placed the arylation
f benzodioxoles, which were treated directly using aryl bromides
ith Pd(OAc)2/Pt-Bu2Me·HBF4 in the presence of K2CO3 and Ag

rifluoroacetate at 150 ◦C in DMA [10,47].
Scheme 11.

2-Arylpyridines [59], benzaldimines and aryloxazolines were
readily arylated with good to excellent yields by both electron-
rich and electron-poor aryl chlorides in NMP in the presence
of RuCl3(H2O)n as catalyst. The double arylation of arylpyridine
derivatives observed with aryl chlorides was prevented by using
the less reactive aryl tosylates [10]. Aryl tosylates [60] have also
been used [59,61] in Ru-catalyzed coupling assisted by an oxazoline
group, phosphine oxides being the ligand of choice (Scheme 12).
Phenols have been used directly adding a stoichiometric amount of
p-tosyl chloride to effect tosylation [62].

Previous work by Oi and Inoue described the ability of oxa-
zolinyl or imidazolinyl substituents in the aromatic ring to direct
Ru-catalyzed arylation towards the ortho position of the arene [63a].
According to Dixneuf and coworkers proton abstraction by car-
bonate is at work in the diarylation of 2-pyridylbenzene with aryl
bromides using NHC-carbene/RuCl2 as catalyst [63b]. Mesitylcar-
boxylic acid was shown to act as co-catalyst in assisted Ru-catalyzed
arene arylations in apolar solvents. A deprotonation mechanism
[64] analogous to the one mentioned above [18,19] appears to be
operative.

Aryloxazolynyl ligands have been used to direct o-arylation
in stoichiometric Grignard reactions with arylmagnesium halides
[65]. The oxazolinyl group can be easily converted into a carboxylic
function.

Miura’s group [9,52] used phenols to direct Pd-catalyzed aryla-
tion at the ortho position. For example the reaction of phenol with
bromobenzene in the presence of Pd(OAc)2/PPh3 as catalyst with
Cs2CO3 as a base in refluxing o-xylene for 32 h gave 2-biphenyl-
6-terphenylphenol in 58% yield. One of the possible pathways is
shown below in Scheme 13. Benzyl alcohols, acetophenones, benzyl
phenyl ketones, anilides [9] and benzaldehydes [66] were arylated
analogously in ortho positions. Aliphatic carbons of acetophenones
and benzyl phenyl ketones were also arylated [9].

The mechanism seems to correspond to an electrophilic substi-
tution assisted by chelation (Scheme 14). This is in accord with the
transition state proposed for electrophilic attack on phenols [67].

Two methods for direct o-arylation of benzoic acids with aryl
iodides or bromides have been proposed by Daugulis: the first
employs stoichiometric amounts of silver acetate for iodide removal

◦

Scheme 12.
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Scheme 13.

.2. Arene C–H arylation directed by heteroatoms

The attack of bromobenzene on the 2-position of furan has been
ecognized since 1985 [53] (Scheme 15) but only more recently a

ethodology of broader scope has been worked out.
A number of heterocycles can now be arylated, in general

hrough electrophilic mechanisms, selectively at the heteroatom
ctivated C–H bond, using Pd and Rh catalysts. Beside furans
69], several types of heterocycles such as pyrroles [70], indoles
70,71], thiophenes [9], oxazoles [72], thiazoles [50], imidazoles
73], indolizines [74] undergo selective arylation [9]. Scheme 16
hows some examples using different heterocyclic substrates, aryl
alides (iodides, bromides, chlorides), catalysts, bases and addi-
ives.

Indoles offer an interesting example of reactivity at two posi-
ions (C-2 and C-3). See for examples the first and second equation
f Scheme 16. Reactivity at C-3 was obtained in the presence of
hosphinous acids as ligands for Pd [71] while phenylation at the C-

position occurred in the presence of Pd(OAc)2/PPh3 [75]. Sames et
l. rationalized this behavior in the framework of the electrophilic
ubstitution mechanism. Position C-3 is the preferred one, but if
roton removal from the initial Pd complex is slow, there is time

Scheme 14.

Scheme 15.
Scheme 16.

for a metal migration from C-3 to C-2 and arylation of the latter
may occur exclusively [75]. In the absence of added ligand and in
the presence of silver carboxylates, generated from Ag2O, indoles
are selectively arylated at the 2-position [76a]. Indole research has
been reviewed [76b]. In the presence of PdCl2(PPh3)2 and under the
conditions reported in the third equation indolizine readily reacts
with bromobenzene to afford the C-3 phenylated derivative in 71%
yield. The reaction is compatible with a variety of substituents both
on the indolizine and aryl halide [74]. The use of AgNO3/KF at 150 ◦C
allowed Pd-catalyzed arylation of 2-bromothiophenes with aryl
iodides without affecting the Br–C bond [74c].

Pearlman’s catalyst is also active in selective intermolecular ary-
lations at C-5 of thiazoles [50].

Aryl chlorides arylate benzothiazole (fourth equation of
Scheme 16) under the catalytic action of Pd in the presence
of bulky, electron-rich phosphine ligands such as n-BuAd2P
(Ad = adamantyl), which gives the best results. The methodology is
applicable to a variety of electron-rich heterocycles and aryl chlo-
rides [72b]. Arylation of 2-arylthiazoles occurs at the 5-position
using water as the reaction medium, with Pd/phosphine catalysts
in the presence of silver carbonate [72c].

Selectivity in cross-coupling of azoles with two or more
heteroatoms is discussed in a review [77]. Direct arylation of het-
eroarenes such as benzoxazoles was effected with tosylates in the
presence of a dialkylbiarylphosphine (Buchwald’s ligand [78b])
[78a]. Arylation of 1,2,3-triazole with aryl halides was performed
under Pd [78c,79] and Cu [80] catalysis. Selective arylations at
the 2- and 5-positions of azoles were achieved by varying the Pd-
based catalytic system. For example CuI addition directed arylation
towards position 2 of both N-methylimidazole and thiazole, while
in the absence of CuI the 5-position was preferred [81].

Some SEM-protected pyrazoles (SEM = 2-(trimethylsilyl)
ethoxymethyl) were arylated selectively at the 5-position and
sequentially in the 3-position after SEM shift to the other nitrogen
in the presence of palladium acetate, P(n-Bu)Ad2 and potassium
pivalate at 140 ◦C in DMA. The deprotonation mechanism [18,19,82]
may be here at work to explain the preferential reactivity of the

more acidic 5-position [83].

In some cases it has been shown that deprotonation with ring
opening is involved.

Benzoxazoles open up the oxazole ring forming a palladium-
coordinated isocyanophenolate [84]. The reaction occurs at 120 ◦C
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C–H activation. Thus the reaction of 3-cyanothiophene, carried
out under the conditions of Scheme 22 for a period of 70 h,
gave 3-cyano-2,4,5-triphenylthiophene in 65% yield. The presence
of substituents in the bromobenzene significantly affected the
Scheme 17.

sing Pd(OAc)2/PPh3, Cs2CO3 in DMF for 1 h. A proton abstrac-
ion mechanism has been suggested to be at work as shown in
cheme 17. A similar mechanism has been shown to be operative
or 2-metalated thiazoles and imidazoles [85].

Thiophenes, furans, pyrroles and indoles were arylated with a Rh
atalyst containing P[OCH(CF3)2]3 as ligand. 3-Methoxythiophene
as diarylated by iodobenzene selectively at carbons adjacent to

ulfur to afford 2,5-diphenyl-3-methoxythiophene in 79% yield
Scheme 18). The reaction was over in 30 min when carried out
n m-xylene at 200 ◦C under microwave irradiation [86]. The reac-
ion was also extended to arene derivatives. Experimental data are
onsistent with an electrophilic mechanism [87].

Rh-catalyzed arylation of benzimidazole in the presence of 9-
yclohexylbicyclo[4.2.1]-9-phosphanonane (cyclohexylphobane)
as achieved by direct coupling of benzimidazole with aryl iodides

nd bromides bearing a wide variety of functional groups in good
ields under microwave conditions (250 ◦C) [88].

Miura described several procedures in which arene and het-
roarene C–H [6] and C–C [9] activation are intertwined. We
eal first with the general process of arene arylation depicted

n Scheme 19 for ˛,˛-disubstituted arylmethanols, which can be
raced to both type of activation, the former product coming from
H assisted C–H arylation and the latter from C–C bond cleavage
ith concomitant ketone formation (involving hydroxy pallada-

ion) [89].
The reaction of 2-phenyl-2-propanol with bromobenzene gave

ise to mono-, di- and tri-phenylated products as shown in
cheme 20. The first two products result from arylation via C–C
ond cleavage, while the others from OH assisted C–H aryla-
ion. Selectivation towards the former products (essentially the
onoarylated one) can be achieved using triphenylmethanol in
lace of 2-phenylpropanol and a bulky phosphine such as PCy3.
his also enables aryl chlorides to react efficiently [89].

Scheme 18.

Scheme 19.
Scheme 20.

Passing to a heterocyclic substrate such as thiophene, the
CR2OH group was readily removed from the 3-position and
replaced by a phenyl group after aryl attack on position 2. A third
phenyl group attacked position 5 more slowly. Thus, as shown
in Scheme 21, ˛,˛-diphenyl-3-thiophenemethanol and bromoben-
zene were converted into 2,3-diphenylthiophene in 86% yield. Only
a minor amount (10%) of 2,3,5-triphenylthiophene was formed
[90].

The first initial attack on the 2-position has been attributed to
the assistance of the 3-methanol group while the second attack,
replacing the methanol group itself, has been proposed to imply
the formation of an –O–Pd–Ar group on the methanol substituent
which assisted the electrophilic arene C–H activation. Another elec-
trophilic attack involved position 5.

When a CONHR substituent was present in position 2 of thio-
phene position 3 was first phenylated likely through the assistance
of the amide group. The resulting compound was either phenylated
at position 5 or decarbamoylated. Decarbamoylation also occurred
in the 3,5-diphenylated compound. Both products were further
phenylated or diphenylated to give 2,3,5-triphenylthiophene in
good yield (Scheme 22) [91].

If an appropriate substituent such as CN was present at thio-
phene C-3 even the 4-position could be phenylated through
Scheme 21.

Scheme 22.
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C–H activation to afford the five-membered alkylaromatic pallada-
cycle. The latter directs the attack of a molecule of bromobenzene
either on the phenyl (way a) or the norbornyl moiety (way b)
possibly through the intermediacy of a Pd(IV) species (isolated

Scheme 24.
Scheme 23.

mount of product formed (78% yield with 3-CF3C6H4Br; 48% with
-MeOC6H4Br) [91].

The selectivity problem was addressed by Steglich and cowork-
rs [92] and by Forgione et al. [69]. According to the latter authors
-heteroarylcarboxylic acids direct arylation towards replacement
f the COOH group [68b]. This process occurred selectively in the
resence of an R substituent in 3 position. If 3 was not substituted
rylation in 3 occurred in part by assistance of the COOH group and
he resulting 3-aryl-2-carboxylic derivative underwent a new aryla-
ion with replacement of the carboxylic group [69a]. Perarylation of
-thiophene and 3-furanecarboxylic acids has been reported [93a].
,5-Disubstituted furans undergo Pd-catalyzed arylation with aryl
romides at C-4 [93b].

Imidazo[1,5-a]pyrazines have been arylated at C-5 with palla-
ium acetate in DMF at 120–130 ◦C, using cesium carbonate as a
ase and (t-Bu)2PMe·HBF4 as ligand. A Heck-type mechanism has
een proposed [93c].

Aryl iodides selectively arylate purines at C-8 in the presence of
d(0) as catalyst and more than the stoichiometric amount of CuI,
ith cesium carbonate as a base [93d].

A phosphine and Cu free Pd-catalyzed procedure using pivalic
cid as additive has been recently reported to be valid for N-
eterocycles [93e].

Arylation of electron-deficient aromatics of azine type appears
ore difficult. According to Bergman, Ellman and coworkers in the

atalytic arylation of quinolines and pyridines [94a] and azoles
94b,c] ortho to nitrogen, rhodium(chloro)carbonyl dimer and a
h tetrahydrophosphepine complex have been used as catalysts at
75–190 ◦C. Using 3-methyl-3,4-dihydroquinazoline as model they
athered evidence that Rh first coordinates to nitrogen before C–H
ctivation leading to a carbene species (Scheme 23) [94d].

Carmona and coworkers [95] and Esteruelas et al. [96] have
roposed analogous C–H activation mechanisms for Ir, Os and Ru
omplexes. Rh(I) also catalyzes arylation via decarbonylation of
enzoic anhydride [97].

A Cu(I)-catalyzed procedure which is valid both for electron-
oor and electron-rich heterocycles has been developed [98] using
3PO4 or lithium alkoxide as a base and DMF or DMF/xylenes as
olvent [99]. 5-Aryl benzotriazepines have also been obtained by
irect arylation [100]. Phenanthroline is the ligand of choice.

Coupling of heteroarenes and aryl halides or triflates to biaryls
as been achieved with nickel acetate complexed with bipyridine or
iphenylphosphinoferrocene [101]. Nickel also catalyzes arylation
f azoles with aryl bromides [102].

As to arylation of azine-type heterocycles, Ru3(CO)12 in the pres-
nce of PPh3 and Cs2CO3 catalyzes the arylation of pyridine with
odobenzene to give a mixture of 2-, 3-, and 4-phenylpyridines
7:2:1) in 62% yield working in pyridine as solvent. In the effort to
dentify the catalyst resting state a mixture of two dimers was dis-
overed. As shown in Fig. 1 these species activate pyridine through
ridging the two Ru atoms, but unfortunately are not active as cat-
lysts [103].
A clever way to cause difficult to arylate heteroarenes to
eact with aryl bromides to form the 2-arylated products has
een reported [104]. It consists of using N-oxides such as those
f pyridine, pyrazine, pyridazine, pyrimidine and quinoxaline as
Fig. 1. Pyridine C–H activation by coordination to a binuclear complex.

substrates. The products can be deoxygenated to generate the
arylated azines by Pd-catalyzed hydrogenolysis. Pyrimidine N-
oxide exhibited an inhibiting action which could be overcome by
adding stoichiometric amounts of CuCN or CuBr. Diazines reacted
faster than pyridines. The reactivity of thiazoles and imidazoles
is remarkably enhanced in the order C-2 > C-5 > C-4. A concerted
palladation-deprotonation has been postulated for C–H activation
[22c] in view of the sensitivity of the reaction to C–H acidity
(Scheme 24). This mechanism has been shown by theoretical cal-
culations to account also for reactions of electron-rich arenes [21a].

If an azole and an azine ring are fused as in 6- and 7-azaindoles
the azine ring can be induced to react preferentially by previously
forming its N-oxide [105].

A comprehensive outlook on the subject of N-oxide arylation has
recently appeared [104b].

U(IV) and Th(IV) alkyl complexes are able to activate an ortho
C–H bond in pyridine N-oxide by cyclometalation [106].

4.3. Metallacycle-assisted arene C–H arylation

A complex reaction leading to a methanotriphenylene
(Scheme 25) was described in 1985 [54]. Bromobenzene and
norbornene reacted in anisole at 105 ◦C under the catalytic action
of Pd(PPh3)4 and in the presence of t-BuOK giving a 65% yield
of cis,exo-hexahydromethanotriphenylene. The reaction con-
sists of a series of steps starting from the oxidative addition of
bromobenzene to Pd(0) to form the phenylpalladium complex,
which undergoes stereoselective norbornene insertion to cis,exo-
phenylnorbornylpalladium bromide with the metal center weakly
bound to the aromatic ring through an �2 coordination as shown by
X-ray analysis [26,27d]. This complex is rather stable towards ˇ-H
elimination due to the lack of ˇ-hydrogen syn to Pd. This circum-
stance prevents the occurrence of a Heck-type reaction under the
conditions used and favors an alternative pathway leading to arene
Scheme 25.
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with the metallacycle thus formed, possibly through the interme-
diacy of a Pd(IV) species, to afford a Pd complex containing a biaryl
structure. The latter undergoes a second cyclometallation, followed,
this time, by reductive elimination to the organic product.
Scheme 26.

ith benzyl bromide [107]) in place of bromobenzene. Final ring
losure by C–C coupling then occurs both on the norbornyl and the
ryl moiety (Scheme 26).

Way a leads to an electrophilic alkylation, while way b involves
n arylation for which the previously mentioned proton abstraction
echanism [19,21a,22] may be invoked.

That two pathways (a and b) are at work was proved by intro-
ucing a para substituent in the starting bromobenzene, which
ave two differently substituted methanotriphenylenes. Thus the
ryl–aryl coupling was not selective.

Further study led to the discovery that in the presence of an
rtho substituent in the aryl halide the reaction proceeds selec-
ively according to path a, only the aryl–aryl bond and not the
ryl–norbornyl bond being formed [108]. This is likely due to the
teric effect exerted by the ortho substituent which favors the attack
t the aryl site of the alkylaromatic palladacycle. Owing to the ster-
cally hindered situation created by the two ortho substituents, the
esulting complex readily deinserts norbornene, thus giving rise to
biphenylylpalladium complex which can be caused to react with
ifferent partner molecules according to the known reactivity of
rylpalladium species. Norbornene expulsion implies a ˇ-C–C bond
leavage, norbornene being not incorporated in the final product
Scheme 27).
Causing the biphenylylpalladium complex to undergo a reaction
ble to liberate the organic product and Pd(0) makes the process
atalytic. Thus selectively substituted biphenyls have been synthe-
ized by reaction with a hydrogen donor such as benzyl alcohol;

Scheme 27.
Scheme 28.

biphenyl derivatives containing a vinyl or an oxoalkyl chain by reac-
tion with an acrylic ester or an allylic alcohol, respectively [109];
phenanthrenes by reaction with diarylalkynes [110] and terphenyls
by reaction with arylboronic acids [111]. Scheme 28 reports two
examples.

The problem of delaying the termination step until the end of the
stoichiometric sequence to prevent competitive reactions in earlier
steps is common to all these reactions but it is particularly critical
for hydrogenolysis [109a].

More recently termination of the reaction sequence has been
achieved by C–H arylation of a heteroarene (Scheme 29) [112].

The presence of norbornene thus deviates the direct attack of
the iodoarene on the C–H adjacent to the heteroatom shown in
Scheme 16 towards the formation of the biphenyl unit before final
C–H arylation.

C–H activation of aliphatic species such as ketones in the termi-
nation step has also been achieved (Scheme 30) [113].

We can place in the general framework of metallacycle-assisted
aryl coupling Dyker’s findings that o-t-butyliodobenzene [114] and
o-iodoanisole [115] undergo aryl coupling through palladacycle for-
mation. As shown in Scheme 31 o-iodo-t-butylbenzene reacts with
Pd to give an alkylaromatic palladacycle through initial oxidative
addition followed by cyclometallation of an unactivated sp3 car-
bon. A second molecule of o-iodo-t-butylbenzene reacts selectively
Scheme 29.

Scheme 30.
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Scheme 31.

o-Iodoanisole behaves in a similar way combining three aro-
atic units to generate the selectively substituted dibenzopyran

erivative reported in Scheme 32 in 90% yield. The described reac-
ion pathway is similar to the previous one up to the formation of
he second metallacycle which, in place of undergoing reductive
limination to a four-membered-ring, repeats the reaction with a
ew molecule of o-iodoanisole to give a new metallacycle, which
nally reductively eliminates the dibenzopyran derivative. Inter-
stingly, the palladacycles initially involved in these reactions have
een isolated with stabilizing ligands [27a,116]. That the main prod-

ct results from the reaction of three molecules of iodoanisole

nstead of the two involved in the case of o-iodo-t-butylbenzene
an be attributed to the different tendency to close a 4-membered
ing in the two cases. In fact the geminal substituent effect favors

Scheme 32.
Scheme 33.

competitive ring closure in the former, thus interrupting the
sequence.

The palladacycles involved in Dyker’s reactions behave simi-
larly to the ones containing the norbornyl unit, readily reacting
with aryl halides at the aromatic carbon–palladium bond. However
in contrast with norbornene the isobutene or the formaldehyde
molecules are not expelled in the presence of two ortho sub-
stituents. Isobutene could be removed in a stoichiometric reaction
[27b].

An intermediate palladacycle formation could also be obtained
using iodobenzene with diphenylacetylene. It has been shown that
the outcome of the reaction is strongly dependent on the base used.
Dyker obtained 9,10-diphenylphenanthrenes using K2CO3 as a base
in a 2:1 annulation reaction (Scheme 33) [117] while Larock synthe-
sized 9-benzylidenefluorenes by performing a 1:1 reaction in the
presence NaOAc (Scheme 34) [118].

In Larock’s synthesis: the cyclopalladated precursor of benzyli-
denefluorene originates from the Pd migration from one site to
another (Scheme 34). This aspect will be considered later in the
context of Pd migrations.

Other unsaturated substrates undergo similar Pd-catalyzed ary-
lation reactions. ˛,ˇ-Unsaturated phenylsulfones react with aryl
iodides in the presence of Pd(OAc)2 as catalyst and Ag2CO3 as
a base to give 9-phenylsulfonyl-9,10-dihydrophenanthrenes. The
proposed reaction pathway implies double bond arylation, pallada-

cycle formation, double phenylation with iodobenzene and final
ring closure to give the observed dihydrophenanthrene derivative.
The presence of the sulfone group in the �-alkylpalladium interme-
diates is likely to disfavor ˇ-H elimination, thus making possible the

Scheme 34.
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Scheme 35.

ntramolecular aromatic C–H activation process with formation of
he five-membered palladacycle (Scheme 35) [119].

De Meijere [120] has further reported that the reaction of
odobenzene and norbornene of the type shown in Schemes 25–26
akes a different course leading to the formation of a 3:1 coupling
roduct (Scheme 36).

This helps to throw light on palladacycle behavior. According to
ay b of Scheme 26 the initial palladacycle gives rise to a species

hich is not particularly prone to cyclization in the presence of

orbornene and prefer to undergo another norbornene insertion.
his has been proved [109a] by the isolation of the corresponding
enzocyclobutene product (Scheme 37).

Scheme 36.

Scheme 37.
Scheme 38.

If now the first and the second palladacycle of Scheme 37 are
compared the situation turns out to be quite similar with the only
difference that an alkyl (2-phenylnorbornyl) group in ortho to the
aromatic to aliphatic C–C bond of the palladacycle is present in the
latter.

In the presence of iodobenzene the palladacycle does not
give rise to reductive elimination to a benzocyclobutene [109a]
but undergoes functionalisation at the aryl site, the ortho sub-
stituent clearly causing preferential palladacycle opening according
to Scheme 37.

Further evidence was gained by comparing conditions for the
formation of hexahydromethanotriphenylene and phenylhexahy-
dromethanotriphenylene. The former was obtained selectively by
causing the initial palladacycle to react with iodobenzenze in the
absence of norbornene while the latter was obtained only in the
presence of norbornene, in agreement with the proposed mecha-
nism (Scheme 38) [108].

The Pd intermediate formed by norbornene expulsion in a cat-
alytic reaction involving iodobenzene and norbornene (KOAc as a
base in DMF at 105 ◦C) has been trapped by adding olefins such
as methyl acrylate or styrene [109a]. This is another instance of the
extremely versatile behavior of the reactions via metallacycles with
more than two components.

The reaction of Scheme 25 was extended by de Meijere to
other norbornene-type strained olefins such as deltacyclene, nor-
bornenol, norbornenone and dicyclopentadiene [120b]: also indene
gave 1:3 coupling products analogous to the ones from norbornene
but with different regiochemistry [121]. The use of heterocyclic aryl
iodides such as iodothiophenes and iodopyridines led to interesting
products although in moderate yields. The reaction of norbornene
and m-iodopyridine gave the corresponding bipyridine derivative.
The reaction required higher temperature and the addition of triph-
enylphosphine [120b].

In many of the reactions shown so far the unsaturated compound
needed for metallacycle formation is retained in the final product
whereas with norbornene, norbornadiene and similar rigid olefins
it is possible to find conditions to liberate it again concomitantly to
aryl to aryl coupling. Even if usually present in substantial concen-
tration to favor their insertion, these olefins act catalytically jointly
with Pd catalyst. This is a remarkable feature in catalysis in that an
organic and an inorganic catalyst work in cooperation.

All these reactions involve C–C coupling to biaryls starting
from the same aryl halide. Different aryl halides couple selec-
tively provided that o-alkyl-substituted aryl iodides are reacted
with aryl bromides and in certain cases also chlorides, contain-
ing electron-withdrawing substituents. The syntheses are carried
out in one-pot under mild conditions starting from easily available
reagents (Scheme 39) [122].

The reaction pathway is analogous to the one shown in

Scheme 26, way a, but it implies the selective formation of the ini-
tial palladacycle at the expenses of the more reactive aryl iodide. At
this point further attack on the palladacycle only occurs by the bro-
mide. The highly preferred reaction of this compound is not easy
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Scheme 39.

o explain but it is likely to be due to steric effects. Further study is
equired to clarify this point, which is also associated with the pos-
ible formation of a Pd(IV) complex. Reductive elimination from the
atter followed by norbornene deinsertion, gives a biphenylylpalla-
ium complex from which a Heck-type reaction liberates the Pd(0)
atalyst and the organic product shown in Scheme 39.

The reaction is tolerant of several functional groups which can
e further exploited for ring formation. As shown in Scheme 40 the
eaction of o-bromophenol with o-iodotoluene and methyl vinyl
etone led to the formation of the corresponding dibenzopyran
erivative in high yield (93%). The cyclization step is triggered by
he o-hydroxyl group appropriately positioned for an easy attack on
he activated double bond through Michael reaction. In spite of the
act that the most effective substituents on the aryl bromide are
he electron-withdrawing ones o-bromophenols react satisfacto-
ily, likely because of the positive chelating effect of the o-hydroxyl
roup [123].

N-Sulfonylated 5,6-dihydrophenanthridines have been pre-
ared analogously but under different conditions also involving the
se of sulfonamides [124].

Working in the absence of Michael acceptors carbazoles have
een obtained, for example 2-ethylcarbazole in a 98% yield. The
ntibiotic carbazomycin A has been synthesized from the pertinent
odide and N-acetylated o-bromoaniline (Scheme 41) in a 70% yield
125].

6-Phenanthridinones and their heterocyclic analogues were
ynthesized through sequential aryl–aryl and N-aryl coupling.
sing 3-bromothiophene-2-carboxylic acid methylamide in the

eaction with o-iodotoluene in the presence of Pd(OAc)2/TFP, and
orbornene as catalyst, K2CO3 as a base in MeCN at 85 ◦C, the
orresponding quinolinone derivative was isolated in 80% yield

Scheme 42) [126].

A report on reactions involving the Pd/norbornene dual catalysts
as recently appeared [109b].

Scheme 40.

Scheme 41.
Scheme 42.

Under similar conditions in the absence of norbornene
o-bromoaromatic carboxamides undergo homocoupling reac-
tion with concomitant decarbamoylation to afford condensed
pyridones. 3-Bromo-1-metil-1H-indole-2-carboxylic acid methy-
lamide reacted in the presence of Pd(OAc)2/TFP as catalyst, K2CO3
as a base in DMF at 105 ◦C to give the corresponding pyridine in
71% yield [127]. The reaction has been proposed to proceed through
palladacycle-catalyzed homocoupling of the bromoamide followed
by splitting of the aminocarbonyl group by intramolecular ipso aro-
matic substitution.

The Pd-catalyzed reaction of o-bromobenzamides to phenan-
thridinones with concomitant decarbamoylation was first
reported by Caddick and Kofie [128]. A similar reaction
using a catalytic system based on Pd(OAc)2/2-(8-methoxy-1-
naphthyl)phenyldiphenylphosphine and Cs2CO3 as a base has
been recently shown to give the same products with expulsion of
isocyanate derivatives [129].

5. Palladium migration in arenes

An interesting aspect of the chemistry of aryl coupling is that
the aryl coupling can take place at an arene position different from
that of the original C–Pd bond. That Pd could move from one side
to the other of a palladacycle (from sp3 to sp2) had been previously
shown in the case of norbornene [130]. The methanobiphenylene
derivative reported in Scheme 43 was obtained by reaction of 4-
nitrobromobenzene with norbornene in anisole at 105 ◦C under
the catalytic action of Pd(PPh3)4 and in the presence of KOAc.
Other examples of sp3–sp2 migrations have been recently reviewed
[131].

According to Gallagher [132] and Larock [133] Pd migrates along
arene or heteroarene nuclei and the corresponding complexes react
with ethyl acrylate to give the respective isomers. Recently the iso-
meric Pd intermediates have been trapped by Suzuki cross-coupling

using arylboronic acids (Scheme 44) [134].

This possibly involves an intermediate palladacycle and is rel-
evant to the aryl coupling process. Pd migration can be made
selective using aromatic C–H bonds of sufficiently different acid-
ity in the two rings. Migration occurs towards the more acidic

Scheme 43.
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Scheme 44.

–H, if there is time to equilibrate the biphenylyl-bonded Pd
ntermediate before reaction with a suitable C–C bond forming
artner as in the cases of Heck and Suzuki reactions. Appro-
riate conditions to favor partial or total equilibration of the
iphenylyl-bonded Pd intermediates have therefore to be chosen.
or example if 2-iodo-4′-methylbiphenyl (Scheme 44) is sub-
ected to a Suzuki reaction with phenylboronic acid the main
roduct derives from the unrearranged intermediate. If however,
he base needed for the activation of the phenyboronic acid is
uffered using for example cesium pivalate and pivalic acid in
quimolecular amount and phenylboronic acid is replaced by its
-carbomethoxy derivative a 51:49 mixture of the two prod-
cts (78% overall yield) is obtained. According to the authors the
referred pathway implies a Pd(II) rather than a Pd(IV) inter-
ediate (Scheme 45). As previously mentioned an electrophilic

ttack on the arene is not consistent with the acidity-dependent
electivity.

Larock has reported several reactions where he takes advan-
age of the migration process, for example the synthesis of
-phenylfluorene [135] from 2-(3′-benzyl)phenyl iodobenzene and
hat of vinylcarbazoles [136] from N-(3-iodophenyl)anilines and
lkynes. Vinylcarbazole formation has been proposed to proceed
ccording to the pathway shown in Scheme 46. The vinylpalladium
ntermediate forms by oxidative addition of the aryl iodide and sub-
equent alkyne insertion. Cyclopalladation via selective ortho C–H
ond activation is then followed by cleavage of the vinyl-metal bond
o afford the arylpalladium species. The result is a 1,4 migration of
d which is now in appropriate position for intramolecular ring clo-
ure through activation of a second aromatic C–H bond leading to

arbazole and Pd(0). A possible involvement of a Pd(IV) species in
he hydrogen transfer from the aromatic to the vinyl moiety has
een proposed.

Scheme 45.
Scheme 46.

6. General considerations on the mechanism of arene C–H
arylation

We have seen specific mechanistic aspects of the various types
of arene C–H arylation. Common problems refer to the mechanisms
of C–H activation and C–C coupling.

A study by Milstein on arene C–H activation has pointed out the
importance of arene-bonded heteroatoms (Cl, OMe) in directing
C–H activation towards the o-position [137].

The traditional elctrophilic substitution mechanism seems to
be operative in many cases. The metallation-deprotonation mech-
anism proposed by Echavarren and further confirmed by Fagnou
appears to be valid for deactivated arenes and heteroarenes and
possibly also in general [19,21a,22].

As to the aryl–aryl coupling process following arene C–H acti-
vation both transmetallation [138] and oxidative addition to give
Pd(IV) have been postulated (Scheme 47) [109b].

Theoretical calculations conducted by Cárdenas and Echavarren
have suggested that the latter process is not likely to occur [139].
Another recent paper by Grushin and Marshall also points to the
inability of Pd(II) to undergo oxidative addition of unactivated aryl
halides [140]. In fact under the reaction conditions Pd(II) is often
reduced to Pd(0), which can undergo oxidative addition of an aryl
halide to form an arylpalladium halide complex able to transmet-
allate.

In this connection a recent study by Dedieu should be considered
[141]. Pd migration from aryl to aryl, likely involving palladacycle
formation [133,134], may be favored by oxidative addition of an
acid to the palladacycle, thus forming Pd(IV), if migration is 1,3 and
through Pd(II)-catalyzed C–H activation-assisted by proton abstrac-
tion, if migration is 1,5 or 1,6; however, these pathways can compete
in the case of 1,4 migration. The results indicate that very subtle
effects can influence the energy of the transition state. In particular
in the reaction of aryl halides in the presence of Pd and norbornene,
initially involving the formation of a palladacycle by electrophilic
activation of an unactivated arene C–H, the final coupling could
well involve a Pd(IV) intermediate particularly under the multistep
catalytic conditions adopted.
As to the state of the “true palladium” catalyst undergoing oxida-
tive addition and insertion, in most cases nanoparticles are formed,
that may be in equilibrium with momeric or dimeric form of lig-
andless Pd complexes [142–145]. Evidence for low ligated Pd–L as

Scheme 47.
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he most active species undergoing oxidative addition has been
rovided by Amatore and Jutand [146].

. Conclusions

Research in the area of aryl–aryl coupling reactions continues to
row exponentially, spurred by the importance of practical appli-
ations particularly in the pharmaceutical field, and the synthetic
nd mechanistic challenges.

Arene and heteroarene substrates have been arylated selec-
ively through C–H activation reactions directed by chelation or by
eteroatoms or by metallacycle formation. Research on catalytic
ystems hinges on design of homogeneous species on the one hand
nd of nanoparticles on the other as catalysts. This is a typical inter-
isciplinary area which will prove to become more and more fertile.
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