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Biaryl and polyaryl structures are often found among
natural products including medicinally active compounds
and they also serve as versatile chiral ligands in synthetic
chemistry. The introduction of an aromatic or heteroaromatic
ring, most often a (substituted) phenyl ring, is a frequent
strategy in the development of a pharmaceutical lead. Aryl–
aryl bonds are formed as indicated in Scheme 1 through the

coupling of a nucleophilic unit Ar�Y (Y= SnR3, MgX, BR2,
ZnX, corresponding to the Stille, Kumada, Suzuki, and
Negishi reactions, respectively) with an electrophilic reagent
Ar�X (X = halogen, sulfonate, or a diazonium salt).[1a] Such
versatile cross-coupling reactions have been highly successful
in synthetic chemistry, but some limitations remain. Thus,
rather harsh conditions and/or stoichiometric amounts of an
expensive or moisture-sensitive organometallic compounds
are in some cases required. As is evident in Scheme 1 in these
reactions the aryl�C bond is formed at the expense of an aryl�
metal, aryl�halogen, aryl�O, or an aryl�N bond. The direct
arylation by functionalization of an aryl C�H bond, where
hydrogen is replaced by the aryl group, has recently emer-
ged.[1b]

It is generally not appreciated, however, that an aryl–
carbon bond can be formed through the cleavage of another
aryl�C bond, that is, that of a C-based leaving group. This is
not the expected process if one compares the energies
involved in the cleavage of a halogen atom in aryl halides
(bond dissociation energies (BDEs): Ph�I = 67.2 kcal
mol�1,[2a] Ph�Cl = 97.6 kcalmol�1 [2a]) with that of the
Ph�CO bond (BDE = 113.8 kcalmol�1, in pyrethroid model
esters[2b]) or of a cyano group in benzonitriles (BDE Ph�CN =

134 kcalmol�1 [2c]). As a matter of fact, photoinduced sub-
stitution of a cyano group in aromatic nitriles was reported 30
years ago[3] but in this case an alkyl group was introduced, not
an aryl.[4]

In this context it is interesting that a new class of metal-
mediated reactions has been recently reported, in which aryl
carbinols, nitriles, and carboxylic acids are used for the
synthesis of biaryls in good to excellent yields. Aryl nitriles
serve as the electrophilic component in the cross-coupling
reaction with aryl Grignard reagents under Ni catalysis (see
below). Alternatively, aryl carbinols and aryl carboxylic acids
act as the nucleophile in the Pd- (or Pd/Cu-) mediated
reactions with organometallic compounds as summarized in
Scheme 2.

Conceptually, aryl cyanides may act as pseudo-halides in
the catalytic aryl�C bond formation, but only a couple of
cases have been reported.[5, 6] In contrast to the smooth
palladium-catalyzed reactions of aryl halides, the activation of
aryl cyanides is restricted to the specific activity of low-valent

Scheme 1. Transition-metal-mediated synthesis of biaryls.

Scheme 2. Biaryl synthesis from aryl carbinols and aryl carboxylic acids
by Pd- (Pd/Cu-) mediated reactions.
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nickel species.[5, 6] Miller et al. have recently disclosed the
cross-coupling reaction of various benzonitriles with aryl
Grignard reagents (2 equiv) in the presence of dichlorobis-
(trimethylphosphine)nickel (5 mol%) in refluxing THF.[6a,b]

Addition of tBuOLi (or PhSLi) was required to suppress the
otherwise competing attack at the nitrile carbon (Scheme 3).

The procedure was successfully applied to benzonitriles
bearing either electron-donating or electron-withdrawing
substituents as well as to heteroaromatic nitriles (e.g. 2-thio-
phenecarbonitrile, 2-pyridinecarbonitrile) in > 70% yield. At
present, the method cannot compete with the Kumada
coupling[7] using aryl halides, although aryl cyanides have
found an elegant application in related reactions, in particular
in the nickel-catalyzed cross-coupling with alkynylzinc[6c] and
alkenyl Grignard[6d] reagents to form the corresponding aryl
alkynes and aryl alkenes.

Increasing the stability of the nucleophilic partner in the
biaryl synthesis by replacing the aryl metal derivative is,
however, more appealing. Miura et al. introduced a,a-disub-
stituted arylmethanols[8] in this role and suggested the initial
formation of an arylpalladium(II) alcoholate, followed by
b cleavage and reductive elimination of benzophenone (or
acetone, Schemes 2 and 4). In the reaction with aryl chlorides
or bromides, however, ortho C�H arylation efficiently com-
petes with the desired ipso substitution and C�C bond
formation. Two approaches were explored for directing the
reaction towards the latter path: 1) blocking the ortho
positions in the starting carbinol or 2) using a bulky phos-
phine ligand such as PCy3 (Cy = cyclohexyl) for inducing the
b-carbon elimination. The best conditions involved Pd(OAc)2

(5 mol%) as the catalyst, PCy3 (10 mol%) as the ligand, and

cesium carbonate (3 equiv) as the base in refluxing o-xylene
for 15–48 h. Yields were in the range of 50–95%, and
1–2 equivalents of the aryl bromide were typically used for
1 equivalent of the carbinol (Scheme 4).

The use of bulky and electron-rich phosphines further
made it possible to employ aryl chlorides (e.g. 4- or 2-sub-
stituted chlorobenzenes) in place of the corresponding
bromides to give biphenyls in good yield (74–98%).[9] Note-
worthy, crowded biphenyls are accessible by this method
despite the bulkiness of the diaryl(dialkyl)carbinol moiety.[9]

Heteroaromatic diphenylmethanols likewise reacted under
the above conditions and, as an example, were used for the
synthesis of oligoaryl compounds containing a thiophene unit.
Moreover, cross-coupling of 2-thienyl- and 2-furyl-
(diphenyl)methanols with chlorobenzene led to complete
reaction within 2 h and yielded 2-phenylthiophenes and
2-phenylfurans, respectively.[9] Other bulky ligands such as
P(biphenyl-2-yl)(tBu)2 were found useful for the synthesis of
5,5’-biaryl-2,2’-bithiophenes.[10] Kotschy et al. applied Miura�s
procedure for the synthesis of a,a-diphenylbenzo[b]thienyl-
methanol derivatives.[11] Thus, a,a-diphenylbenzo[b]thien-2-
ylmethanol was successfully ipso-arylated at position 2,
resulting in the selective formation of 2-arylbenzo[b]thio-
phene derivatives (70–97 % yields). Similarly, a,a-diphenyl-
benzo[b]thien-3-ylmethanol was coupled with aryl bromides
to yield 3-arylbenzo[b]thiophenes.[11] a,a-Disubstituted
3-thiophenemethanols formed 2,3-diarylthiophenes by selec-
tive 2,3-diarylation in the reaction with aryl bromides under
palladium catalysis accompanied by cleavage of the C�H and
C�C bonds at the 2- and 3-positions, respectively.[12] a,a-
Disubstituted arylmethanols thus may become an alternative
to other more aggressive aryl�metal nucleophilic partners
although the harsh conditions required (reaction temperature
of 130–160 8C) is a strong limitation.

The major breakthrough in the development of C-based
leaving groups for biaryl synthesis, however, was reported by
Gooßen et al. with the introduction of the decarboxylative
cross-coupling of arenecarboxylates with aryl halides.[13, 14]

The method is based on a bimetallic catalyst system consisting
of a copper salt favoring the extrusion of CO2 from the
carboxylate group and a two-electron exchange catalyst
(typically based on Pd) which promotes the cross-coupling
with the aryl halide (Scheme 5a). The original protocol was
applied to aryl bromides and required the use of a stoichio-
metric amount of the copper salt. Conditions were as follow:
1 equiv aryl bromide, 1.5 equiv carboxylic acid, 1.5 equiv
CuCO3, 1.5 equiv KF, 2 mol% [Pd(acac)2], and 6 mol%
P(iPr)Ph2 in the presence of molecular sieves (MS, 500 mg)
in N-methylpyrrolidine (NMP) at 120 8C. Both the presence
of a fluoride and the continuous removal of water (by
molecular sieves) were crucial for an efficient reaction.[13,14]

Later applications were aimed to limit the large amount of
metal copper required; for example, a catalytic amount of the
CuI derivative could be used provided that the temperature
was increased. Typical conditions were: 1–3 mol % PdBr2,
5–10 mol% Cu catalyst, 5–10 mol % 1,10-phenanthroline, and
1 equiv potassium carbonate at 170 8C in NMP/quinoline
(3:1).[14] Both electron-rich and electron-poor substituents
present on the aryl bromides are well tolerated in the

Scheme 3. Biaryl formation by activation of aryl�C(N) bonds.

Scheme 4. Pd-catalyzed cross-coupling of aryl carbinols and aryl hal-
ides.
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reaction. A notable variety of carboxylic acids could be
converted in the presence of stoichiometric amounts of
copper. This protocol was initially limited to benzoic acids
bearing electron-withdrawing substituents in the ortho posi-
tion. Replacement of aryl halides by aryl triflates allowed to
extend the scope of the cross-coupling reaction to meta- and
para-substituted benzoic acids.[15] In fact, the weakly coordi-
nating triflate anion does not hinder the decarboxylation step
as halides do. A further modification of the Cu/Pd catalytic
system (PdI2, bis(tert-butyl)biphenylphosphine/CuI, phenan-
throline) allowed the coupling even with notoriously non-
reactive electron-rich chloroarenes such as ArCl (Ar =

4-CH3C6H4, 4-CH3OC6H4).[16] The use of silver salts in place
of copper salts seems not advantageous, unless a large amount
of Ag2CO3 (3 equiv) and high loadings of Pd and As are used,
as recently demonstrated by Becht et al.[17]

It is worth mentioning that in a related decarboxylative
reaction, a-oxocarboxylic acid salts were used in the cross-
coupling reaction with haloarenes to afford ketones.[16, 18] The
conditions are summarized in Scheme 5b.

Microwave irradiation was used to promote the copper-
free Pd-catalyzed synthesis of biaryls starting from hetero-

aromatic (mainly electron-rich) carboxylates and aryl bro-
mides.[19] Noteworthy, the reaction was completed in only
8 min with Pd[(P(tBu)3)2] (5 mol%) as the catalyst (typical
conditions: 1 equiv nBu4NCl·H2O and 1.5 equiv Cs2CO3 in
DMF at 170 8C; Scheme 5c).

In conclusion, the use of carbon-based leaving groups for
biaryl synthesis is still in his infancy but it shows great
potential. As for the electrophile component, the use of an
aryl nitrile, though intriguing, is hardly competitive with the
use of aryl halides or esters. As for aryl nucleophiles, the use
of a,a-diphenyl(dimethyl)carbinols has the advantage of
generating in situ the aryl–metal intermediate through
elimination of benzophenone (or better of acetone), but the
carbinols are not easily available and at any rate require a
further step for their preparation from the corresponding
esters. Carboxylic acids (or their metal salts), however, can be
considered to be established as valid candidates for the
replacement of arene boronic acids or organometallic com-
pounds, which are usually too expensive, difficult to prepare,
and with a limited functional-group tolerance. Arene carbox-
ylic acids are largely available, cheap, and easy to handle and
store; they have been used for the synthesis of valuable
compounds such as the angiotensin II inhibitor valsartan[20]

and the agricultural fungicide boscalid.[13] Further elabora-
tions of the protocol should aim to lower the temperature and
to minimize environmental impact. This will lead to the
widespread use of C-based leaving groups in arylation
reactions.

Received: July 31, 2008
Revised: September 16, 2008
Published online: November 26, 2008

[1] a) S. P. Stanforth, Tetrahedron 1998, 54, 263 – 303; b) D. Alber-
ico, M. E. Scott, M. Lautens, Chem. Rev. 2007, 107, 174 – 238.

[2] a) C. Galli, T. Pau, Tetrahedron 1998, 54, 2893 – 2904; b) T.
Takagi, N. Mikami, T. Matsuda, J. Miyamoto, J. Chem. Soc.
Perkin Trans. 2 1989, 779 – 782; c) C. Galli, P. Gentili, Acta Chem.
Scand. 1998, 52, 67 – 76.

[3] A. N. Frolov, Russ. J. Org. Chem. 1998, 34, 139 – 161.
[4] A notable case among the carbon-based leaving groups is the

migration of alkyl groups (mainly tertiary) in alkylbenzenes by a
dealkylation/alkylation sequence under Friedel–Crafts catalysis.

[5] M. Tobisu, N. Chatani, Chem. Soc. Rev. 2008, 37, 300 – 307.
[6] a) J. A. Miller, Tetrahedron Lett. 2001, 42, 6991 – 6993; b) J. A.

Miller, J. W. Dankwardt, J. A. Penny, Synthesis 2003, 11, 1643 –
1648; c) J. M. Penny, J. A. Miller, Tetrahedron Lett. 2004, 45,
4989 – 4992; d) J. A. Miller, J. W. Dankwardt, Tetrahedron Lett.
2003, 44, 1907 – 1910.

[7] See for example: L. Ackermann, R. Born, J. H. Spatz, D. Meyer,
Angew. Chem. 2005, 117, 7382 – 7386; Angew. Chem. Int. Ed.
2005, 44, 7216 – 7219.

[8] Y. Terao, H. Wakui, T. Satoh, M. Miura, M. Nomura, J. Am.
Chem. Soc. 2001, 123, 10407 – 10408.

[9] Y. Terao, H. Wakui, M. Nomoto, T. Satoh, M. Miura, M.
Nomura, J. Org. Chem. 2003, 68, 5236 – 5243.

[10] A. Yokooji, T. Satoh, M. Miura, M. Nomura, Tetrahedron 2004,
60, 6757 – 6763.

[11] A. B. B�r�, A. Kotschy, Eur. J. Org. Chem. 2007, 1364 – 1368.
[12] M. Nakano, T. Satoh, M. Miura, J. Org. Chem. 2006, 71, 8309 –

8311.
[13] L. J. Gooßen, G. Deng, L. M. Levy, Science 2006, 313, 662 – 664.

Scheme 5. Decarboxylative cross-coupling reaction between a) aryl car-
boxylic acids and aryl halides and b) a-oxocarboxylates and bromoar-
enes. c) Microwave-assisted Pd-catalyzed cross-coupling arylation reac-
tion of heteroaryl carboxylic acids with aryl bromides.

Highlights

10024 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 10022 – 10025

http://dx.doi.org/10.1016/S0040-4020(97)10233-2
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1016/S0040-4020(98)83025-1
http://dx.doi.org/10.3891/acta.chem.scand.52-0067
http://dx.doi.org/10.3891/acta.chem.scand.52-0067
http://dx.doi.org/10.1039/b702940n
http://dx.doi.org/10.1016/S0040-4039(01)01476-9
http://dx.doi.org/10.1016/S0040-4039(03)00075-3
http://dx.doi.org/10.1016/S0040-4039(03)00075-3
http://dx.doi.org/10.1002/ange.200501860
http://dx.doi.org/10.1002/anie.200501860
http://dx.doi.org/10.1002/anie.200501860
http://dx.doi.org/10.1021/ja016914i
http://dx.doi.org/10.1021/ja016914i
http://dx.doi.org/10.1021/jo0344034
http://dx.doi.org/10.1016/j.tet.2004.06.075
http://dx.doi.org/10.1016/j.tet.2004.06.075
http://dx.doi.org/10.1021/jo061412e
http://dx.doi.org/10.1021/jo061412e
http://www.angewandte.org


[14] L. J. Gooßen, N. Rodriguez, B. Melzer, C. Linder, G. Deng, L. M.
Levy, J. Am. Chem. Soc. 2007, 129, 4824 – 4833.

[15] L. J. Gooßen, N. Rodr�guez, K. Gooßen, Angew. Chem. 2008,
120, 3144 – 3164; Angew. Chem. Int. Ed. 2008, 47, 3100 – 3120.

[16] L. J. Gooßen, B. Zimmermann, T. Knauber, Angew. Chem. 2008,
120, 7211 – 7214; Angew. Chem. Int. Ed. 2008, 47, 7103 – 7106.

[17] J.-M. Becht, C. Catala, C. Le Drian, A. Wagner, Org. Lett. 2007,
9, 1781 – 1783.

[18] L. J. Gooßen, F. Rudolphi, C. Oppel, N. Rodr�guez, Angew.
Chem. 2008, 120, 3085 – 3088; Angew. Chem. Int. Ed. 2008, 47,
3043 – 3045.

[19] P. Forgione, M.-C. Brochu, M. St-Onge, K. H. Thesen, M. D.
Bailey, F. Bilodeau, J. Am. Chem. Soc. 2006, 128, 11350 – 11351.

[20] L. J. Gooßen, B. Melzer, J. Org. Chem. 2007, 72, 7473 – 7476.

Angewandte
Chemie

10025Angew. Chem. Int. Ed. 2008, 47, 10022 – 10025 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.200704782
http://dx.doi.org/10.1002/ange.200704782
http://dx.doi.org/10.1002/anie.200704782
http://dx.doi.org/10.1002/ange.200800728
http://dx.doi.org/10.1002/ange.200800728
http://dx.doi.org/10.1002/anie.200800728
http://dx.doi.org/10.1021/ol070495y
http://dx.doi.org/10.1021/ol070495y
http://dx.doi.org/10.1002/ange.200705127
http://dx.doi.org/10.1002/ange.200705127
http://dx.doi.org/10.1002/anie.200705127
http://dx.doi.org/10.1002/anie.200705127
http://dx.doi.org/10.1021/ja063511f
http://www.angewandte.org

