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1. Introduction

The copper-mediated arylation of amines,[1] phenols[2]

(Ullmann condensations), amides, carbamates[3] (Ullmann–
Goldberg condensations), and activated methylene com-
pounds[4] (Ullmann–Hurtley condensations) are well-docu-
mented methods that were discovered several decades before
the palladium- and nickel-catalyzed procedures. For more
than a century they were some of the most useful and
practical methods for the formation of C(aryl)�N, C(aryl)�C,
and C(aryl)�O bonds.[5–10] Such copper-mediated coupling
reactions have numerous industrial applications, including the
synthesis of intermediates as well as synthetic targets for the
life sciences and polymer industries. However, Ullmann-type
coupling has not been employed to its full potential for a long
time. Up until 2000, the synthetic scope of these trans-
formations was restricted because of the often harsh reaction
conditions, limited range of suitable substrates, and the
moderate yields obtained. The condensations were usually
conducted in high-boiling polar solvents such as N-methyl-
pyrrolidone, nitrobenzene, or dimethylformamide, at temper-
atures as high as 210 8C, often with stoichiometric amounts of
copper reagents. Aryl halides activated by electron-with-
drawing groups or containing o-carboxylic acid groups were

preferentially used.[11] However, some
reported studies had revealed rate
enhancements when the arylations
were conducted in the presence of
ligands for the copper center or of
other additives.[12] These latter com-

pounds were thought to increase the catalyst solubility or
stability and/or prevent aggregation of the metal, but their
exact role was not established unequivocally.

Finally in 2001, two research groups achieved important
breakthroughs[13] with the discovery of versatile and very
efficient new copper/ligand systems for the formation of C�C,
C�N, and C�O bonds that enabled the use of only catalytic
amounts of metal under much milder conditions (90–110 8C).
These important discoveries, with their promise of being able
to use a catalytic amount of copper in place of the more toxic
and expensive palladium, have led to a spectacular resurgence
of interest in Ullmann-type reactions. The challenge was on to
devise even more effective synthetic procedures. Many
research groups have been involved in the development of
more efficient copper/ligand combinations to widen the scope
of such reactions in terms of substrate tolerance, copper
loading, milder reaction conditions, enhanced chemoselectiv-
ity, and enantioselectivity.[14] The progress has been so
spectacular that, in numerous cases, the use of copper systems
is now a serious rival for the alternative palladium-catalyzed
procedures.

This Minireview highlights developments since 2004 in
regard to the design and use of simple, easily handled
supporting ligands to enhance the reactivity and selectivity of
copper catalysts in intermolecular arylations of N, O, and C
nucleophiles derived from aromatic and vinyl halides (Fig-
ure 1).[15, 16]

The first part of the Minireview describes Ullmann
coupling under homogeneous conditions, with copper-cata-
lyzed N-arylations and N-vinylations of unsaturated N-
heterocycles, amines, and amides presented first. The O-
arylation and O-vinylation of phenol derivatives and aliphatic
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alcohols and finally the C-arylation of active methylene
compounds, cyanide ions, and alkynes (palladium-free Sono-
gashira-type reactions) are then discussed in succession. The
second part focuses on similar Ullmann coupling reactions
performed under heterogeneous conditions. Finally, in the
third part, the few mechanistic studies that have emerged thus
far are considered. Necessary breakthroughs still required to
enable these reactions to compete fully with the well-
established palladium-mediated procedures are proposed in
the concluding section of this Minireview.

2. Ullmann Coupling under Homogeneous
Conditions

2.1. C�N Bond Formation

The copper-mediated coupling of aryl and vinyl halides to
aromatic nitrogen heterocycles or amines and amides—the
Ullmann[1] and the Goldberg[3] condensations, respectively—
have been well-known for more than a century. By far the
greatest number of reports on the modern catalytic Ullmann-
type reactions have been concerned with the creation of
C(sp2)�N bonds by ipso substitution, and more than 150
publications have appeared since 2004. We have selected
those that result in real improvement in terms of overall
efficiency, taking into account parameters such as reaction
temperature, catalyst loading, nature of the aryl halide
(chlorides and bromides are much more demanding than
iodides), and tolerance of the nitrogen nucleophiles em-
ployed. Many other efficient systems, although they can be
considered as making significant contributions to the field, are
outside the scope of this Minireview.[34–38]

2.1.1. Coupling Reactions of Aryl Halides with N Heterocycles
2.1.1.1. In the Presence of Supporting Ligands

Some years ago we developed polydentate ligands of the
Schiff base and oxime type (such as L1 and L2, respectively;
Scheme 1). The use of a ligand with at least one imine group

and oxygen or nitrogen coordination sites facilitates the
coupling of numerous azole and amide derivatives (see
Scheme 2) with aryl bromides at mild temperatures
[Scheme 3, Eq. (1)].[13a, 17] Some reactions with aryl iodides
were even performed at 25 8C, and a turnover of about 1500
was possible in the presence of pyrazole at 80 8C.[13a, 17] This
application is one of the rare examples to have already been
adopted industrially.

Another effective catalytic system was recently developed
by Lv and Bao, who used the b-ketoester ligand L3
[Scheme 3, Eq. (2)].[18] The coupling of different aromatic
N heterocycles could be performed at mild temperatures, and
reactions of aryl iodides with pyrrolidinone (Scheme 2, S1q)
could even be conducted at room temperature.

Ma and co-workers showed that amino acids were
excellent bidentate ligands for copper-catalyzed Ullmann-
type reactions.[19]

l-proline (L4) and N,N-dimethylglycine
(L5) were particularly effective and led to the successful
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Figure 1. Scope of this Minireview.

Scheme 1. Ligands for the coupling of aryl bromides and iodides to
nitrogen heterocycles.
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coupling of numerous aryl bromides with various azoles, often
at mild temperatures [Scheme 3, Eq. (4)]. The low cost of
naturally occurring amino acids and their ready availability
give this system real economic advantages.

Chen and co-workers reported that 1,3-diketone L7
combined with CuI is an efficient catalytic system for the
coupling of aryl bromides with nitrogen heterocycles
[Scheme 3, Eq. (6)].[20] Although the reaction conditions are
harsher than in the previous examples, some interesting

results for the arylation of imidazole by activated chloropyr-
idine derivatives were obtained.

In a 2004 update[21] of an earlier study,[22] Buchwald and
co-workers demonstrated the high efficiency of 1,2-diamine
ligand L8 for the coupling of aryl bromides with various types
of nitrogen nucleophiles [Scheme 3, Eq. (7)]. More recently,
the same research group also developed a copper/4,7-
dimethoxy-1,10-phenanthroline (L6, R = OMe) system[23]

[Scheme 3, Eq. (5)] which allows the N-arylation of a wide
range of imidazole derivatives, for which no generally useful
palladium-based catalysts have been reported. The use of
poly(ethylene glycol) (PEG) as a solid–liquid phase-transfer
catalyst and a 2000 times turnover achieved at 110 8C in one
case are additional features of this system.

Xu and co-workers reported in 2008 a system based on the
use of commercial ninhydrin (L9) as the ligand and, although
the performance is poorer than the systems mentioned
previously (most of the cases concern pyrazole), interestingly,
unactivated chlorobenzenes take part in the reactions [albeit
at the relatively high temperature of 150 8C and with modest
yields; Scheme 3, Eq. (8)].[24]

The last example to be discussed relates to a system based
on the condensation of numerous nitrogen heterocycles with
various aryl bromides at 90 8C in the presence of the iron–
copper cooperative catalyst CuO-[Fe(acac)3] [Scheme 3,
Eq. (3)].[25] This represents a very economically competitive
alternative to the usual copper/ligand combination, and an
encouraging example involving the coupling of an activated
chloride has been reported.

2.1.1.2. Alternative “Ligand-Free” Conditions

Recently, several “ligand-free” systems have emerged for
the N-arylation of aromatic N heterocycles catalyzed by
copper compounds. The earliest preliminary results were
reported in a 2005 patent [Scheme 4, Eq. (9)].[26a] Arylation
using iodo- and bromobenzene was performed under “ligand-
free” conditions with 5–10% of a copper source such as CuI in
the presence of Cs2CO3 as a base in CH3CN. A similar system
was reported three years later by Hu and co-workers, but
20% of the copper source was used in addition to one
equivalent of KI for aryl bromides to permit Br/I exchange
[Scheme 4, Eq. (10)].[27] Bolm et al.[28] and Yasutsugu and
Mayumi[26b] also proposed a “ligand-free-like” system in
which 10% Cu2O (for ArI and ArBr) or CuI (for ArI) were
used in DMF [Scheme 4, Eq. (11)]. In a similar system, Guo
and co-workers[29] used K3PO4 as a base, and postulated that
the phosphate group could also chelate CuI ions and thus

Scheme 2. Aromatic nitrogen heterocycles (S1a–m) and cyclic amides
(S1n–r) used.

Scheme 3. Systems for the generation of C�N bonds, and the products
obtained. EDG= electron-donating group, EWG= electron-withdrawing
group, acac = acetyl acetonate.

Scheme 4. Selected examples of “ligand-free-like” catalytic systems.
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facilitate oxidative addition to the copper center, a proposal
already made by Choudary et al. [Scheme 4, Eq. (12)].[98a]

It seems likely that the solvent and/or base acts as ligands
for the copper center in all the “ligand-free” systems,
although with less efficiency than the chelating organic
ligands discussed earlier. Our experience has shown us that
under our conditions (aromatic bromide substrates, 10%
copper loading at 82 8C) a good performance is not always
reproducible for ligand-free systems when the reactions are
conducted on an industrial scale. The reproducibility can be
improved by using a copper loading [Cu] of 20 % and/or
higher temperatures, but reactions conducted on an industrial
scale under such conditions are questionable in regard to
residual toxicity, and are more expensive. This highlights the
fact—often overlooked—that supporting ligands not only
accelerate the reactions but also make them more reprodu-
cible and inherently safer in terms of the operating conditions
and residual toxicity.

2.1.2. Coupling Reactions of Aryl Halides with Alkyl Amines, Amides,
and Anilines

Recent progress in modern catalytic Ullmann coupling
reactions has also led to the emergence of numerous methods
to condense aryl halides (mainly iodides and bromides) with
aliphatic amines, amino alcohols, hydrazines, amides, anilines,
and other derivatives (Scheme 5).

In 2006, one of the first examples of a room-temperature
Ullmann condensation was reported by Buchwald and co-
workers [Scheme 6, Eq. (13)].[30, 50] The use of 1,3-diketone
L10 (Alk = iPr) in combination with CuI (5%) enabled the
condensation of aryl iodides with primary or secondary alkyl
amines[30] as well as amino alcohols[50] to be performed in
excellent yields at 25 8C. This system, based on the inex-
pensive ligand L10 (Alk = iPr) is also efficient under harsher
conditions (90 8C) with aryl bromides. It nicely complements
the related palladium-based methods for the N-arylation of
aliphatic amines.

In a similar fashion, Fu and co-workers published two
interesting room-temperature systems based on rac-1,1’-bi-2-
naphthyl (rac-binol) and N-phenylhydrazone L11 ligands
[Scheme 6, Eq. (14)].[31] These ligands in association with
10% CuI or CuBr resulted in high reactivities for the N-
arylation of aliphatic amines and/or amino acids with aryl
iodides.

In 2005 Ma and co-workers showed that the amino acid l-
proline (L4) and glycine derivative L5 are highly efficient
ligands with CuI for the coupling of alkyl amines and aniline
derivatives over a temperature range of 40 to 90 8C
[Scheme 6, Eq. (15)]. These ligands, which probably chelate
the copper ion through the carboxy and amino groups, could
make the catalytic CuI species more reactive toward an
eventual first oxidative addition or coordination of the aryl
halide.[19c]

Phosphine-oxime L12 also proved to be a good ligand for
the N-arylation of alkylamines and N heterocycles by aryl
iodides [Scheme 6, Eq. (16)].[32] Although product formation
takes place at higher temperatures (80 8C) than in other cited
examples, the replacement of N by P in ligand L12 constitutes
an interesting feature for mechanistic studies.

The last system selected for discussion, developed in 2005
by Yoshifuji and co-workers, also involves a phosphorus-
containing ligand L13.[33] Although the ligand is rather
complex, it enables the remarkable coupling of aniline and
morpholine with non-activated aryl chlorides at a moderate
temperature [Scheme 6, Eq. (17)].

2.1.3. Coupling Reactions of Vinyl Halides with N Nucleophiles

Ligand-assisted copper catalysis recently led to the
development of modern versions of the Ullmann and Gold-
berg reactions of vinyl halides.[38] Ma and co-workers dem-
onstrated that they could generate a wide array of enamides
under mild conditions by using amino acid L5 [Scheme 7,
Eq. (18)].[38b] Porco and co-workers reported the copper/
phenanthroline(L17)-mediated coupling of amides with b-
iodo-acrylates and acrylamides to prepare N-acyl vinylogous
carbamates and ureas.[38c] Our research group also showed
that the synthesis of various N-vinylazoles occurs very
efficiently in the presence of CuI and L1[58] or L24[95]

[Scheme 7, Eq. (19); see L24 in Scheme 17]. Finally, Bao
et al. were able to couple pyrazole and indazole with vinyl
halides (X = Br, I) at 60–80 8C in the presence of b-diketone
L3 [Scheme 7, Eq. (20)].[38l]

Scheme 5. Ligands used and the range of N substrates that can be
used in the copper-catalyzed coupling with aryl halides.

Scheme 6. Selected examples of copper/ligand systems for the forma-
tion of C�N bonds.
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2.2. C�O Bond Formation

The synthesis of diaryl ethers and related derivatives by
classic Ullmann methods has been well-known for a long
time.[2] Despite the recent renaissance of the catalytic
Ullmann method, fewer publications have appeared for
C�O than for the related C�N coupling reactions, but the
total since 2004 is still more than 50. The same criteria for
selecting studies to include in the discussion were applied as in
the previous section.

2.2.1. Coupling Reactions of Aryl Halides with Phenols

Ma et al., after further development of a system reported
earlier,[39] described an efficient catalytic C�O coupling
reaction at ambient temperature.[40] Thus, by using the amino
acid L5 as a supporting ligand with 30% copper loading, they
could couple 2-bromotrifluoroacetanilide and l-tyrosine de-
rivatives in high yields at 25 8C [Scheme 8, Eq. (21)].

A particular advantage of the ambient-temperature con-
ditions used with this system is that the coupling can occur
without any accompanying racemization of the tyrosine
derivatives. A drawback to this procedure remains the rather
high copper and ligand loadings. It also appears that an ortho-
amide substituent on the aryl halide is required as a directing
group. The additional stabilization of the CuI center provided
by O coordination of this chelating ortho group was proposed
to be a key factor for the success of these reactions
(Scheme 9).

The catalytic system of Lv and Bao described above for
the formation of C�N bonds is also efficient for the copper-
catalyzed arylation of phenol derivatives. The use of the same
b-keto ester L3 as a supporting ligand affords the corre-
sponding diaryl ethers from aryl bromides at mild temper-
atures [Scheme 8, Eq. (22)].[18]

Similarly, the Schiff bases L1 and L2, which we developed
for other types of coupling reactions, as well as ligand L14, are
also very efficient at promoting the synthesis of diaryl ethers
[Scheme 8, Eq. (23)].[13a,41] In combination with 10% CuI and

the inexpensive base K3PO4 these ligands allow the coupling
of a large range of aryl bromides with phenols under mild
conditions. It is worth noting that very low copper and ligand
loadings are apparently able to promote some of these
reactions (see chapter 4, Scheme 32).[41b,d]

The coupling of phenols with aryl iodides or bromides is
also possible with pyrrolidine-2-phosphonic acid phenyl
monoester (L15) at higher temperatures [Scheme 8,
Eq. (24)],[42] or with 1,10-phenanthroline as the supporting
ligand (L6, R = H). The latter was used in association with a
KF/Al2O3 system as the base[43] or in the presence of copper

Scheme 7. Selected examples of copper/ligand systems for the formation of C�N bonds.

Scheme 8. Selected systems for the generation of diaryl ethers from
ArI or ArBr.

Scheme 9. Ortho chelating effect for the room-temperature arylation of
N-Boc-l-tyrosine without racemization. Boc= tert-butoxycarbonyl.
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impregnated into charcoal under microwave irradiation
[Scheme 8, Eq. (25)].[44]

Another significant advance was achieved in our research
group with the development of an efficient method for the
copper-catalyzed arylation of phenols by aryl chlorides
(Scheme 10).[45] This system, based on the use of the ligand

2,2,6,6-tetramethyl-3,5-heptadione (L16), is to our knowledge
the first one able to condense both activated and deactivated
aryl chlorides. Although relatively harsh conditions are used
(135 8C), this procedure has real economic advantages in that
very inexpensive materials are used.

As in the case of C�N coupling, some reports have
appeared in the literature for “ligand-free” methods. We
showed in 2004 that the arylation of phenols by aryl iodides
was possible in acetonitrile at 82 8C by using a copper
precursor without additional supporting ligands.[26a] Two
others examples were recently reported,[46, 47] but very high
reaction temperatures are needed (150–160 8C) since aryl
iodides and bromides are employed.

Many other studies on the formation of C(Ar)�O(phenol)
bonds by using ligand-assisted methods are not discussed as
they are outside the scope of this Minireview.[48]

2.2.2. Coupling Reactions of Aryl Halides with Alcohol Derivatives

There are only a few known catalytic copper systems that
facilitate the coupling of aryl halides with aliphatic alcohols.
In 2008, the Buchwald research group, in a comprehensive
study of an earlier system,[49,50] used a highly efficient
phenanthroline ligand L17, which enables this reaction to
be carried out with aryl iodides under mild conditions.[51]

Their method is particularly noteworthy for not needing a
large excess of alcohol and for being remarkably selective for
O-arylation when amino alcohols are involved [Scheme 11,
Eq. (26)].

The coupling of alcohols with aryl iodides has also been
realized by Hosseinzadeh et al., who used phenanthroline
(L6, R = H) or its derivatives as the ligand[43] with KF/Al2O3

as the base (in the presence of a large excess of phenol), and
by Evano and co-workers in the first total synthesis of
paliurine F (a sedative).[52] Amino acids[53] and also the 1,1’-
binaphthyl-2,2’-diamine (binam) ligand L18[54] give interest-
ing results, but here the problem of having the nucleophile
(the alcohol) in excess remains [Scheme 11, Eqs. (27) and
(28)].[55]

2.2.3. Coupling Reactions of Vinyl Halides with Phenol Derivatives

The coupling of vinyl halides with phenol derivatives is
also possible by Ullmann-type reactions. The corresponding
vinyl aryl ethers are an important class of building blocks in
organic synthesis as well as synthetic targets for the polymer
and life science industries. However, this methodology has
not been developed nearly as much as the variant using aryl
halides. Since 2004, Ma et al.,[56] Bao et al.,[57] and our
research group[58] [Scheme 12, Eqs. (29)–(31), respectively)]

have observed that some of the systems presented above for
arylation by aromatic halides are also very efficient with vinyl
halide substrates (the reaction is often facile). These proce-
dures, which take place under very mild temperatures, have
been applied (in the presence of the phenanthroline ligand)
for the total synthesis of abyssenine A, a compound which
displays considerable biological activity.[59]

2.3. C�C Bond Formation
2.3.1. Ullmann–Hurtley Condensations

In a recent report, Kwong and co-workers described a
mild catalytic system which allows the arylation of diethyl
malonate by a wide range of aryl iodides at 25 8C in the
presence of 2-picolinic acid (L19) as the supporting ligand
[Scheme 13, Eq. (32)].[60] A higher temperature is needed
(70 8C) for reactions with other 1,3-dicarbonyl derivatives
(dimethyl malonate, b-ketoesters), and an even higher one
when the reaction is performed with aryl bromides (110 8C).

l-Proline (L4) also appears to be an excellent ligand for
this reaction, as reported by Ma and co-workers.[61] Con-

Scheme 10. Copper-catalyzed arylation of phenols by aryl chlorides.

Scheme 11. Selected efficient systems for the generation of alkyl aryl
ethers.

Scheme 12. Efficient systems for the generation of aryl vinyl ethers.
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densations of aryl halides (ArI and ArBr) with activated
methylene compounds (dialkyl malonate and b-ketoesters)
are performed at 40–50 8C [Scheme 13, Eq. (33)]. Jiang et al.
reported a very similar system, but it is restricted to expensive
aryl iodides and a higher temperature (90 8C) for the arylation
of b-diketone, ethyl cyanoacetate, or malonitrile [Scheme 11,
Eq. (34)].[62]

A year earlier we presented a general method for the
arylation of several malonic acid derivatives by aryl iodides
[Scheme 13, Eq. (35)].[17a] The use of the Schiff base L1 as the
ligand allowed the reactions to be performed under very mild
conditions (50–70 8C) in the presence of molecular sieves.

The first enantioselective Ullmann–Hurtley condensation
was reported in 2006 by Ma and co-workers.[63] They
described the CuI-catalyzed asymmetric coupling (at �20/
�45 8C) of various 2-iodotrifluoroacetanilides with 2-methyl
acetoacetates by using (2S,4R)-4-hydroxyproline as the sup-
porting ligand and chiral source (Scheme 14). Although the

application of this method is limited by the necessary
presence of chelating substituents in the ortho position, this
method undoubtedly represents an interesting advance in
terms of the enantioselectivity.[14]

The application of the same system to the arylation of
non-carbon-substituted b-keto esters leads to a simple and
convenient method for preparing a wide range of 2-(trifluoro-

methyl)indoles.[64] It is also noteworthy that in the presence of
a very large excess of ethyl acetoacetate (this b-ketoester
probably also plays the role of supporting ligand) the copper-
catalyzed arylation leads to the deacylated product. This
interesting result suffers, however, from poor chemoselectiv-
ity (formation of arylated acetoacetate).[65] Proline (L4) was
also used in the only example reported for the copper-
catalyzed functionalization of activated methylene com-
pounds by vinyl halides ((2-bromovinyl)benzenes).[66]

2.3.2. Cyanation Reactions

The direct reaction between aryl halides and cyanide
sources to afford aryl nitriles has been well known for 80 years
as the Rosenmund–von Braun reaction.[67] This reaction,
however, suffers from the same major drawbacks that afflict
other Ullmann-type copper-coupling reactions. Surprisingly,
very few reports have described really efficient procedures
that can be performed under mild catalytic conditions in the
presence of supporting ligands (Scheme 15).

Some years ago, the Buchwald research group reported a
copper-catalyzed “domino” halogen-exchange/cyanation pro-
cedure for aryl and heteroaryl bromides [Scheme 15,
Eq. (36)].[68] Although the authors made use of the 1,2-
diamine L20, a disadvantage of their approach is the use of
highly toxic NaCN; furthermore the reactions are performed
at 110–130 8C and require stoichiometric quantities of ligand.
Another method, also based on a Finkelstein-type reaction,
was developed in which 1,10-phenanthroline (L6, R = H) is
used as a ligand [Scheme 15, Eq. (38)].[69] This copper-assisted
cyanation of aryl bromides occurs at 110 8C through the in situ
copper-catalyzed production of aryl iodides in the presence of
catalytic amounts of KI. The advantages of this protocol
include the use of a catalytic amount of ligand and the less-
toxic, easily handled liquid acetone cyanohydrin as the
cyanating agent.[70] More recently, an even safer alternative
was reported by Beller and co-workers, who showed that the
copper-catalyzed cyanation of aryl bromides is efficient
[Scheme 15, Eq. (37)] when the nontoxic cyanide source
K4[Fe(CN)6] is used in the presence of ligands of the 1-
alkylimidazole type (for example, L21).[71] A drawback to this
procedure is the very high temperatures (140–160 8C) re-
quired and the need to use two equivalents of ligand. A
variation of this method, also based on halide exchange (using
KI) and employing ligand L20 was reported by the same
research group.[72]

2.3.3. Sonogashira-Type Reaction: Coupling of Aryl Halides with
Terminal Acetylenes

A useful method to prepare aryl alkynes is the Sonoga-
shira reaction,[73] which corresponds to a Pd/Cu co-catalyzed
coupling reaction between aryl halides and terminal acety-
lenes.[74] Since the pioneering studies on palladium-free
catalyzed Sonogashira coupling reactions were described by
Miura and co-workers in 1993 (which correspond to a
catalytic version of the Stephens–Castro reaction[75]),[76] few
examples exploiting the method have been reported, mainly
because the competing Glaser reaction (homocoupling of

Scheme 13. Arylation of activated methylene compounds.

Scheme 14. Copper-catalyzed asymmetric coupling of 2-iodotrifluoroa-
cetanilides with 2-methyl acetoacetates.
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terminal acetylenes catalyzed by copper salts) is difficult to
avoid.[77]

In a 2005 extension of an earlier study,[78] Venkataraman
and co-workers demonstrated the high efficiency of the well-
defined catalytic precursor [Cu(phen)(PPh3)2]NO3 (phen =

phenanthroline) for the coupling of aryl iodides with terminal
acetylenes [Scheme 16, Eq. (39)].[79] It is worth noting that, in
contrast to palladium-based protocols, the reaction is possible
with functional groups at the ortho position, thereby allowing
the elegant in situ synthesis of various cyclic compounds
(benzofurans and indoles). This strategy, first described by
Cacchi et al. ,[80] was also employed more recently in the
presence of proline (L4) by Ma et al. [Scheme 16, Eq. (40)].[81]

In 2004, Ma and Liu reported a copper/amino acid (L5)
system for the coupling of both ArI and ArBr compounds
with alkyl and aryl acetylenes.[82] This reaction [Scheme 16,
Eq. (41)] tolerates substituted aryl acetylenes, alkyl acety-
lenes, and even propargylic ethers. Another good catalytic
system for this coupling was developed by Guo and co-
workers,[83] who used diamine L21 as the ligand [Scheme 16,
Eq. (42)]. Excellent yields were achieved for the coupling of

aryl iodides with phenylacetylene and 1-octyne, but in
contrast aryl bromides gave modest yields (44–71%). Our
research group has also developed a catalytic system based on
[Cu(acac)2] and dibenzoylmethane (L22) as the ligand
[Scheme 16, Eq. (43)].[84] This easily handled and inexpensive
system is applicable to the coupling of a wide range of
activated and deactivated aryl iodides with aryl and alkyl
acetylenes. Interestingly, the co-catalytic iron–copper system
described above for the C�N coupling[25] also allows the
condensation of phenylacetylene with aryl iodides or aryl
bromides (in the presence of NaI for the later) [Scheme 16,
Eq. (45)].[25a] The diazabutadiene L23 is also a suitable
supporting ligand for this type of reaction,[85] but relatively
high temperatures (130–145 8C) are necessary to form diaryl
and alkyl aryl acetylenes from aryl iodides and activated aryl
bromides [Scheme 16, Eq. (44)]. The interesting features of
this system are the possibility of working under aerobic and
solvent-free conditions. In 2004 He and Wu described an
alternative approach in which copper-mediated Sonogashira-
type coupling is effected by using microwave heating.[86] More
recently, Lamaty and co-workers also used this technique with

Scheme 15. Copper-catalyzed cyanation of aryl halides.

Scheme 16. Selected examples of Pd-free Sonogashira-type coupling.
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poly(ethylene glycol) (PEG) as the solvent (and probably as a
ligand for the copper).[87] Although excessive temperatures
(190–220 8C) are used, both methods interestingly require
only very short reaction times (30 min–2 h). It is also note-
worthy that a palladium-free copper-catalyzed version of the
Sonogashira coupling was developed for the synthesis of 1,3-
enynes. Venkatamaran and co-workers[79,88] and Liu and Ma[81]

used the well-defined complex [Cu(bipy)PPh3Br] (bipy = 2,2-
bipyridine) and CuI/L5, respectively, as catalyst (10%)
systems to couple vinyl iodides and terminal acetylenes under
mild reaction conditions. An interesting example of a
coupling reaction performed in the absence of a ligand (with
20% copper) was also reported by Shao and Shi.[89] These
procedures substantially increase the potential for copper-
mediated C�C bond formation.[90]

3. Reusable Catalysts for Ullmann Coupling under
Heterogeneous Conditions

Numerous methods have been developed for conducting
palladium-mediated cross-coupling reactions with supported
catalysts.[91] Such is not the case for catalytic Ullmann
reactions, which suffer from a lack of recyclable and reusable
systems. Of the few that have been developed, most are
suitable only for C�N coupling reactions, and very few have
been developed for the formation of C�O and C�C coupling
bonds.[92]

3.1. Heteregeneous Cu Systems for C�N Bond Formation

Various sorts of supports have been designed specifically
for the condensation of unsaturated N heterocycles (S1 a,c,f,i–
m) with aryl halides (Scheme 17).

One interesting example was published by Kantam,
Reddy, and co-workers,[93] in which they reported the N-
arylation of nitrogen heterocycles with ArI and ArBr
catalyzed by cellulose-supported copper(0) in the absence
of any external ligands [Scheme 17, Eq. (46)]. A high temper-
ature is used, but the catalyst can easily be reused four times
with an average leaching of 0.8% of the copper (note that
such crucial information is rarely given in the literature).

Bao and co-workers showed that room-temperature ionic
liquids based on imidazolidinium derivatives such as
[Bmim]BF4 enable copper-catalyzed condensations to be
carried out between imidazole derivatives and aryl bromides
at 110 8C.[94] The catalyst can be recovered in the presence of
proline ligand (L4, 60%) by extraction with low-polarity
solvents, and is still efficient after four runs, although with
decreased yields [Scheme 17, Eq. (47)].

Heterogeneous system L24 (an iminopyridine ligand
grafted onto phosphorus dendrimers) reported by Majoral
and co-workers is a very gentle catalyst.[95] A spectacular
dendritic effect, rare in the field of organometallic chemistry,
is observed, which allows the coupling of aryl iodides or vinyl
bromides with pyrazole at 25–80 8C [Scheme 17, Eq. (48)].
The stability of the support enables this system to be reused.

You and co-workers have described an original concept in
which supported amino acid ionic liquids L25 coupled with
CuI effect the N-arylation of nitrogen heterocycles with aryl
bromides or activated aryl chlorides [Scheme 17, Eq. (49)].[96]

Scheme 17. Reusable systems for the coupling of nitrogen heterocycles with aryl halides.

F. Monnier and M. TailleferMinireviews

6962 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 6954 – 6971

http://www.angewandte.org


This recoverable system is still efficient after nine runs (yield:
73%) for the coupling of activated 4-bromobenzonitrile and
imidazole. However, it presents several drawbacks such as the
synthetic complexity of the ligand and the long reaction times
required (60 h).

Alper and co-workers developed a system based on a
proline ligand supported on magnetic nanoparticles (L26).[97]

The arylation of nitrogen nucleophiles by (hetero)aryl
bromides occurs in the presence of CuI. A unique feature of
this system is that an external magnet can hold the ligand in
place while the substrates are decanted. In this way, the ligand
can be successfully reused four times for the coupling of
activated 4-bromoacetophenone with imidazole [Scheme 17,
Eq. (50)].

Copper fluoroapatite (Cu-FAP) is a supported catalytic
system which shows remarkable activity for the coupling of
aryl chlorides and even activated aryl fluorides with several N
nucleophiles [Scheme 18, Eq. (51)].[98] This reusable system is
thought to function through the strong basicity of the apatite
support, thus enabling the metal to activate C(Ar)�Cl or
C(Ar)�F bonds. Choudary et al. performed an interesting
series of experiments, on the basis of which they proposed
that the nucleophilic substitution of the N heterocycle takes
place before activation of the haloarene occurs (see Sec-
tion 4).

A system has been reported by Punniyamurthy et al. in
which copper nanoparticles are used [Cu nano, Scheme 18,
Eq. (52)].[99] This inexpensive catalyst, which operates in air
under ligand-free conditions, enables the condensation of
various aryl iodides with N nucleophiles. Cu nano is reusable,
and has good activity after three sequential coupling reactions
of aniline with PhI. It is also worth noting that an acceptable
yield (60%) is obtained for the coupling of PhNH2 with the
demanding substrate PhCl.

Cu2O-coated Cu nanoparticles (Cu2O/Cu) had previously
been used by Hyeon and co-workers in 2004 for the coupling

(at 150 8C in DMSO) of nitrogen nucleophiles with aryl
chlorides activated by electron-withdrawing substituents
[Scheme 18, Eq. (53)]. Nothing was reported concerning the
reusability of this system.[100]

The silica-tethered copper complex Cu-L27 has been used
as a catalyst for the arylation of nitrogen heterocycles with
aryl iodides and some activated aryl bromides [Scheme 18,
Eq. (54)].[101a] This system, based on supported iminopyridine
ligands, can be reused several times. A low copper leaching
rate of 2.5%, expressed as the percentage of the total copper
charge, was observed.

3.2. Heteregeneous Copper Systems for the Formation of C�O
Bonds

Only a few efficient, recyclable, catalytic systems for the
condensation of aryl halides with various phenols have been
reported (Scheme 19).

A mild heterogeneous system (50–60 8C) based on copper
nanoparticles (Cu nano (18 nm), 10 %) for the coupling of
aryl iodides and aryl bromides with phenols was developed by
Kidwai et al. [Scheme 19, Eq. (55)]. The reactions take place
without any added ligand and the system is reusable, although
a decrease in yield is observed and a longer time reaction is
required for each subsequent run.[102]

Recently, Mao and Wang[103] reported that a diamine-type
ligand, anchored to silica and chelated to copper, efficiently
promotes the synthesis of diaryl ethers from aryl iodides, aryl
bromides, or even activated aryl chlorides at 130 8C
[Scheme 19, Eq. (56)]. This catalytic system (Cu-L28) was
recovered and reused 10 times for the reaction of PhOH with
PhI.

In our research group we devised a sol–gel immobilized
copper catalyst Cu-L29, and applied it for the first time to the
C�O coupling of aryl iodides and aryl bromides with

Scheme 18. Heterogeneous systems for the coupling of nitrogen heterocycles and/or amines with aryl halides.
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phenols.[104] The corresponding diaryl ethers were obtained in
excellent yields after ten reuses of this catalyst system
[Scheme 19, Eq. (57)]. An interesting low average amount
of copper leaching was measured in the solution phases
containing the diaryl ethers (0.7%, expressed as a percentage
of the copper charge).

3.3. Heteregeneous Copper Systems for C�C Bond Formation

To our knowledge, only three published reports describe
the use of supported copper catalysts for the formation of a
C�C bond by a palladium-free Sonogashira-type reaction.

The first example was described by Rothenberg and co-
workers.[105] The copper nanoclusters, prepared by reducing
copper chloride precursors with tetraoctylammonium for-
mate (TOAF), were used to couple various aryl iodides and
activated aryl bromides with phenylacetylene. TOAF also acts
as a stabilizer, forming an organic corona around the clusters
which prevents their aggregation. The system, for which no
ligands are needed, seems to be reusable (3 runs; Scheme 20)

Another example reported by Biffis, Ravasio et al. deals
with a heterogeneous copper catalyst on alumina (CuO/Al).
Interesting reactivity for the coupling of aryl iodides with
phenylacetylene was observed, but the high amount of copper
leaching measured (62 %) does not permit this system to be
reused [Scheme 21, Eq. (58)].[106]

The third example is a silica-anchored proline–copper(I)
complex Cu-L30 reported by Wang et al. [Scheme 21,
Eq. (59)]. This efficient reusable catalyst enables the coupling

of aryl iodides and aryl bromides with various aryl and alkyl
acetylenes (6 successive runs were performed using phenyl-
acetylene and iodoanisole).[107]

4. Mechanism

The mechanism of palladium catalysis is better under-
stood than is that of copper catalysis. Two formal representa-
tions can be proposed for the copper-catalyzed arylation of
nucleophiles. In the first, the putative oxidative addition of
the aryl halide (ArX) proceeds before the nucleophilic
substitution of NuH, which itself precedes the formation of
the coupling product (ArNu) and regeneration of the catalytic
copper species (Path A, Scheme 22). In the second proposed

pathway, nucleophilic substitution occurs in the first step
(Path B). As far as the oxidation state of the copper is
concerned, these types of reactions are thus supposed to
proceed via CuI and CuIII intermediates.[5, 6]

Most of the recent studies concern the mechanism of the
copper-catalyzed arylation of amides and derivatives, and
assume that the nucleophilic pathway “B” occurs. Thus, in
2005 Buchwald and co-workers reported a mechanistic study
on the copper-catalyzed amidation of 3,5-dimethyliodoben-
zene promoted by a N,N-chelating cyclohexylene diamine
ligand L2 (L2 is the general form of this diamine in
Schemes 23, 24, 26).[108]

They proposed the generation of a copper(I) amidate
[L2CuINu] as the active intermediate which is chemically and
kinetically capable of reacting with ArI to afford the
corresponding N-arylated amides (Scheme 24). Kinetic data

Scheme 19. Supported systems for the coupling of phenols with aryl
halides.

Scheme 20. Copper nanoclusters for reusable Sonogashira coupling.

Scheme 21. Supported systems for Sonogashira-type reactions.

Scheme 22. Two possible pathways for the copper-catalyzed arylation
of nucleophiles.
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show that high ligand concentrations favor the formation of
this intermediate and allow the activation of the aryl iodide to
become the rate-limiting step. At low ligand concentrations,
the formation of another copper complex [NuCuINu]� is
favored, which results from multiple coordination of the
amide and is less reactive towards ArI.

In 2007 Liu and co-workers performed a theoretical
examination of a very similar reaction: the CuI-catalyzed
coupling of PhBr with acetamide in the presence of ethyl-
enediamine as the ligand.[109] The results obtained are fully
consistent with the preferential involvement of the active
[L2CuNu] intermediate proposed by Buchwald and co-work-
ers. Other possible pathways involving the formation of, for
example, cationic diamine-coordinated CuI or of multiple
anionic amide-ligated CuI complexes as intermediates were
discarded (Scheme 25).

These authors also proposed that the activation of the aryl
halide was the rate-limiting step. An oxidative addition would
lead to the formation of pentacoordinate CuIII complexes,
from which a more facile reductive elimination step could
occur through a square-pyramidal structure.[109]

Very recently three reports on the mechanism of the
Goldberg reaction appeared simultaneously.[110–112] Buchwald
and co-workers reported an efficient copper-based catalyst

system that allows the selective N-arylation of oxindoles in
the presence of the cyclohexylenediamine ligand
(Scheme 26).[110] The identical acidities of the protons at

positions C3 and N1 (pKa = 18.5) means that the cross-
coupling reactions of unprotected oxindole with aryl halides
might also provide the C�aryl product. To gain mechanistic
insight into the controlling features of the N chemoselectivity,
the authors performed computational studies on four dia-
mine-copper(oxindolate) [L2CuINu] species that result from
the initial addition of the nucleophile to the [L2CuIX]
precursor and potentially able to provide various regioiso-
meric products in the presence of ArX. These studies revealed
that the intermediate A leading to the N�aryl product, was
found to be significantly lowest in energy among the possible
structures. For example, A is favored by 14.1 kcalmol�1 over
isomer B, which may provide the C�aryl product (the later
was never observed). Theoretical calculations suggest that
selectivity might be governed by the rapid activation of ArX
by A relative to B and/or by the fact that isomerization
between these two species might not occur.

Hartwig and co-workers were able in 2008 to isolate
copper(I) imidate and amidate intermediates of the
[L2CuINu] type (in Scheme 27, L2 is formally a chelating
N,N-phenanthroline group).[111] The characterization of the
amidate intermediates has shown that these can exist,
depending on the conditions, in both the ionic and neutral
forms. Among three potential mechanisms for this reaction,
the authors discard the direct activation of the haloarene by
the ionic CuL4

+CuNu2
� form (Scheme 27, path C). The two

other pathways (Scheme 27, paths A and B) involve activa-
tion of the haloarene ArX by the neutral species [L2CuINu].
Studies on the effect of the electronic properties of ArX and
on the reaction of ArI containing a radical clock argue against
a mechanism initiated by electron transfer (Path B) followed
by dissociation of the halide (providing ArC and X�) from the

Scheme 24. Proposed mechanism for the copper-catalyzed amidation
of aryl iodides. B = base.

Scheme 25. Possible intermediates for the copper-catalyzed amidation
of aryl halides.

Scheme 26. Selective copper-catalyzed N-arylation of oxindoles.

Scheme 23. Copper-catalyzed amidation of 3,5-dimethyliodobenzene.
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resulting radical anion ArXC� . Finally, on the basis of their
data, which are not consistent with pathways B and C, these
authors propose the remaining path A as the most reasonable.
An aryl–copper(III) intermediate calculated to be kinetically
accessible under the reaction conditions could be formed by a
concerted oxidative addition or by internal electron transfer.
The carbon–halogen bond would be cleaved within the
coordination sphere of the copper center to afford the ArNu
product.

Copper-catalyzed amidation was also studied in 2008 by
Huffman and Stahl.[112] They prepared a previously described
copper(III) complex, which features a Cu�C(aryl) bond
within a macrocyclic chelate (Scheme 28) and showed that

the latter was able to react with various amide nucleophiles to
provide the corresponding N�Caryl coupling product. The
reaction of the nucleophiles proceeds more rapidly with an
electron-withdrawing p-NO2 group on the ring (which corre-
sponds to a more electrophilic CuIII intermediate) than with
an electron-donating substituent (p-Me). Additionally, reac-
tions involving more-acidic N�H bonds are also more rapid,
which might correspond to the fact that the deprotonation
takes place during or before the rate-limiting step. These
important results are in agreement with the often-speculated
involvement of CuIII species in the copper-catalyzed arylation
of nucleophiles.

Most of the studies mentioned above are in agreement
with coordination of the nucleophile prior to the activation
step (by oxidative addition or electron transfer) of the aryl
halide. This basic mechanism was also proposed by Choudary
et al. in 2005 [Scheme 18, Eq. (51)]. The XPS and FTIR
spectra were consistent with the preliminary coordination of
the imidazole to a copper fluoroapatite before the aryl halide
activation step (Scheme 29).[98]

Buchwald and co-workers also suggested prior coordina-
tion of imidazole in a similar coupling performed in the
presence of a phenanthroline-type ligand [Scheme 3,
Eq. (5)].[23b] Our research group, on the basis of 31P NMR
data, recently described a possible pathway involving pre-
coordination of the nucleophile (pyrazole or phenol) to the
copper center as the first step in the coupling reaction
(Scheme 30).[113]

After in situ formation of a [CuIL2] complex, in which L
represents a butadienylphosphine, the addition of one equiv-
alent of pyrazole (NuH) and of two equivalents of base
(BM = Cs2CO3) leads to the release of one equivalent of
phosphine L. A precipitate is formed, to which the addition of
PhBr (1 equiv) leads quantitatively to phenylpyrazole, thus
confirming the presence of one pyrazole moiety coordinated
to the copper center. It is noteworthy that if PhBr is first
added to the [CuIL2], the 31P NMR spectra (solution and
precipitate) remain unchanged.

As mentioned above, two conceivable mechanisms for the
activation of ArX involve electron transfer (with radical
intermediates) and oxidative addition. In 2004, we described
results which excluded the participation of radical anion
intermediates.[17] The tests performed included the classical
diagnostic technique of monitoring the behavior of a dihalo-
benzene and its substitution products during a nucleophilic
substitution reaction.[114] We observed that the coupling of

Scheme 28. An example of a precatalyst involved in the copper-
catalyzed arylation of nucleophiles.

Scheme 29. Coordination of imidazole to a copper fluoroapatite before
ArX activation occurs.

Scheme 30. Coordination of imidazole or phenol to copper before ArX
activation in the presence of butadienylphosphines.

Scheme 27. Three potential mechanisms for the copper-catalyzed ami-
dation of aryl halides.
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1,4-diiodobenzene to excess pyrazole initially gave rise to
monosubstituted product C (Scheme 31), which underwent
subsequent substitution to afford D. According to the
reported mechanisms, a radical anion would have formed D
without significant intermediacy of C, even with short
reaction times.[115]

In another study we synthesized several bidentate ligands
such as, for example, L1 or L14 (Schemes 1 and 8), with
pyridine and/or imine nitrogen binding sites, and tested them
in the arylation of phenols.[41c] This study highlighted the
relationships between the structures of the chelates and their

catalytic efficiency, and defined the
role of each type of nitrogen binding
site. For example, in the efficient
ligand L14, the pyridine site inter-
venes in a step involving an electron-
rich copper center (oxidative addi-
tion), while the imine is instead

involved in steps for which a more electrophilic copper center
is needed (nucleophilic substitution or reductive elimination).
The synergy of both sites and a good balance between the
electron-releasing and electron-withdrawing properties with-
in the same ligand could explain its high efficiency. Further
development of this approach could allow for a more rational
design of efficient ligands in place of the classical ligand-
screening approach.

The interactions between ligands and copper are not well-
understood in the copper-catalyzed arylations of nucleophiles.
In a recent study we synthesized a precatalyst involving one of
the most efficient ligands from the literature (L1), and
characterized it in the solid state and in solution (X-ray
crystallography, NMR, electrochemistry).[41d] We were thus
able to describe the various stages taking place in the early
phases of copper-catalyzed arylations of nucleophiles. The
association of L1 with copper(I) salts in acetonitrile lead to
the formation of an insoluble dimeric complex that behaves
like a copper(I) reservoir (Scheme 32). A very small fraction
(less than 5%) of the latter is soluble as the monomeric form.
This monomeric species, in which the copper is in the (+ I)
oxidation state and made electron-rich by the ligand (NMR-
and voltammetric studies), is the only soluble copper species
present in solution at the beginning of the catalytic cycle. (less
than 5% of the copper introduced in the reaction mixture
forms a soluble complex). On the basis of this study, at 80 8C,

the arylation of 3,5-dimethylphenol (NuH) by iodobenzene
(X = I) takes place whereas the only soluble copper species
(the monomer) is present at very low concentration at the
beginning of the reaction (ca. 74 ppm of monomer or 10 ppm
of Cu, corresponding to a TON of ca. 3 � 105)
(Scheme 32).[41b,d]

A similar use of very low copper loading was obtained for
the arylation of pyrazole (NuH) from PhI (X = I), still
performed at 80 8C in presence of 0.035–0.05 mol% of Cu2O
and of 0.2–1 mol% of ligand L1 or L2 (Schemes 1 and 3).[17] In
the case of pyrazole, when low catalyst loadings were
employed, a higher ligand/catalyst ratio was of great benefit
to obtain good yields. This high ratio was thought to statisti-
cally favor formation of the active catalyst species and to
disfavor competitive complexation of compounds other than
the coordination of ligands to copper.[17a] It is worth noting
that apparently in the above described conditions, neither
inhibition nor deactivation of the systems occurred in the
course of the reaction.[41b,d]

5. Conclusion

It must be emphasized that, particularly in the case when
electrophiles are activated aryl chlorides (but also with
activated aryl bromides or iodides), the essential control
experiments are often missing from the publications. This is a
crucial point because in some cases, particularly for aryl

Scheme 31. Test for the intermediacy of radical anion intermediates in Ullmann-type condensations.

Scheme 32. Copper species involved in the copper-catalyzed arylation
of nucleophiles. The monomer is the only soluble Cu species at the
beginning of the arylation reaction.
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chlorides, the experimental conditions are ideal for an SNAr-
type coupling mechanism. This means that in these cases the
presence of copper may not be necessary at all. Greater
vigilance and caution should be applied in the future in regard
to this important point.

Major achievements have already been made since the
renaissance of copper-catalyzed Ullmann reactions in the
early years of this decade. However, significant challenges
remain to be overcome to ensure ongoing development of this
method (Figure 2), some of which are listed below:[6]

1. Discover new ligands or entirely new catalytic systems that
work at lower catalyst loading (� 1% [Cu] mol) both in
mild temperature conditions and with increased turnovers
and turnover frequencies (shorter reaction times than
those known). The goal here is to reduce the amount of
wasted copper and to obtain more economically compet-
itive systems. This goal could also be attained through the
development of novel and efficient supported copper/
ligand systems that are recoverable and reusable. More-
over, by trapping the metal, this concept would more
easily result in low residual toxicity levels after work-up of
the reaction mixtures. This last point is an important
consideration for drug synthesis.

2. Find simple and original catalyst systems for use under
environmentally friendly conditions. For example, “green”
solvents as well as ligand-free or solvent-free reactions.

3. Discover efficient systems which allow for the replace-
ment of aryl iodides and bromides by less reactive aryl
chlorides or sulfonates. The chlorides are significantly less
expensive, and the sulfonates could allow phenols to be
generated in the Ullmann-type coupling reactions.

An important question concerns the industrial application
of the modern catalytic version of the Ullmann reaction. It is
difficult to get information from private industry, but we
believe that this technology is going to find an important
place. For example, the Sashun Chemical company produced
the first few tonnes of a coupling product (C�N cross-
coupling from aryl bromides) with one of our catalytic
systems in 2007.

From general considerations, the lower cost of copper and
the use of readily obtainable ligands provide indisputable
advantages over the expensive palladium/ligand systems
(often costly ligands are also used).[6] However, the two types
of catalysis are complementary. Indeed, in terms of the
challenges indicated above, it is noteworthy that palladium-

catalyzed reactions have already been used successfully to
give highly efficient systems. Moreover, mechanisms involv-
ing palladium catalysis are better understood than those of
copper catalysis, for which comparatively few studies have
been undertaken. Elucidating this mechanism could enable us
to, at least partially, reach the objectives listed above. In the
future, this point will probably constitute the most exciting
challenge for the development of catalytic Ullmann reactions.

We are grateful to the students who contributed to the
development of this research theme in our research group:
Dr. P. Cellier, Dr. A. Ouali, Dr. H. Kaddouri, Dr. N. Xia, Dr. S.
Ben Yahya, S. Hamada, K. Lamour, Dr. B. Renard, F. Turtaut,
and L. Duroure. We also thank Dr. R. Laurent, Dr. A.-M.
Caminade, and Dr. J.-P. Majoral (LCC Toulouse) for their
cooperation with the dendrimer chemistry, Dr. Anny Jutand
(ENS Paris) for collaboration in mechanistic studies, and Prof.
F. Ouazzani (FST F�s Maroc) for cooperation with the
phosphorus ligand chemistry. RHODIA, the CNRS, the
ANR, and the Region Languedoc Roussillon, are gratefully
acknowledged for financial support. Finally, we are grateful to
Prof. Ren� Boer� for assistance with the preparation of the
manuscript.

Received: September 11, 2008
Published online: August 13, 2009

[1] a) F. Ullmann, Ber. Dtsch. Chem. Ges. 1903, 36, 2382; b) F.
Ullmann, E. Illgen, Ber. Dtsch. Chem. Ges. 1914, 47, 380.

[2] a) F. Ullmann, Ber. Dtsch. Chem. Ges. 1904, 37, 853; b) F.
Ullmann, P. Sponagel, Ber. Dtsch. Chem. Ges. 1905, 38, 2211.

[3] a) I. Goldberg, Ber. Dtsch. Chem. Ges. 1906, 39, 1691; b) I.
Goldberg, Ber. Dtsch. Chem. Ges. 1907, 40, 4541.

[4] W. R. H. Hurtley, J. Chem. Soc. 1929, 1870.
[5] For C�O, C�N, and C�S coupling reactions, see a) S. V. Ley,

A. W. Thomas, Angew. Chem. 2003, 115, 5558; Angew. Chem.
Int. Ed. 2003, 42, 5400; b) K. Kunz, U. Scholz, D. Ganzer,
Synlett 2003, 2428.

[6] For C�N, C�P, C�O, C�S, C�Se, C�Hal, and C�C coupling
reactions, see I. P. Beletskaya, A. V. Cheprakov, Coord. Chem.
Rev. 2004, 248, 2337.

[7] For C�O coupling with transition metals, see R. Frlan, D.
Kikelj, Synthesis 2006, 2271.

[8] For patent literature concerning C�N cross-coupling, reactions
see J.-P. Corbet, G. Mignani, Chem. Rev. 2006, 106, 2651.

[9] For C�N bond formation by amination, see M. Kienle, S. R.
Dubakka, K. Brade, P. Knochel, Eur. J. Org. Chem. 2007, 4166.

[10] For C�N, C�O, and C�S coupling reactions in water, see M.
Carril, R. SanMartin, E. Dominguez, Chem. Soc. Rev. 2008, 37,
639.

[11] a) L. M. Sitkina, A. M. Simonov, Chem. Heterocyclic Compd.
USSR 1966, 2, 103; b) A. F. Pozharskii, B. K. Martsokha, A. M.
Simonov, J. Gen. Chem. USSR 1963, 33, 994; c) T. Sugaya, Y.
Mimura, N. Kato, M. Ikuta, T. Mimura, M. Kasai, S. Tomioka,
Synthesis 1994, 73; d) M. A. Khan, J. B. Polya, J. Chem. Soc. C
1970, 85; e) C. Tironi, R. Fruttero, A. Garrone, Farmaco 1990,
45, 473; for N-arylation of amides, see f) M. Sugahara, T. Ukita,
Chem. Pharm. Bull. 1997, 45, 719; g) T. Yamamoto, Y. Kurata,
Can. J. Chem. 1983, 61, 86; h) K. A. Cirigottis, E. Ritchie, W. C.
Taylor, Aust. J. Chem. 1974, 27, 2209; i) R. G. R. Bacon, J. C. F.
Murray, J. Chem. Soc. Perkin Trans. 1 1975, 1267; j) A.
Bruggink, A. McKillop, Tetrahedron 1975, 31, 2607; k) A.
Bruggink, A. McKillop, Angew. Chem. 1974, 86, 349; Angew.

Figure 2. Stimulating challenges for Ullmann-type reactions. TON=
turnover number, TOF= turnover frequency.

F. Monnier and M. TailleferMinireviews

6968 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 6954 – 6971

http://dx.doi.org/10.1002/cber.190303602174
http://dx.doi.org/10.1002/cber.19140470158
http://dx.doi.org/10.1002/cber.190403701141
http://dx.doi.org/10.1002/cber.190503802176
http://dx.doi.org/10.1002/cber.19060390298
http://dx.doi.org/10.1002/cber.19070400498
http://dx.doi.org/10.1039/jr9290001870
http://dx.doi.org/10.1002/ange.200300594
http://dx.doi.org/10.1002/anie.200300594
http://dx.doi.org/10.1002/anie.200300594
http://dx.doi.org/10.1055/s-2003-42473
http://dx.doi.org/10.1016/j.ccr.2004.09.014
http://dx.doi.org/10.1016/j.ccr.2004.09.014
http://dx.doi.org/10.1021/cr0505268
http://dx.doi.org/10.1002/ejoc.200700391
http://dx.doi.org/10.1039/b709565c
http://dx.doi.org/10.1039/b709565c
http://dx.doi.org/10.1055/s-1994-25408
http://dx.doi.org/10.1039/j39700000085
http://dx.doi.org/10.1039/j39700000085
http://dx.doi.org/10.1139/v83-015
http://dx.doi.org/10.1039/p19750001267
http://dx.doi.org/10.1016/0040-4020(75)80278-X
http://dx.doi.org/10.1002/ange.19740860907
http://dx.doi.org/10.1002/anie.197403401
http://www.angewandte.org


Chem. Int. Ed. Engl. 1974, 13, 340; l) G. J. Quallich, T. W.
Makowski, A. F. Sanders, F. J. Urban, E. Vazquez, J. Org.
Chem. 1998, 63, 4116.

[12] a) H. Weingarten, J. Org. Chem. 1964, 29, 3624; b) C. Couture,
A. J. Paine, Can. J. Chem. 1985, 63, 111; c) R. Oi, C.
Shimakawa, S. Takenaka, Chem. Lett. 1988, 899; d) J.-F.
Marcoux, S. Doye, S. L. Buchwald, J. Am. Chem. Soc. 1997,
119, 10539; e) D. Ma, Y. Zhang, J. Yao, S. Wu, F. Tao, J. Am.
Chem. Soc. 1998, 120, 12459; f) A. Kiyomori, J.-F. Marcoux,
S. L. Buchwald, Tetrahedron Lett. 1999, 40, 2657; g) H. B.
Goodbrand, N.-X. Hu, J. Org. Chem. 1999, 64, 670; h) P. J.
Fagan, E. Hauptman, R. Shapiro, A. Casalnuovo, J. Am. Chem.
Soc. 2000, 122, 5043.

[13] For two important breakthroughs in 2001 concerning C�C, C�
N, and C�O coupling from the research groups of Buchwald
and Taillefer, see a) M. Taillefer, H.-J. Cristau, P. P. Cellier, J.-F.
Spindler, Env. SAU2001-1009 and SAU2001-01044; patents
Fr2833947-WO0353225 (Pr. Nb. Fr 2001 16547); M. Taillefer,
H.-J. Cristau, P. P. Cellier, J.-F. Spindler, A. Ouali, Fr2840303-
WO03101966 (Pr. Nb. Fr200206717); b) S. L. Buchwald, A.
Klapars, J. C. Antilla, G. E. Job, M. Wolter, F. Y. Kwong, G.
Nordmann, E. J. Hennessy, WO02/085838 (priority number US
0286268, 2001).

[14] For a highlight on recent major developments in C�C, C�O,
and C�N coupling, see F. Monnier, M. Taillefer, Angew. Chem.
2008, 120, 3140; Angew. Chem. Int. Ed. 2008, 47, 3096.

[15] The modern catalytic Ullmann reaction has recently been
covered directly by reviews in 2003 and in 2004 by Ley and
Thomas,[5a] Kunz et al.,[5b] Beletskaya et al.,[6] and more indi-
rectly by Frlan and Kikelj,[7] Corbet and Mignani,[8] Knochel
and co-workers,[9] and Dominguez and co-workers.[10]

[16] a) For intramolecular Ullmann condensations, see also S. R.
Chemler, P. H. Fuller, Chem. Soc. Rev. 2007, 36, 1153; b) for
natural product synthesis by Ullmann coupling, see G. Evano,
N. Blanchard, M. Toumi, Chem. Rev. 2008, 108, 3054; for a very
general review on aryl–aryl bond formation, see also J. Hassan,
M. S�vignon, C. Gozzi, E. Schultz, M. Lemaire, Chem. Rev.
2002, 102, 1359.

[17] The results corresponding to the patents[13a] appeared only in
2004 in the conventional literature because of the time required
by European patent protection: a) H.-J. Cristau, P. P. Cellier, J.-
F. Spindler, M. Taillefer, Chem. Eur. J. 2004, 10, 5607; b) H.-J.
Cristau, P. P. Cellier, J.-F. Spindler, M. Taillefer, Eur. J. Org.
Chem. 2004, 695; c) P. Cellier, PhD thesis (“Nouvelles meth-
odes d�arylation catalys�es par le cuivre”), 2002.

[18] X. Lv, W. Bao, J. Org. Chem. 2007, 72, 3863.
[19] a) D. Ma, Q. Cai, Synlett 2004, 128; b) Q. Cai, W. Zhu, H.

Zhang, Y. Zhang, D. Ma, Synthesis 2005, 496; c) H. Zhang, Q.
Cai, D. Ma, J. Org. Chem. 2005, 70, 5164.

[20] Z. Xi, F. Liu, Y. Zhou, W. Chen, Tetrahedron 2008, 64, 4254.
[21] J. C. Antilla, J. M. Baskin, T. E. Barder, S. L. Buchwald, J. Org.

Chem. 2004, 69, 5578.
[22] J. C. Antilla, A. Klapars, S. L. Buchwald, J. Am. Chem. Soc.

2002, 124, 11684.
[23] a) R. A. Altman, S. L. Buchwald, Org. Lett. 2006, 8, 2779;

b) R. A. Altman, E. D. Koval, S. L. Buchwald, J. Org. Chem.
2007, 72, 6190.

[24] Y.-Z. Huang, J. Gao, H. Ma, H. Miao, J. Xu, Tetrahedron Lett.
2008, 49, 948.

[25] a) M. Taillefer, N. Xia, A. Ouali, US 60/818,334, 2006,
WO 2008004088 [Chem. Abstr. 2008, 148, 144205]; b) M.
Taillefer, N. Xia, A. Ouali, Angew. Chem. 2007, 119, 952;
Angew. Chem. Int. Ed. 2007, 46, 934.

[26] a) M. Taillefer, H. J. Cristau, P. P. Cellier, J.-F. Spindler (Rhodia
Chimie, France), French Patent Application 2859205A1
20050304, 2005 ; b) U. Yasutsugu, N. Mayumi (Koei Chem.
Co. Ltd.), Japanese Patent Application JP 2006–342127, 2006.

[27] R. Zhu, L. Xing, X. Wang, C. Cheng, D. Su, Y. Hu, Adv. Synth.
Catal. 2008, 350, 1253.

[28] A. Correa, C. Bolm, Adv. Synth. Catal. 2007, 349, 2673.
[29] C. Z. Tao, J. Li, X. Cui, Y. Fu, Q. X. Guo, Chin. Chem. Lett.

2007, 18, 1199.
[30] A. Shafir, S. L. Buchwald, J. Am. Chem. Soc. 2006, 128, 8742.
[31] a) Q. Jiang, D. Jiang, Y. Jiang, H. Fu, Y. Zhao, Synlett 2007,

1836; b) D. Jiang, H. Fu, Y. Jiang, Y. Zhao, J. Org. Chem. 2007,
72, 672.

[32] L. Xu, D. Zhu, F. Wu, R. Wang, B. Wan, Tetrahedron 2005, 61,
6553.

[33] A. S. Gajare, K. Toyota, M. Yoshifuji, F. Ozawa, Chem.
Commun. 2004, 1994.

[34] For other interesting results since 2004 on C(Ar)�N(azoles)
coupling not described in this Minireview, see a) W. Yue, S. I.
Lewis, Y. M. Koen, R. P. Hanzlik, Bioorg. Med. Chem. Lett.
2004, 14, 1637; b) S. Uk Son, I. K. Park, J. Park, T. Hyeon,
Chem. Commun. 2004, 778; c) E. Alcalde, I. Dinar�s, S.
Rodr�guez, C. Garcia de Miguel, Eur. J. Org. Chem. 2005,
1637; d) L. Liu, M. Frohn, N. Xi, C. Dominguez, R. Hungate,
P. J. Reider, J. Org. Chem. 2005, 70, 10135; e) T. Jerphagnon,
G. P. M. van Klink, J. G. de Vries, G. van Koten, Org. Lett. 2005,
7, 5241; f) M. Kuil, E. Koen Bekedam, G. M. Visser, A.
van den Hoogenband, J. Willem Terpstra, P. C. J. Kamer,
P. W. N. M. van Leeuwen, G. P. F. van Strijdonck, Tetrahedron
Lett. 2005, 46, 2405; g) Y.-X. Xie, S.-F. Pi, J. Wang, D.-L. Yin, J.-
H. Li, J. Org. Chem. 2006, 71, 8324; h) T. Hanamoto, Y.
Iwamoto, K. Yamada, R. Anno, J. Fluorine Chem. 2007, 128,
1126; i) B. Sreedhar, K. B. S. Kumar, P. Srinivas, V. Balasu-
brahmanyam, G. T. Venkanna, J. Mol. Catal. A 2007, 265, 183;
j) L. Zhu, L. Cheng, Y. Zhang, R. Xie, J. You, J. Org. Chem.
2007, 72, 2737; k) L. Zhu, P. Guo, G. Li, J. Lan, R. Xie, J. You, J.
Org. Chem. 2007, 72, 8535; l) H.-C. Ma, X.-Z. Jiang, J. Org.
Chem. 2007, 72, 8943; m) F. Bellina, C. Calandri, S. Cauter-
uccio, R. Rossi, Eur. J. Org. Chem. 2007, 2147; n) S. �z�ubuk�u,
E. Schmitt, A. Leifert, C. Bolm, Synthesis 2007, 389; o) J. W. W.
Chang, X. Xu, P. W. H. Chan, Tetrahedron Lett. 2007, 48, 245;
p) E. Sperotto, J. G. de Vries, G. P. M. van Klink, G. van Koten,
Tetrahedron Lett. 2007, 48, 7366; q) A. K. Verma, J. Singh, V. K.
Sankar, R. Chaudhary, R. Chandra, Tetrahedron Lett. 2007, 48,
4207; r) C. S. Hong, J. Y. Seo, E. K. Yum, Tetrahedron Lett.
2007, 48, 4831; s) J.-C. Yan, L. Zhou, L. Wang, Chin. J. Chem.
2008, 26, 165; t) M. Periasamy, P. Vairaprakash, M. Dalai,
Organometallics 2008, 27, 1963; u) B.-X. Tang, S.-M. Guo, M.-B.
Zhang, J.-H. Li, Synthesis 2008, 1707; v) H. Maheswaran, G. G.
Krishna, K. L. Prasanth, V. Srinivas, G. K. Chaitanya, K.
Bhanuprakash, Tetrahedron 2008, 64, 2471; w) J. Mao, J. Guo,
H. Song, S.-J. Ji, Tetrahedron 2008, 64, 1383; x) C. Tubaro, A.
Biffis, E. Scattolin, M. Basa, Tetrahedron 2008, 64, 4187; y) Z.
Xi, F. Liu, Y. Zhou, W. Chen, Tetrahedron 2008, 64, 4254;
z) V. H. Purecha, N. S. Nandurkar, B. M. Bhanage, J. M.
Nagarkar, Tetrahedron Lett. 2008, 49, 1384; aa) J. S. Siddle,
A. S. Batsanov, M. R. Bryce, Eur. J. Org. Chem. 2008, 2746;
ab) F. Xue, C. Cai, H. Sun, Q. Shen, J. Rui, Tetrahedron Lett.
2008, 49, 4386; ac) R. Zhu, L. Xing, X. Wang, C. Cheng, D. Su,
Y. Hu, Adv. Synth. Catal. 2008, 350, 1253.

[35] For other interesting results on C(Ar)�N(amide) coupling not
described in this Minireview, see a) H.-J. Cristau, P. P. Cellier,
J.-F. Spindler, M. Taillefer, Chem. Eur. J. 2004, 10, 5607; b) A.
Klapars, S. Parris, K. W. Anderson, S. L. Buchwald, J. Am.
Chem. Soc. 2004, 126, 3529; c) W. Deng, Y.-F. Wang, Y. Zou, L.
Liu, Q.-X. Guo, Tetrahedron Lett. 2004, 45, 2311; d) M. V.
Nandakumar, Tetrahedron Lett. 2004, 45, 1989; e) Y.-J. Chen,
H.-H. Chen, Org. Lett. 2006, 8, 5609; f) C. Enguehard-
Gueiffier, I. Thery, A. Gueiffier, S. L. Buchwald, Tetrahedron
2006, 62, 6042; g) K. J. Filipski, J. T. Kohrt, A. Casimiro-Garcia,
C. A. Van Huis, D. A. Dudley, W. L. Cody, C. F. Bigge, S.

Coupling Reactions
Angewandte

Chemie

6969Angew. Chem. Int. Ed. 2009, 48, 6954 – 6971 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/anie.197403401
http://dx.doi.org/10.1021/jo972184e
http://dx.doi.org/10.1021/jo972184e
http://dx.doi.org/10.1021/jo01035a046
http://dx.doi.org/10.1139/v85-019
http://dx.doi.org/10.1246/cl.1988.899
http://dx.doi.org/10.1021/ja971901j
http://dx.doi.org/10.1021/ja971901j
http://dx.doi.org/10.1021/ja981662f
http://dx.doi.org/10.1021/ja981662f
http://dx.doi.org/10.1016/S0040-4039(99)00291-9
http://dx.doi.org/10.1021/jo981804o
http://dx.doi.org/10.1021/ja000094c
http://dx.doi.org/10.1021/ja000094c
http://dx.doi.org/10.1002/ange.200703209
http://dx.doi.org/10.1002/ange.200703209
http://dx.doi.org/10.1002/anie.200703209
http://dx.doi.org/10.1039/b607819m
http://dx.doi.org/10.1021/cr8002505
http://dx.doi.org/10.1021/cr000664r
http://dx.doi.org/10.1021/cr000664r
http://dx.doi.org/10.1002/chem.200400582
http://dx.doi.org/10.1002/ejoc.200300709
http://dx.doi.org/10.1002/ejoc.200300709
http://dx.doi.org/10.1021/jo070443m
http://dx.doi.org/10.1055/s-2003-44995
http://dx.doi.org/10.1021/jo0504464
http://dx.doi.org/10.1016/j.tet.2008.02.082
http://dx.doi.org/10.1021/jo049658b
http://dx.doi.org/10.1021/jo049658b
http://dx.doi.org/10.1021/ja027433h
http://dx.doi.org/10.1021/ja027433h
http://dx.doi.org/10.1021/ol0608505
http://dx.doi.org/10.1021/jo070807a
http://dx.doi.org/10.1021/jo070807a
http://dx.doi.org/10.1016/j.tetlet.2007.12.026
http://dx.doi.org/10.1016/j.tetlet.2007.12.026
http://dx.doi.org/10.1002/ange.200603173
http://dx.doi.org/10.1002/anie.200603173
http://dx.doi.org/10.1002/adsc.200700535
http://dx.doi.org/10.1002/adsc.200700535
http://dx.doi.org/10.1002/adsc.200700408
http://dx.doi.org/10.1016/j.cclet.2007.07.016
http://dx.doi.org/10.1016/j.cclet.2007.07.016
http://dx.doi.org/10.1021/ja063063b
http://dx.doi.org/10.1055/s-2007-982564
http://dx.doi.org/10.1055/s-2007-982564
http://dx.doi.org/10.1021/jo062060e
http://dx.doi.org/10.1021/jo062060e
http://dx.doi.org/10.1016/j.tet.2005.04.053
http://dx.doi.org/10.1016/j.tet.2005.04.053
http://dx.doi.org/10.1039/b408232j
http://dx.doi.org/10.1039/b408232j
http://dx.doi.org/10.1016/j.bmcl.2004.01.058
http://dx.doi.org/10.1016/j.bmcl.2004.01.058
http://dx.doi.org/10.1039/b316147a
http://dx.doi.org/10.1002/ejoc.200400453
http://dx.doi.org/10.1002/ejoc.200400453
http://dx.doi.org/10.1021/jo051640t
http://dx.doi.org/10.1021/ol052113z
http://dx.doi.org/10.1021/ol052113z
http://dx.doi.org/10.1016/j.tetlet.2005.02.074
http://dx.doi.org/10.1016/j.tetlet.2005.02.074
http://dx.doi.org/10.1021/jo061572q
http://dx.doi.org/10.1016/j.jfluchem.2007.04.019
http://dx.doi.org/10.1016/j.jfluchem.2007.04.019
http://dx.doi.org/10.1021/jo062059f
http://dx.doi.org/10.1021/jo062059f
http://dx.doi.org/10.1021/jo0712289
http://dx.doi.org/10.1021/jo0712289
http://dx.doi.org/10.1021/jo7015983
http://dx.doi.org/10.1021/jo7015983
http://dx.doi.org/10.1002/ejoc.200601084
http://dx.doi.org/10.1016/j.tetlet.2006.11.050
http://dx.doi.org/10.1016/j.tetlet.2007.08.026
http://dx.doi.org/10.1016/j.tetlet.2007.04.061
http://dx.doi.org/10.1016/j.tetlet.2007.04.061
http://dx.doi.org/10.1016/j.tetlet.2007.05.062
http://dx.doi.org/10.1016/j.tetlet.2007.05.062
http://dx.doi.org/10.1002/cjoc.200890015
http://dx.doi.org/10.1002/cjoc.200890015
http://dx.doi.org/10.1021/om7012748
http://dx.doi.org/10.1016/j.tet.2007.12.050
http://dx.doi.org/10.1016/j.tet.2007.11.054
http://dx.doi.org/10.1016/j.tet.2008.02.092
http://dx.doi.org/10.1016/j.tet.2008.02.082
http://dx.doi.org/10.1016/j.tetlet.2007.12.076
http://dx.doi.org/10.1002/ejoc.200800018
http://dx.doi.org/10.1016/j.tetlet.2008.05.008
http://dx.doi.org/10.1016/j.tetlet.2008.05.008
http://dx.doi.org/10.1002/adsc.200700535
http://dx.doi.org/10.1002/chem.200400582
http://dx.doi.org/10.1021/ja038565t
http://dx.doi.org/10.1021/ja038565t
http://dx.doi.org/10.1016/j.tetlet.2004.01.119
http://dx.doi.org/10.1016/j.tetlet.2003.12.150
http://dx.doi.org/10.1021/ol062339h
http://dx.doi.org/10.1016/j.tet.2006.04.007
http://dx.doi.org/10.1016/j.tet.2006.04.007
http://www.angewandte.org


Desiraju, S. Sun, S. N. Maiti, M. R. Jaber, J. J. Edmunds,
Tetrahedron Lett. 2006, 47, 7677; h) D. P. Phillips, A. R.
Hudson, B. Nguyen, T. L. Lau, M. H. McNeill, J. E. Dalgard,
J.-H. Chen, R. J. Penuliar, T. A. Miller, L. Zhi, Tetrahedron
Lett. 2006, 47, 7137; i) Y.-M. Pu, Y.-Y. Ku, T. Grieme, R. Henry,
A. V. Bhatia, Tetrahedron Lett. 2006, 47, 149; j) X. Yuan, X. Xu,
X. Zhou, J. Yuan, L. Mai, Y. Li, J. Org. Chem. 2007, 72, 1510;
k) C. P. Jones, K. W. Anderson, S. L. Buchwald, J. Org. Chem.
2007, 72, 7968; l) T. Hafner, D. Kunz, Synthesis 2007, 1403;
m) R. A. Altman, S. L. Buchwald, Org. Lett. 2007, 9, 643; n) C.-
Z. Tao, J. Li, Y. Fu, L. Liua, Q.-X. Guo, Tetrahedron Lett. 2008,
49, 70; o) S. Daly, M. F. Haddow, A. G. Orpen, G. T. A. Rolls,
D. F. Wass, R. L. Wingad, Organometallics 2008, 27, 3216;
p) H. C. Ma, X. Z. Jiang, Synlett 2008, 1335; q) T. Mino, Y.
Harada, H. Shindo, M. Sakamoto, T. Fujita, Synlett 2008, 614;
r) C.-C. Lee, P.-S. Wang, M. B. Viswanath, M.-K. Leung,
Synthesis 2008, 1359; s) H. Zhang, B.-C. Chen, B. Wang, S. T.
Chao, R. Zhao, N. Lim, B. Balasubramanian, Synthesis 2008,
1523.

[36] For other interesting results on C(Ar)�N(aliphatic amine)
coupling not described in this Minireview, see a) Z. Zhang, J.
Mao, D. Zhu, F. Wu, H. Chen, B. Wan, Catal. Commun. 2005, 6,
784; b) H. Rao, H. Fu, Y. Jiang, Y. Zhao, J. Org. Chem. 2005, 70,
8107; c) Z. Lu, R. J. Twieg, Tetrahedron Lett. 2005, 46, 2997;
d) K. Moriwaki, K. Satoh, M. Takada, Y. Ishino, T. Ohno,
Tetrahedron Lett. 2005, 46, 7559; e) V. S. C. Yeha, P. E. Wiede-
man, Tetrahedron Lett. 2006, 47, 6011; f) X. Guo, H. Rao, H. Fu,
Y. Jiang, Y. Zhao, Adv. Synth. Catal. 2006, 348, 2197; g) D. Zhu,
R. Wang, J. Mao, L. Xu, F. Wu, B. Wan, J. Mol. Catal. A 2006,
256, 256; h) B. de Lange, M. H. Lambers-Verstappen, L.
Schmieder-van de Vondervoort, N. Sereinig, R. de Rijk,
A. H. M. de Vries, J. G. de Vries, Synlett 2006, 3105; i) X.
Zhu, Y. Ma, L. Su, H. Song, G. Chen, D. Liang, Y. Wan,
Synthesis 2006, 3955; j) M. Sarkar, A. Samanta, Synthesis 2006,
3425; k) Z. Zhang, J. Mao, D. Zhu, F. Wu, H. Chen, B. Wan,
Tetrahedron 2006, 62, 4435; l) P. Toto, J.-C. Gesquiere, N.
Cousaert, B. Deprez, N. Willand, Tetrahedron Lett. 2006, 47,
4973; m) B. Zou, D. Ma, Q. Yuan, Angew. Chem. 2007, 119,
2652; Angew. Chem. Int. Ed. 2007, 46, 2598; n) S. R	ttger,
P. J. R. Sj	berg, M. Larhed, J. Comb. Chem. 2007, 9, 204; o) M.
Yang, F. Liu, J. Org. Chem. 2007, 72, 8969; p) N. S. Nandurkar,
M. J. Bhanushali, M. D. Bhor, B. M. Bhanage, Tetrahedron Lett.
2007, 48, 6573; q) P. R. Likhar, R. Arundhathi, M. L. Kantam,
Tetrahedron Lett. 2007, 48, 3911.

[37] For other interesting results on C(Ar)�N(aniline) coupling not
described in this Minireview, see a) J. Haider, K. Kunz, U.
Scholz, Adv. Synth. Catal. 2004, 346, 717; b) T. Manifar, S.
Rohani, T. P. Bender, H. B. Goodbrand, R. Gaynor, M. Saban,
Ind. Eng. Chem. Res. 2005, 44, 789; c) Y.-H. Liu, C. Chen, L.-M.
Yang, Tetrahedron Lett. 2006, 47, 9275; d) V. H. Jadhav, D. K.
Dumbre, V. B. Phapale, H. B. Borate, R. D. Wakharkar, Catal.
Commun. 2007, 8, 65; e) Y. Zhao, Y. Wang, H. Sun, Li. Li, H.
Zhang, Chem. Commun. 2007, 3186; f) Y. Baqi, C. E. M
ller,
Org. Lett. 2007, 9, 1271; g) K.-T. Wong, S.-Y. Ku, F.-W. Yen,
Tetrahedron Lett. 2007, 48, 5051; h) Y. Liu, Y. Bai, J. Zhang, Y.
Li, J. Jiao, X. Qi, Eur. J. Org. Chem. 2007, 6084; i) R. A.
Altman, K. W. Anderson, S. L. Buchwald, J. Org. Chem. 2008,
73, 5167.

[38] For interesting results on the coupling reactions of vinyl halides
with nitrogen nucleophiles, see a) R. S. Coleman, P.-H. Liu,
Org. Lett. 2004, 6, 577; b) X. Pan, Q. Cai, D. Ma, Org. Lett. 2004,
6, 1809; c) C. Han, R. Shen, S. Su, J. A. Porco, Jr., Org. Lett.
2004, 6, 27; d) B. M. Trost, D. T. Stiles, Org. Lett. 2005, 7, 2117;
e) T. Hu, C. Li, Org. Lett. 2005, 7, 2035; f) Z. Wang, W. Bao, Y.
Jiang, Chem. Commun. 2005, 2849; g) R. Mart�n, M. Rodriguez
Rivero, S. L. Buchwald, Angew. Chem. 2006, 118, 7237; Angew.
Chem. Int. Ed. 2006, 45, 7079; h) R. Martýn, A. Cuenca, S. L.
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