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Fig. 1. Structure of compound 8.
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1. Introduction

In recent years, economic and environmental reasons have
prompted the organic chemistry community to investigate and
develop a number of catalytic methods not involving the use of
stoichiometric amounts of organometallic reagents to form CeC
bonds from organic halides or pseudohalides. Thus, in addition to
the classical MizorokieHeck1 and Sonogashira reactions,2 at the
present time synthetic organic chemists can use other very useful
general transition metal-catalyzed methods that include a-aryla-
tion reactions of substrates with sp3-hybridized CeH bonds,3 direct
arylation reactions of arenes and heteroarenes,4 decarboxylative
cross-coupling reactions,5 oxidative coupling reactions of hetero-
arene Csp2eH bonds with alkenes (FujiwaraeMoritani reaction),6

and addition reactions of heteroarene Csp2eH bonds to alkynes.7

Nevertheless, the SuzukieMiyaura (S.eM.) Pd-catalyzed cross-
coupling reaction of organoboron reagents with organic halides or
pseudohalides can still be regarded as one of the most valuable
transition metal-catalyzed methods for CeC bond formation. In
fact, since the pioneering work published by Suzuki, Miyaura et al.
in 1981,8a a huge number of studies aimed at the development and
applications of this reaction have been accomplished and continue
to be reported in international journals of organometallic, organic
and polymer chemistry.8b In this regard, it is also worthmentioning
that in October 2010 Professor Akira Suzuki, together with Pro-
fessors Richard Heck and Ei-chi Negishi, were awarded the Nobel
Prize in Chemistry for Pd-catalyzed cross couplings in organic
synthesis.

The relevant impact of the S.eM. reaction on both academic
and industrial laboratories is due to several factors that include: (i)
high tolerance to a wide range of functional groups; (ii) com-
mercial availability and stability of organoboronic acids to heat,
water and air; (iii) ease of separation of the boron-containing
byproducts from the reaction mixtures; (iv) low toxicity of the
boronic acids and their esters; and (v) ultimate degradation of the
organoboron compounds into environmentally friendly boric acid.
Moreover, during the last few decades, many catalyst systems have
been developed that accelerate the reaction and/or make the
cross-coupling reaction proceed with relatively inert electrophilic
substrates such as aryl chlorides or extremely hindered aryl
halides.8c

Several reviews on this reaction have been published9 and sig-
nificant examples of site-selective S.eM. reactions involving mul-
tiple halogenated compounds have been summarized and
commented on in the reviews by Bach,10 Manabe11 and Chelucci.12

However, no comprehensive review devoted to summarizing and
discussing the updated literature data on selective S.eM. mono-
coupling reactions of dihalo- and polyhaloethenes and dihalo- and
polyhaloarenes bearing different or identical halogen substituents
has been published.

This review article, with 375 references, covering the literature
up to the end of August 2010, is designed to bridge this gap and also
illustrates selective Pd-catalyzed S.eM. monocoupling reactions of
alkene and arene derivatives bearing halogen and pseudohalogen
substituents or dipseudohalogen groups and the limitations they
currently possess. Particular emphasis has been given to describing
the catalysts systems and the reaction conditions that allow the
efficient and selective preparation of functionalized stereodefined
mono- and polyunsaturated aliphatic compounds, arene de-
rivatives that include monohalo- and polyhalobiaryls, oligoarenes
and heteroarenes. The use of highly selective S.eM. monocoupling
reactions of alkenes and arene derivatives with two or more elec-
trophilic sites as key steps in the synthesis of naturally-occurring
compounds, bioactive substances including drugs, and liquid
crystals is also reported. Moreover, the use of one-pot site-selective
polycoupling reactions of polyhalogenated substrates that directly
afford polysubstituted products is described. Finally, the reasons for
the observed stereo-, site- and/or chemo-selectivities of the mon-
ocoupling reactions are mentioned and discussed.

2. Monocoupling reactions of 1,2-dihalogenated- and
polyhalogenated ethenes and 1,1-difluoro-2-p-
toluenesulfonyloxyethene

A few attempts have been effected in the literature concerning
S.eM. monocoupling reactions of (E)-1,2-diiodoethene derivatives
with arylboronic acids13,14 and it has been found that these reactions
proceed in lowyields andquitemodest selectivity13 ordonotprovide
cross-coupled products.14 Thus, the Pd(PPh3)4-catalyzed reaction of
(E)-3,4-diiodo-3-hexene (1) with 4-methoxyphenylboronic acid (2)
was found to givemono- andbis-cross-coupling products, 3 and4, in
35 and 12% yield, respectively (Scheme 1).13

Scheme 1.
On the other hand, the Pd(PPh3)4-catalyzed S.eM. reaction of
(E)-1,2-diiodoethene (5) with 1.1 equiv of aryl- or alkenylboronic
acids in THF in the presence of KOH as base did not provide the
anticipated monocoupling products 6 and the main reactions
products proved to be compounds 7 derived from homocoupling of
boronic acids (Scheme 2).14

Scheme 2.
Similar unsatisfactory results were obtained when a stereoiso-
meric mixture of (E)- and (Z)-1,2-dibromoethene (8) (Fig. 1) was
reacted with 1 equiv of arylboronic acids under experimental
conditions similar to those reported in Scheme 2.14
In stark contrast with these results, in 2006, Barluenga et al.15

found that treatment of a large molar excess of (E)-1,2-
dichloroethene (9) with electron-rich alkenylboronic acids and
electron-rich arylboronic acids in dioxane at 70 �C in the presence
of CsF as base and catalytic amounts of Pd2(dba)3 and JohnPhos
stereoselectively provided the required monocoupling products
10aei in yields ranging from 14 to 82% (Scheme 3). However, some
of the examined reactions, including those used to prepare com-
pounds 10a, 10d, 10f and 10i, unexpectedly furnished significant
amounts of double coupling products 11 as well as other undesired
side products such as compounds 12 and 7, derived from proto-
deboronation and homocoupling of boronic acids, respectively
(Scheme 3).15

More recently, Geary and Hultin reported that (E)-1,2-
dichlorovinyl ethers 13 participate in Pd-catalyzed monocoupling
reactions with aryl-, heteroaryl- and alkenylboronic acids at the C-1
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position affording (Z)-1-aryloxy-1-substituted-2-chloroethenes
14aeg (Scheme 4).16 This site selectivity was consistent with the
expectation that the C-1 position of compounds 13 is relatively
electron poor, leading to preferential oxidative addition of Pd(0) at
this position.16c
R1

R2

R4

O Cl

Cl R3 B(OH)2

Method A or B R1

R2

R4

O R3

Cl

13 (1.05 equiv.) 14

Method A : Pd(Ph3)4 (5 mol%); aq. KOH; THF (0.4 M); 65 °C; 1-22 h
Method B : Pd2(dba)3 (2.5 mol%); DPEphos (5 mol%); CsF (3 equiv.); 
                  Cs2CO3 (3 equiv. ); THF (0.5 mol%); 65 °C; 16-24 h

O
(Ph)2P P(Ph)2

DPEphos

Compound 14

Method Yield
(%)R1 R2 R3 R4

14a H H H 4-MeOC6H4 A 82
14a H H H 4-MeOC6H4 B 8
14b H MeO H 4-MeOC6H4 A 57
14b H MeO H 4-MeOC6H4 B 72
14c MeO H H 4-MeOC6H4 B 63
14d H H H 4-FC6H4 A 80
14d H H H 4-FC6H4 B 81
14e H H H 2-thienyl A 73
14f H H H 6-F, 3-pyridyl A 54
14g H H H (E)-1-styryl B 60

Scheme 4.
As shown in Scheme 4, the S.eM. reactions in THF at 65 �C cata-
lyzed by either Pd(PPh3)4 or Pd2(dba)3/DPEphos could install aryl
and heteroaryl groups or the styryl moiety at the C-1 position of 13.
It is interesting to note that heteroarylboronic acids proved to be
completely unreactive when the Pd2(dba)3/DPEphos catalyst sys-
tem was used in the presence of CsF and Cs2CO3 (Method B).
However, the reactions of heteroarylboronic acids with 13 were
successfully effected in boiling THF by using Pd(PPh3)4 as catalyst in
the presence of aqueous KOH (Method A).16c

Remarkably, when compounds 14 were treated with cesium
bases in the presence of a Pd2(dba)3/DPEphos catalyst system,
benzo[b]furans 15 proved to be the sole reactions products
(Scheme 5).16a These heterocycles were probably formed via a di-
rect arylation process involving the oxidative addition of Pd(0)
onto the CeCl bond of 14, followed by arylation and reductive
elimination.16a

R1

R2

R4

O R3

Cl

14

Pd 2(dba) 3 (2.5 mol%)
DPEphos (5 mol%)

CsF (3 equiv.), Cs2CO3 (3 equiv.)
THF, 65 °C
(51-92 %)

R1

R2

R4

O
R3

15

(8 examples)

Scheme 5.
Moreover, the site-selective S.eM. cross coupling and a direct
arylation reaction could be combined in a one-pot procedure in-
volving treatment of 13 with boronic acids in THF at 65 �C for
12e14 h in the presence of a Pd2(dba)3/DPEphos catalyst system
and cesium bases.16a,b The synthesis of 2-substituted benzo[b]fu-
rans 15aet according to this protocol is illustrated in Scheme 6.

R1

R2

R4

O Cl

Cl

Pd2(dba)3 (2.5 mol%)
DPEphos (5 mol%)

CsF (3 equiv.), Cs2CO3 (3 equiv.)
dioxane, reflux, 12-14 h

R1

R2

R4

O
R3

13 (1.05 equiv.) 15

Compound 15 Yield
%R1 R2 R3R4

15a H H H Ph 75
15b H H H 4-FC6H4 53
15c H H H 4-MeC6H4 51
15d H H H 4-MeOC6H4 74
15e H H H 3-AcC6H4 50
15f H H H (E)-Ph-CH=CH 71
15g H H H (E)-c-C6H11-CH=CH 59
15h H Me H 4-MeOC6H4 87
15i H Me H 4-FC6H4 76
15j H Me H 3-NO2C6H4 13
15k H Me H (E)-4-MeC6H4CH=CH 71
15l H MeO H 4-MeOC6H4 82
15m H MeO H 3,4-(MeO)2C6H3 90
15n H MeO H 4-MeC6H4 69
15o MeO H MeO 2,4-(MeO)2C6H3 80
15p H MeO H 4-FC6H4 68
15q H MeO H 3-AcC6H4 36
15r H CN H 4-FC6H4 81
15s H CN H 4-MeC6H4 85
15t H CN H 3, 5-Me2 ,4-EtOC6H2 87

R3B(OH)2

Scheme 6. One-pot preparationofbenzo[b]furans15 from(E)-1,2-dichlorovinylethers13.
Geary and Hultin also reported that the reaction of compound
14h with 1-alkenylboronic acids in boiling toluene in the presence
of Cs2CO3 as base and a Pd(OAc)2/S-Phos catalyst system provided
1,3-butadienes 16aec in low-to-high yields (Scheme 7).16c

Interestingly, the method employed for the synthesis of com-
pounds 15 was extendable to the preparation of indoles 18 from
1,2-dichlorovinyl amides 17 (Fig. 2).16a,b



N Cl

HCl
R
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N
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Fig. 2. Structures of compounds 17 and 18.

B
O

O I Cl

Pd(PPh3)4 (5 mol%)
1 M aq. KOH (2.1 equiv)

THF, reflux Cl

HC C-SiMe3 (26)
CuI (10 mol%), PdCl2(PhCN)2 (5 mol%)

piperidine, rt
(69% yield based on 21)

521242

SiMe3

SiMe3

27

28

(bupleurynol)

Scheme 10.

Scheme 7.
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Some years before this study, Chen and Millar17 prepared ster-
eoisomerically pure (10E,12E)-13-chlorotrideca-10,12-dien-1-ol
(20) in 50% yield by the Pd(PPh3)4-catalyzed reaction of (E)-alke-
nylboronic acid 19with 2 equiv of 9 in the presence of 2 M K2CO3 in
a mixture of DME and EtOH at 40e50 �C (Scheme 8).

(HO)2B (CH2)7 OH
Cl

Cl

Pd(PPh3)4 (6 mol%)
2 M aq. K2CO3

DME/EtOH
40-50 °C, 22 h

(50%)

(CH2)7 OHCl

19 9

( 2 equiv.)
20

Scheme 8.
Scheme 11.
In the last decade, several examples of highly chemoselective
S.eM.monocoupling reactions of ethene substrates bearing two (or
more) different electrophilic sites have also been reported in the
literature.18e25 In 2000, Organ et al.18 described that (E)-1-chloro-
1-alkenes 22, obtained in high conversions by the Pd(PPh3)4-cata-
lyzed reaction of (E)-1-chloro-2-iodoethene (21) with 1.05 equiv of
aryl- or alkenylboronic acids in THF under reflux in the presence of
1 M KOH, are able to react with 1.5 equiv of aryl- or alkenylboronic
acids and additional KOH and Pd(PPh3)4 to give 1,2-disubstituted
ethenes (E)-23 in good overall yields (Scheme 9).

Scheme 9.
Scheme 12.
In 2003, Antunes and Organ19 reported that boronic ester 24
couples cleanly at the CeI bond of 21 in the presence of 1 M KOH
and 5 mol % Pd(PPh3)4 and that the resulting (E)-1-chloro-1,3-diene
25 undergo a Sonogashira reaction with trimethylsilylacetylene
(26) to give enediyne 27 in 69% overall yield (Scheme 10). This
compound was then used as a precursor to the naturally occurring
polyacetylene, bupleurynol (28) (Scheme 10).19
One year later, Organ and Ghasemi20 synthesized (1E,3E,6Z,8Z)-
1-chlorotrideca-1,3,6,8-tetraene (30) in 70% yield by the Pd(PPh3)4-
catalyzed reaction of 21 with 2-[(1E,4Z,6Z)-1,4,6-undecatrien]-
1,3,2-dioxaborane (29) in THF at 60 �C in the presence of 1 M KOH
(Scheme 11). Compound 30 was then used as a precursor to
(13E,15E,18Z,20Z)-1-hydroxypentacosa-13,15,18,20-tetraen-1-yn-
4-one-1-acetate (31), a naturally occurring ant venom.20
In 2008, Burke et al.21a described the synthesis of the B-pro-
tected 4-chloro-1,3-butadienylboronate 33 in 54% yield via the
chemo- and stereoselective PdCl2(dppf)$CH2Cl2-catalyzed reaction
of the (E)-(2-pinacolethenyl)boronate ester 32with 2 equiv of 21 in
DMSO at 23 �C in the presence of 3 equiv of anhydrous K3PO4
(Scheme 12).
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Compound 33 was then used as a precursor to b-parinaric acid
(34),21a a fluorescent substance used to determine characteristic
temperatures of membrane and membrane lipids from cultured
animal cells.21b

In the same year, Ogilvie et al.22a prepared a wide variety of
stereoisomerically pure (Z)-2-aryl- and (Z)-2-(1-alkenyl)-3-chloro-
2-butenoates 36 in good-to-excellent yields by the S.eM. reaction
of ethyl (E)-3-chloro-2-iodo-2-butenoate (35; R1¼Me) with a large
molar excess of aryl- and alkenylboronic acids in toluene at room
temperature in the presence of Cs2CO3 and a Pd(OAc)2/S-Phos
catalyst system (Scheme 13). Selective coupling at the a-position of
35 (R1¼Me) was observed for all examples, demonstrating that this
position is more activated towards the oxidative addition of Pd(0)
than the b-position.

Scheme 13.
Interestingly, compounds 36 could be converted into stereo-
isomerically pure tetrasubstituted alkenes by S.eM. couplings with
aryl- and alkenylboronic acids in dioxane at 23 �C in the presence of
Cs2CO3 as base and a Pd(OAc)2/PMe3$HBF4 catalyst system.22a

During a recent investigation, Ogilvie et al.22b found that the
Pd(OAc)2/S-Phos-catalyzed reaction of ethyl (E)-3-chloro-2-iodo-2-
alkenoates 35 with 3 equiv of 9-alkyl-9-BBN derivatives and
3 equiv of K3PO4$H2O in THF at 23 �C for 18 h occurred site- and
stereoselectively to give trisubstituted olefins 37 (Fig. 3) as single
isomers.
R1
CO2Et

Cl

I

35

R1

R2
H

CO2Et

37

Fig. 3. Structures of compounds 35 and 37.

F
F

I
OCONEt2

Ar1B(OH)2

PdCl2(PPh3)2 (5 mol%)
K3PO4 (1.5 equiv.)

DMF, 100 °C, 16 h
F

F
Ar1

OCONEt2

41 (1.1 equiv.) 42

42 Ar1 Yield
(%)

a 4-MeOC6H4 50
b Ph 77
c 2-naphthyl 85
d 4-ClC6H4 63
e 3-MeOC6H4 50
f 3-NO2C6H4 50
g 2-MeC6H4 85
h 2-BrC6H4 36
i 2-CHOC6H4 0

Scheme 15.
Mechanistic investigations were consistent with a process in
which a proton transfer from water to the a-position of the sub-
strate occurs, and then an alkyl group is introduced into the b-
position of the intermediate templatewhile replacing a chloride.22b

Hara et al.23 had previously used a Pd(OAc)2/(S)(�)-BINAP cat-
alyst system for the synthesis of (E)-fluoroalkenes 39 and (E,E)-
fluoroalkadienes 40 by treatment of (E)-2-fluoro-1-iodo-1-alkenes
38with aryl- and (E)-1-alkenylboronates, respectively (Scheme 14).
The S.eM. reactions leading to compounds 39 were performed in
refluxing benzene in the presence of 2 M K2CO3, but the cross-
couplings leading to 40 were carried out in refluxing benzene or
dioxane in the presence of 2 M KOH as the base (Scheme 14).23
In 2000, 2-aryl-1-(N,N-diethylcarbamoyloxy)-2,2-difluoroe-
thenes 42aeh were synthesized by Percy et al.25 in yields ranging
from 36 to 85% by the site- and stereoselective S.eM. reaction of 1-
(N,N-diethoxycarbamoyloxy)-2,2-difluoro-1-iodoethene (41) with
1.1 equiv of arylboronic acids in DMF at 100 �C in the presence of
K3PO4 as base and a catalytic quantity of PdCl2(PPh3)2 (Scheme 15).
However, the reaction between 41 and 2-formylboronic acid, known
to be sensitive to hydrolytic deboronation, did not produce the re-
quired cross-coupling product 42i (Scheme 15). Moreover, all at-
tempts to use alkenyl- or alkylboronic derivatives in cross-coupling
reactions with 41 resulted in the recovery of unreacted 41 or in its
reduction to 1-(N,N-diethylcarbamoyloxy)-2,2-difluoroethene.25



R. Rossi et al. / Tetrahedron 67 (2011) 6969e70256974
Recently, Skrydstrup et al.24 developed general reaction condi-
tions for the site- and chemoselective synthesis of 2,2-
difluorostyrenes 44 from 2,2-difluorovinyl tosylate (43) that in-
volved the reaction of 1.5 equiv of this substrate with arylboronic
acids or esters in dioxane at 100 �C in the presence of 1.27 M K3PO4
and a Pd2(dba)3/PCy3$HBF4 catalyst system. Compounds 44 were
obtained in good-to-excellent yields (Scheme 16).
Scheme 16.

Scheme 17.

F
Br

R
Pd(PPh3)4 (5 mol%)
Na2CO3 (2 equiv.)
PhH, EtOH, H2O

reflux, 4-6 h

F
R1

R

(Z)- 45

(R = Ph)
(E)- 46

(R = Ph)

Yield
(%)

Ph 92
4-ClC6H4 90

4-MeOC6H4 85
1-naphthyl 78

R1B(OH)2

R1

Scheme 18.

R1
F

Cl
PhB(OH)2 (48)
Method A or B

R1
F

Ph

Method A: Pd(PPh3)4 (5 mol%); Na2CO3 (2 equiv.); PhH/ EtOH/ H2O; reflux; 4-8 h
Method B: PdCl2(PPh3)2 (cat.); Na2CO3; dioxane/ H2O; reflux; 24 h

Method R1

47 49

Yield
%

A Ph 92
A 4-MeOC6H4 80
B PhCH2CH2 83

Scheme 19.
3. Monocoupling reactions of 1,1-dihalogenated-1-alkenes

3.1. Monocoupling reactions of 1-bromo-1-fluoro- and 1-
chloro-1-fluoro-1-alkenes

In most cases, the oxidative addition of Pd(0) to the organic
halides in S.eM. reactions is the selectivity-determing step and the
observed reactivity for Csp2-hybridized electrophiles in these
cross-couplings is: I>OTf>Br>>Cl>>F.26 This electronic prefer-
ence has been reported to parallel the rate of nucleophilic aromatic
substitution in the same polyaromatics.27

Thus, in 1999, McCarthy et al.28a,b found that the coupling of (E)-
1-bromo-1-fluoro-2-phenylethene ((E)-45; R¼Ph) with arylboronic
acids proceeds in the presence of 5 mol % Pd(PPh3)4 and 2 M NaOH
in a mixture of benzene and EtOH under reflux and gave com-
pounds (Z)-46 (R¼Ph) exclusively in excellent yields (Scheme 17).
Excellent results were also obtained when (E)-45 (R¼Ph) was
reacted with an (E)-alkenylboronic acid or an arylboronic ester
(Scheme 17).28a

Interestingly, the coupling of (Z)-45 (R¼Ph) with arylboronic
acids also proceeded stereoselectively to give stilbenes (E)-46
(R¼Ph) in high yields (Scheme 18).28a

High yielding monocoupling reactions were also found to occur
when stereoisomeric mixtures of 1-chloro-1-fluoro-1-alkenes 47
were reacted with phenylboronic acid (48) in the presence of
aqueous Na2CO3 and a catalytic quantity of Pd(PPh3)4 (Method A) or
PdCl2(PPh3)2 (Method B) (Scheme 19).28a The (Z)- and (E)-stereo-
isomers of the resulting products 49 could be separated by
chromatography.
More recently, Xu and Burton29 reported that (Z)-1-bromo-1-
fluoro-1-alkenes (Z)-45, which were prepared by the kinetic re-
duction method involving treatment of stereoisomeric mixtures of
1-bromo-1-fluoro-1-alkenes (E)/(Z)-45 with formic acid and Bu3N
in DMF at 35 �C in the presence of a catalytic amount of
PdCl2(PPh3)2,30 undergo Pd(PPh3)4-catalyzed reaction with aryl-
boronic acids to give (E)-a-fluorostilbenes (E)-46 having high ste-
reoisomeric purity in good yields (Scheme 20). In most cases,
compounds (Z)-45 were not separated from the corresponding
reduced products 50 and mixtures of (Z)-45 and 50 were directly
subjected to S.eM. reaction with arylboronic acids.29
3.2. Monocoupling reactions of 1,1-dibromo- and 1,1-
dichloro-1-alkenes

As far as is known, examples of Pd-catalyzed S.eM. mono-
coupling reactions of 1,1-diiodo-1-alkenes 51 or 2,2-disubstituted
1,1-dihaloethenes 52 (Fig. 4) have not yet been reported in the
literature.
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On the contrary, since 1988, a very large number of site- and
stereoselective Pd-catalyzed S.eM.monocouplings, illustrating that
the two CeBr bonds of 1,1-dibromo-1-alkenes 53 exhibit different
reactivities towards organoboron reagents, providing compounds
54 with very high stereoisomeric purity, have been described31e48

(Scheme 21).

Scheme 21.
The high selectivities of these reactions, which occur at the CeBr
bond in the E-position of compounds 53, could be anticipated
taking into account that the rates of Pd-catalyzed cross-coupling
reactions of (E)- and (Z)-1-bromo-1-alkenes 55 are substantially
different and that bromides (E)-55 undergo preferentially in-
termolecular Pd-catalyzed cross-coupling reactions with organo-
metallic reagents to give compounds (E)-23 having high
stereoisomeric purity (Scheme 22).49,50

Br

R1

Br
R1

n

m

n R2M
Pd cat

R2

R1

R2

R1

n

m

(E)- 55

(Z)- 55 (Z)- 23

(E)- 23

( M = MgX,ZnX,
  SnR3, Cu)

Scheme 22.
Very recently, Chelucci12 summarized and commented on sev-
eral Pd-catalyzed monocoupling reactions of compounds 53 with
organoboron reagents.31e38,40,41,43e46,49 This section provides an
overview of the Pd-catalyzed S.-M. monocouplings of compounds
53 and 1,1-dichloro-1-alkenes 56 (Fig. 5) not included in the review
by Chelucci, which have been reported in the literature by the end
of August 2010.

In 1998, Roush and Sciotti,48 in the contest of their studies on the
synthesis of the aglycon of spirotetronate antibiotic chlorothricin,
found that the Pd(PPh3)4-catalyzed cross-coupling reaction of (Z)-
1,1-dibromo-3-[(tert-butyldiphenylsilyloxy)methyl]penta-1,3-die-
ne (57) with alkenylboronic acid 58 by using Kishi’s modification of
the S.eM. protocol,51 provides (6E,8Z,10Z)-bromotriene 59 in 72%
yield (Scheme 23). Surprisingly, this compound proved to be con-
taminated by 20e25% of the corresponding (6E,8Z,10E)-
stereoisomer.48
Ten years earlier, Roush et al. had first utilized reaction condi-
tions similar to those reported in Scheme 23 for the synthesis of the
octahydronaphthalene subunit 63.31

In particular, they prepared stereoisomerically pure compound
62 in 85% yield by the Pd(PPh3)4-catalyzed reaction of 1,1-dibromo-
1-alkene 60 with 1.4 equiv of boronic acid 61 and 1.4 equiv of TlOH
in THF at room temperature for 5 min (Scheme 24).31

Scheme 24.
In 2000, Hanisch and Bruckner39 reported that 1,1-dibromo-1-
alkene 66, which was prepared in 56% yield by the chemo-
selective Pd(PPh3)4-catalyzed reaction of dibromoiododiene 64
with boronic acid 65, underwent a stereoselective Pd(PPh3)4-cat-
alyzed monocoupling reaction with boronic acid 67 in toluene at
70 �C in the presence of aqueous NaOH to give the (Z)-configured
monobromo-1-alkene 68 in 79% yield (Scheme 25).

This substance was then transformed into the stereoisomeri-
cally pure a-alkylidene-g-butenolide 69 in three steps.39

In 2005, Cossy et al.42 found that b,b-dibromoenamide 70 un-
dergoes Pd(PPh3)4-catalyzed stereoselective monoarylation by
treatment with 1.05 equiv of boronic acid 71 to give (Z)-bromoe-
namide 72 and b,b-diarylenamide 73 in 74 and 4% yield, re-
spectively (Scheme 26). Remarkably, compound 70 proved also to
be able to undergo a Pd(PPh3)4-catalyzed sequential stereoselective
disubstitution in a one-pot process involving sequential addition of
boronic acids 74 and 75, which gave the trisubstituted ethene de-
rivative 76 in 70% yield (Scheme 26).42
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Cossy et al. also found that b,b-dichloroenamides 77 could be
converted stereoselectively and in high yields into (Z)-chlor-
oenamides 78 by Pd(PPh3)4-catalyzed monocouplings with boronic
acids (Scheme 27).42
Cl
Cl

NEWG
R

R1B(OH)2
Method A or B

R1
Cl

NEWG
R

8777

Method A : Pd(PPh3)4 (5 mol%); Ba(OH)2• H2O; THF/MeOH/H2O (4 : 1: 1); reflux.
Method B : Pd(PPh3)4 (5 mol%); 1 M NaOH aq; THF; reflux.

Method EWG R R1 Yield
(%)

A Ts CH2=CH-(CH2)2 Ph 76
A Ts CH2=CH-(CH2)2 2-MeOC6H4 81
B Ts CH2=CH-(CH2)2 4-FC6H4 89
B Ts Bn Ph 98
B Ts Bn 2-MeOC6H4 91
B Ts Bn 3,4-Cl2C6H3 88
B Ts Bn (E)-n-Bu-CH=CH 65
B Ts 4-MeOC6H4 Ph 94
B Bz (MeO)2CH-CH2 Ph 73

Scheme 27.
In 2006, Molander and Yokoyama43 designed an efficient
method for the one-pot synthesis of conjugated dienes 79 via se-
quential stereoselective disubstitution of 1,1-dibromo-1-alkenes 53
by using alkenyltrifluoroborates followed by alkyltrifluoroborates
in the presence of a catalytic amount of Pd(PPh3)4 (Scheme 28).
Compounds 79 were obtained in excellent yields and their ste-
reoisomeric purity was generally quite high, although dependent
upon the steric properties of the dibromides 53.43

Br
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R1

R BF K (1.05 equiv.)
Pd(PPh3)4 (7 mol%)
Cs2CO3 (3 equiv.)

1)

PhMe/H2O (3:1 to 3:2)
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2) R3BF3K (1.1 equiv.)
3 M aq Cs2CO3 , 80 °C, 2 h

R3

R1

R2

53 79

R1 R2 R3 Stereoisomeric
purity

n-C7H15 (CH2)3CO2Me (CH2)4OPiv

Yield
(%)
85 92

PhCH2 (CH2)3CO2Me (CH2)4OPiv 87 94

(CH2)3CO2Me (CH2)4OPiv 86 92

(CH2)4OPiv(CH2)3CO2 00109eM

Scheme 28.
More recently, Shimizu et al.46 developed a straightforward
stereocontrolled synthesis of trifluoromethyl-substituted triar-
ylethenes 83 that involved a threefold Pd-catalyzed reaction of 1,1-
dibromo-3,3,3-trifluoro-2-tosyloxypropene (80) with three kinds
of arylboronic acids (Scheme 29). The first step of the reaction se-
quence leading to compounds 83 consisted of the stereo-, chemo-
and site-selective synthesis of compounds 81 by the PdCl2(PPh3)2-
catalyzed reaction of 80 with 1.1 equiv of arylboronic acids
Ar1B(OH)2 in the presence of P(m-tolyl)3 and 5 M Cs2CO3 as base in
toluene at 80 �C.

Br
Br

F3C
OTs

Ar1B(OH)2 (1.1 equiv.)
PdCl2(Ph3)2 (5 mol%)
P(m-tolyl)3 (5 mol%)

5 M aq Cs2CO3  (2 equiv.)
PhMe, 80 °C, 24 h

Br
Ar1

F3C
OTs

Ar2B(OH)2 (1.2 equiv.)
Pd(PPh3)4 (5 mol%)

5 M aq Cs2CO3

PhMe, 100 °C, 24 h
(60- 97%)

Ar2
Ar1

F3C
OTs

Ar3B(OH)2
Pd(OAc)2 (5 mol%)
X-Phos (10 mo%)

2 M aq K3PO4 , THF, 60 °C
(90- 96%)

Ar2
Ar1

F3C
Ar3

PCy2
i-Pri-Pr

i-Pr
X-Phos

1808

3828

Scheme 29.
As shown in Table 1, which lists the yields and stereoisomeric
purities of compounds 81 prepared according to this protocol, the
Z/E selectivity of the reactions ranged from 87/13 to 92/8. However,
the stereoisomers of compounds 81 could be easily separated by
chromatography.46 The Pd(PPh3)4-catalyzed cross-coupling re-
actions of 81with 1.2 equiv of Ar2B(OH)2 in toluene at 100 �C in the
presence of 5 M Cs2CO3 as base also proceeded chemoselectively,
providing compounds 82 as single diastereoisomers in yields
ranging from 60 to 97% (Scheme 29). On the other hand, the final
cross-coupling reactions of the reaction sequence illustrated in
Scheme 29 were effected by using the conditions developed by
Buchwald et al.47 to give stereoisomerically pure compounds 83 in
excellent yields.46



Scheme 31.

Table 1
Synthesis of compounds 81 by coupling of 80 with Ar1B(OH)2

Ar1 Yield of 81 (%) (Z)/(E) molar ratio

Ph 94 92/8
4-MeOC6H4 74 90/10
4-Me C6H4 73 89/11
4-CF3C6H4 89 87/13
4-BrC6H4 85 88/12
4-PhC6H4 86 88/12
2-Naphthyl 78 89/11
3-FC6H4 87 89/11
3-Thienyl 80 90/10

Cl
Cl

Cl
B

Ph

Pd2(dba)3 (2.5 mol%)
XantPhos (5 mol%)

KF (3 equiv.)
K3PO4 (3 equiv.)

THF, reflux

Cl
Cl

Ph

Cl

Ph

Ph88 89

90 (29%)

91 (21%)

Scheme 32.
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In 2006, Barluenga et al.15 investigated the S.eM. monocoupling
reactions of 1,1-dichloroethene (84) with aryl- and alkenylboronic
acids and found that the reaction of these organometallic reagents
with 4 equiv of 84 in dioxane at 70 �C in the presence of 2 equiv of
CsF, 2 mol % JohnPhos and 1 mol % Pd2(dba)3 provides a-chlor-
ostyrenes and 2-chloro-1,3-butadienes 85 as the sole reaction
products (Scheme 30). However, the instability of these compounds
towards chromatography gave rise, in some cases, to relatively re-
duced yields.15

Cl
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R1B(OH)2

Pd2(dba)3 (1 mol%)
JohnPhos (2 mol%)

CsF (2 equiv.)
dioxane, 70 °C

R1
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85

R1 Yield
(%)

(E)-PhCH=CH 76
(E)-4-MeOC6H3CH=CH 72

(E)-4ClC6H3CH=CH 49
2-MeC6H4 64

3,5-Me2C6H3 87
4-MeOC6H4 66

O
O

83
3-AcC6H4 21

Scheme 30.
Scheme 33.
In 2007, Roulland et al.52 described the synthesis of (Z)-chlor-
oalkenes 86 via Pd2(dba)3/XantPhos-catalyzed S.eM. cross cou-
pling of 1,1-dichloro-1-alkenes 56 with 9-alkyl-9-BBN derivatives
(Scheme 31). Stereoisomerically pure compounds 86, which were
obtained together with 2e10% of the bis-coupling derivatives 87,
were isolated inmodest to good yields (Scheme 31).52 Interestingly,
the use of the KFeK3PO4 couple in place of the CsFeCs2CO3 couple
as base for the Pd2(dba)3/XantPhos-catalyzed reactions also
allowed the synthesis of compounds 86 in high yields.52

Roulland et al. also investigated the Pd2(dba)3/XantPhos-cat-
alyzed reaction of trichloroethene (88) with the organoboron
compound 89 in refluxing THF in the presence of the KFeK3PO4
couple as base, but found that the reaction was not selective and
produced compounds 90 and 91 in 29 and 21% yield, respectively
(Scheme 32).52

More recently, Roulland synthesized chemo-, stereo- and site-
selectively compound 94 in 87% yield by the Pd2(dba)3/DPEphos-
catalyzed reaction of 1,1-dichloro-1-alkene 92 with 9-alkyl-9-BBN
93 (Scheme 33).53 Compound 94 was then used as a key in-
termediate in the total synthesis of (þ)-oocydin A (95),53 a com-
pound extracted from the bacterium Serratia marcescens.54

In concluding this section, it seems important to point out that,
as far as we know, no successful protocols for double cross-coupling
reactions of 1,1-dichloro-1-alkenes with two different organoboron
derivatives have been described to date.
3.3. Pd-catalyzed tandem processes of 1,1-dihalogenated-1-
alkenes involving S.eM. monocoupling reactions

In recent years, significant attention has been devoted to the
synthesis of heterocycle derivatives of general formula 97 from 1,1-
dihalo-1-alkenes 96 via tandem processes involving intramolecular
carboneheteroatom bond-forming reactions and intermolecular
S.eM. reactions (Scheme 34). In these processes, the (Z)-bromide of
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compounds 96 is involved in the cyclization reaction and the (E)-
bromide participates to the intermolecular S.eM. reaction.

Scheme 34.
In 2004, this strategy was applied by Bisseret et al.55a to the
synthesis of 2-(4-anisyl)-N-acetylindole (99) in 52% yield by the
Pd2(dba)3/dppf-catalyzed reaction of 2-(2-acetamidophenyl)-1,1-
dibromoethene (98) with 4-methoxyphenylboronic acid (2) in
a mixture of Et3N and toluene at 100 �C (Scheme 35).
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Br Br

B(OH)2

MeO

Pd2(dba)3
dppf (3 equiv.)

Et3N
PhMe, 100 °C, 12 h

(52%)

N
Ac

OMe

99289

Scheme 35.
Apossible simplifiedmechanism that accounts for the formation
of 99 via intermediates 100, 101 and 102 is shown in Scheme 36.
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Scheme 36.
It is based on the known higher reactivity of the CeBr bond in
the E-position of 1,1-dibromo-1-alkenes relative to the CeBr bond
in the Z-position towards oxidative addition of Pd(0) as well as on
the mechanism proposed by Wang and Shen55b for the related
synthesis of 3-substituted isocoumarins 104 via Pd-catalyzed cou-
pling of methyl 2-(20,20-dibromovinyl)benzoates 103 (Fig. 6) with
organostannanes.
CO2Me

Br Br

O
R1

O

103 104

R
R

Fig. 6. Structures of compounds 103 and 104.
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Fig. 7. Structures of compounds 107e112.
In 2005, Fang and Lautens synthesized in high yields a wide
variety of 2-substituted free (NH)-indoles 106 via the Pd-catalyzed
reaction of ortho-gem-dihalovinylanilines 105 with organoboron
reagents (Scheme 37).56 The tandem process, involving a Buch-
waldeHartwig CeN bond-forming reaction57 and an S.eM. chemo-,
site- and stereoselective intermolecular cross coupling, was
performed in toluene at 90e100 �C in the presence of K3PO4$H2O
and a low loading of a Pd(OAc)2/S-Phos catalyst system.

NH2

R1
R3

XX

BR2

Pd(OAc)2 (1-3 mol%)
S-Phos (2-6 mol%)

K3PO4 • H2O (5 equiv.)
PhMe, 90- 100 °C

2- 14 h

N
H

R3

R2
R1

105

(X = Br, Cl)
106(1.5 equiv.)

X R1 R3 BR
Yield
(%)

Br H H PhB(OH)2 84
Br H H 4-MeOC6H4B(OH)2 83
Br H H 2-MeC6H4B(OH)2 82
Br H H 4-CF3C6H4B(OH)2 75
Br H H 2-thienylB(OH)2 86
Br H H (E)-n-BuCH=CHB(OH)2 80

Br H H
O

O
B(Z)-EtCH=C(Et) 73

Br H H 73Et3B
Br H H n-C6H13-9-BBN 79
Br H H BnO-(CH2)4-9-BBN 78
Br 6-Me H PhB(OH)2 77

Br 6-F H PhB(OH)2 88

Br 5-F H PhB(OH)2 87

Br 4-F H PhB(OH)2 80

Br 4-CF3 H PhB(OH)2 90

Br 4-MeO2C H PhB(OH)2 90

Br 6-BnO,5-MeO H PhB(OH)2 72
Br 5-BnO H PhB(OH)2 79

Cl H H PhB(OH)2 95

Cl H Me PhB(OH)2 96

Scheme 37.
Two years later, Lautens et al. extended the methodology
concerning tandem BuchwaldeHartwig CeN bond-forming re-
actions/S.eM. cross couplings to the synthesis of 7-, 6-, 5- and 4-
azaindole derivatives,107,108,109 and 110, respectively, as well as
of thienopyrroles 111 and 112 (Fig. 7).58 In particular, several
compounds 107 were synthesized in good-to-excellent yields by
the reaction of substrates 113 with electron-neutral, electron-rich
and electron-deficient arylboronic acids in toluene at 100 �C in the
presence of K3PO4$H2O and a Pd(OAc)2/S-Phos catalyst system
(Scheme 38).58
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Scheme 38.
ClCl Pd(OAc) (3-5 mol%)
Several 6-azaindoles 108 were similarly synthesized from
1.5 equiv of boronic acids and [4-(2,2-dichlorovinyl)pyridin-3-yl]
carbamic acid t-butyl ester (114) (Scheme 39).58

Scheme 39.
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4-MeO2CC6H4 74
(E)-1-pentenyl 80

3-thienyl 73
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Scheme 43.
However, the reaction between [3-(2,2-dichlorovinyl)pyridin-3-
yl]carbamic acid tert-butyl ester (115) and phenylboronic acid (48),
carried out under experimental conditions similar to those
employed for the synthesis of compounds 107 and 108, provided
a mixture of the required 5-azaindole 109 (Ar1¼Ph) and the bis-
S.eM. coupling product 116 (Scheme 40).58

Scheme 40.
S
ClCl

R1
Remarkably, these experimental conditions proved unsuitable
for the synthesis of 4-azaindole 118 from phenylboronic acid and
substrate 117 (Fig. 8).58
N

NH

Cl Cl

Cbz

N

N
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Cbz

117 118

Fig. 8. Structures of compounds 117 and 118.
Nevertheless, when X-Phos was used as the ligand for the Pd-
catalyzed reaction of 115 with arylboronic acids, 5-azaindoles 109
were cleanly obtained in high yields (Scheme 41).58

Scheme 41.
It was also found that N-oxide 119, prepared by the oxidation of
117 with m-chloroperbenzoic acid, undergoes a Pd(OAc)2/S-Phos-
catalyzed tandem coupling with arylboronic acids to give N-oxy-4-
azaindoles 110 in high yields (Scheme 42).58

Scheme 42.
A Pd(OAc)2/S-Phos catalyst system also allowed the high-
yielding synthesis of 5-substituted thieno[3,2-b]pyrrole-4-
carboxylic acid t-butyl esters 111 from [2-(2,2-dichlorovinyl)thio-
phen-3-yl]carbamic acid tert-butyl ester (120) and boronic acids
(Scheme 43) as well as of 5-phenylthieno[2.3-b]pyrrole-6-
carboxylic acid t-butyl ester (112a) in 76% yield from substrate
121 (Fig. 9) and phenylboronic acid.58
NH
Boc

S N
Boc

N P

DavePhos
121 112a : R1= Ph

112b : R1= 4-FC6H4
112c : R1= (E)-PhCH=CH

Fig. 9. Structures of compounds 112aec, 121 and Davephos.
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However, a Pd(OAc)2/Dave-Phos catalyst system was employed
for the regioselective synthesis of compounds 112b and 112c (Fig. 9)
in 81 and 71% yield, respectively, from 121 and the required boronic
acids.

In 2007, Lautens and Fang applied their newly developed indole-
synthesis methodology56 for the preparation of compound 123,
a key intermediate in the synthesis of the potent KDR kinase in-
hibitor 124, from 1,1-dibromo-1-alkene 105a and hetero-
arylboronic acid 122 (Scheme 44).59a
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Scheme 44.
Br H H 2-MeO-quinolin-3-ylB(OH)2 83
Br H H (E)-PhCH=CHB(OH)2 87
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In 2008, Fang and Lautens59b investigated the mechanism of the
Pd-catalyzed tandem process leading to indoles 106a from the
deuterium labelled ortho-gem-dibromovinylaniline 105b and pro-
posed that the dominant process was a direct BuchwaldeHartwig
CeN coupling57 through the intermediates 128 and 129 (Scheme
45, path A) accompanied by a minor pathway involving the for-
mation of the 1-bromo-1-alkyne intermediates 126 from 125
(Scheme 45, path B). A Pd(II)-mediated 5-endo-dig cyclization of
126 would then give 127 and, after the reductive elimination of
palladium, the bromoindole derivatives 129. This last compound
finally would undergo S.eM. coupling with the arylboronic acids to
give indoles 106a. Proton exchange of DPdBr with a proton source
such as 105b or the boronic acids would then be responsible for the
observed deuterium leaching (Scheme 45).59b

In 2009, Lautens et al. developed a general and efficient method
for the synthesis of diversely functionalized benzothiophenes 131
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from gem-dihalovinylthiophenols 130 and organoboron com-
pounds including aryl- and alkenylboronic acids, aryl boronates,
trialkylboranes, and potassium organotrifluoroborates (Scheme
46).60 The reactions, which represent the first example of a tan-
dem catalytic process involving a CeS bond-forming reaction and
an S.eM. coupling, were performed by using a PdCl2/S-Phos catalyst
system, 3 equiv of Et3N, and 3 equiv of K3PO4 in dioxane at 100 �C
and gave compounds 131 in high yields.60
Cl H H 3,4-(MeO)2C6H3B(OH)2 77
Cl H Me 3,4-(MeO)2C6H3B(OH)2 81

Scheme 46.
Again in 2009, Chai and Lautens described a new process for the
highly efficient synthesis of 4-substituted pyrrolo[1,2-a]quinolines
133 from 1-[2-(2,2-dibromovinyl)-5-aryl]-1H-pyrroles 132 and
boronic acids that involved a water-accelerated Pd-catalyzed S.-M.
coupling and a direct arylation reaction (Scheme 47).61 In-
terestingly, a wide range of aryl-, alkenyl- and alkylboronic acids
could be used and a variety of substitution patterns on the phenyl
ring of compounds 132 were tolerated. Mechanistic studies con-
ducted to ascertain the order of the couplings allowed the authors
to establish that the S.eM. reaction occurs prior to the direct ary-
lation reaction.61 The dramatic effect of water on both the reactivity
of 132 and the reduction of the reaction byproducts was also
evidenced.61

Examples of Pd-catalyzed tandem processes of gem-dihaloole-
fins involving a selective S.eM. reaction and a 5-exo-dig-cycliza-
tion62 have also been described.63e65

In 2008, Sun and Xu63 developed a novel one-pot process for the
efficient synthesis of (Z)-3-(arylmethylidene)isoindolin-1-ones 136
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from ortho-gem-dihalovinylbenzamides 134 and organoboronic
acids or esters, which consisted of a tandem eliminatione
cyclizationeS.eM. coupling approach (Scheme 48). The synthetic
procedure, which could be performed in the open air, involved
treatment of compounds 134 with 1 M NaOH in THF under reflux,
followed by the reaction of the resulting 1-bromo-1-alkynes 135
with the organoboron compounds in the presence of 1 mol %
PdCl2(PPh3)2.63 In the mechanism proposed to rationalize the
process (Scheme 49) compounds 135, formed by dehydrohaloge-
nation of 134, would undergo a base-catalyzed, site-selective 5-exo-
dig-cyclization reaction66 to give the (Z)-3-(halomethylidene)iso-
indolin-1-ones 137. Finally, a conventional S.eM. cross-coupling
reaction of 137 with the organoboron compounds would produce
compounds 136 (Scheme 49).63

In 2010, (E)-1-methylidene-1H-indenes 139 were synthesized
by Bryan and Lautens64 from readily available (E)-gem-dibromoo-
lefins 138 and arylboronic acids by using an efficient Pd2(dba)3/P(2-
furyl)3-catalyzed tandem intermolecular S.eM.-intramolecular
Heck reaction (Scheme 50).

It was also observed that the reaction conditions used to pre-
pare compounds 139were unsuitable for the S.eM. cross-coupling
reaction of bromides 140 (Fig. 10) with arylboronic acids64 and it
was therefore ruled out that compounds 140 were intermediates
of the tandem process leading to (E)-1-methylidene-1H-indenes
139.

In 2010, compounds 139were also synthesized in high yields by
Wu et al.65 via the reaction of (E)-gem-dibromoolefins 138 with
1.5 equiv of arylboronic acids in toluene at 100 �C in the presence of
3 equiv of KOH, 2.5 mol % Pd(OAc)2, and 5 mol % PPh3.

Lautens64 and Wu65 independently proposed that the synthesis
of compounds 139 occurs via oxidative addition of Pd(0) to the (E)-
bromide of compounds 138, followed by a transmetalation reaction
with a boronate and a reductive elimination (Scheme 51).

The resulting intermediates141, obtained alongside Pd(0),would
then undergo an E2 elimination reaction to give the byproducts
14264 or re-enter the catalytic cycle via an oxidative addition
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reaction to the remaining alkenyl bromide64,65 (Scheme 51). In the
latter case, the resulting alkenylpalladium(II) species 143 would
undergo carbopalladation, followed by bond rotation and b-hydride
elimination to give compounds 139 (Scheme 51).64,65
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Scheme 51. Fig. 11. Structures of compounds 145 and 146.
Bryan and Lautens64 also found that, when the Pd-catalyzed re-
actions between 138 and arylboronic acids were performed by
using an electron-rich sterically crowded ligand such as S-Phos or
P(t-Bu)3 instead of P(2-furyl)3 or PPh3, a different reaction mech-
anism was operating, which gave rise to compounds 140.

One year before these studies, Florent et al.67 employed
a domino Pd-catalyzed CeN coupling/carbonylation/CeC cou-
pling sequence to prepare a wide variety of highly functionalized
2-aroyl-1H-indoles 144 from gem-dibromovinylanilines 105,
arylboronic acids, and carbon monoxide (Scheme 52). Their
synthetic procedure involved the treatment of 105 with 1.1 equiv
of arylboronic acids, 5 equiv of K2CO3, and 5 mol % Pd(PPh3)4 in
dioxane at 85e100 �C in an autoclave pressurized with 10 bar of
CO.67 Compounds 144, which represent a class of tubulin poly-
merization inhibitors,68 were prepared in moderate-to-good
yields.
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4. Monocoupling reactions of cyclic 1,3-dione derived
bis(triflates)

In the past few years, the research group ofWillis has performed
studies on Pd-catalyzed S.eM. monocoupling reactions of cyclic
1,3-dione derived bis(triflates) with organoboron reagents.69e71 In
2001, it was found that compound 145 undergoes a facile Pd(OAc)2/
PPh3-catalyzed reaction with 4-methoxyphenylboronic acid (2) in
THF at room temperature in the presence of aqueous KOH to give
the monocoupling derivative 146 (Ar1¼4-MeOC6H4) as the sole
arylation product in 71% yield (Fig. 11).69

Nevertheless, the six-membered bis(triflates) 147a and 147b
proved to react with 2 to give mixtures of the monoarylated
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derivatives, 148a and 148b, respectively, alongside low yields of
compounds 149a and 149b, respectively (Scheme 53).69 Un-
fortunately, the reason for the poor selectivity of these reactions
was not elucidated.
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148a: X = CMe2 (31%)
148b: X = CH2 (7%)

149a: X = CMe2 (17%)
149b: X = CH2 (8%)
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MeO OMe2

Scheme 53.
In 2002, it was found that, when 147a was treated with
1 equiv of arylboronic acid 150 under standard conditions
[Pd(OAc)2/PPh3 as catalyst, KOH as base], the expected mono- and
bis-coupling products 151 and 152, respectively (Fig. 12), were
formed together with compound 153a, which was produced at
the expense of 151 via an intramolecular areneealkenyl triflate
coupling.70
B(OH)2

Ac

Bn
TfO

Ac
Bn

AcAc Ac

150

151 153a152

Fig. 12. Structures of compounds 150, 151, 152 and 153a.
Optimized conditions for the selective synthesis of tricyclic
carbocycles 153 from 147a, involving the use of 1.8 equiv of aryl-
boronic acids, a Pd(OAc)2/PPh3 catalyst system, DME as solvent and
CsF as base, were then developed (Scheme 54).70 The reactions,
which were carried out at 50 �C for 20 h, provided compounds
153aee in yields ranging from 65 to 88%.
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Two years later, Willis et al. reported that the S.eM. reaction
between bis(triflate) 145 and 2 equiv of arylboronic acids in di-
oxane at room temperature, in the presence of CsF as base and
a Pd(OAc)2/(S)-MeO-MOP catalyst system gave enantioselectively
compounds 146 in satisfactory yields (Scheme 55).71

Scheme 55.
5. Monocoupling reactions of arene derivatives bearing two
or more electrophilic sites

5.1. Monocoupling reactions of arene derivatives bearing two
(or more) different carbone(pseudo)halogen bonds

The oxidative addition of aryl halides to Pd(0) species72 is gen-
erally considered to be the selectivity-determining step of the
S.eM. reactions. For these cross couplings, the relative order of
reactivity of the aryl halides ArI>ArBr>ArCl>ArF has commonly
been observed. This order relates to the AreX bond strength, which
increases as follows AreI<AreBr<AreCl<AreF and makes the
oxidative addition step increasingly difficult.

Taking advantage of the different reactivity of aryl halides
bearing different halogen atoms, a very large number of chemo-
selective monofunctionalization reactions of polyhalogenated are-
nes bearing different halogen atoms via S.eM. reactions have been
accomplished.

5.1.1. Monocoupling reactions of bromoiodoarenes. Table 2 sum-
marizes the catalyst systems and the reaction conditions used for
the chemoselective synthesis of bromobiphenyls 155aec, 155fek
and 155q, bromoquaterphenyl 155d, dibromoiodobiphenyl 155r,
bromooligophenylenes 155e and 155l, and bromophenylpyridines
155mep by Pd-catalyzed S.eM. monocoupling reactions of the
required bromoiodoarenes 154. Compounds 155 were generally
obtained in satisfactory or excellent yields,73e86 but the degree of
selectivity of the reactions used for their preparation was rarely
mentioned.

Examples have also been reported in the literature showing that
the higher reactivity of aryl iodides, compared to the corresponding
aryl bromides, can be used for the efficient synthesis of un-
symmetrical terphenyls through one-pot sequential double S.eM.
reactions of bromoiodobenzenes with two different arylboronic
acids.87e89 On the other hand, o-, m- and p-terphenyl compounds
have attracted a great deal of attention, because they include bi-
ologically active substances with potential therapeutic value,79,90

naturally occurring derivatives,91 and compounds possessing
unique photophysical properties that can be exploited in the design
of liquid-crystalline materials92 and organic electroluminescent
devices.93

In 1992, Snieckus et al.87 prepared unsymmetrical m-ter-
aryls 156a and 156b as single isomers in 77 and 61% yield,
respectively, by the Pd(PPh3)4-catalyzed coupling reaction of



Table 2
Chemoselective S.eM. monocoupling reactions of bromoiodoarenes 154 with boronic acids or esters
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Table 2 (continued)

Entry
Reagents

BAr1 /154 molar
ratio

Pd catalyst
(mol %)

Base Solvent
Reaction
conditions

(�C/h)
Product 155 Yield (%) Ref.

154 BAr1
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Br

154d
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OMe
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a The reaction was maintained at reflux until complete consumption of the aryl halide.
b PdTN¼palladium-dodecanethiolate nanoparticles.
c PdTN (12 mg) was used for the reaction of 1 mmol of 4-bromo-1-iodobenzene.
d The reaction was maintained at 80 �C until completion.
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3-bromoiodobenzene (154f) with two different arylboronic
acids according to the sequential regimen shown in Scheme 56.
A similar protocol was then used for the synthesis of function-
alized unsymmetrical p-teraryls 157a and 157b from
4-bromoiodobenzene (154a) (Scheme 56).87

Br

I
1) Ar1B(OH)2 (1 equiv.), Pd(PPh3)4 (6 mol%)

aq Na2CO3 , DME, EtOH, reflux, 24 h

2) Ar2B(OH)2, (1 equiv.), EtOH
reflux, 24 h

Ar2

Ar1

Ar1 Ar2 Yield
(%)

156a 3-MeC6H4 Ph 77
156b 2-(i-Pr)2NCOC6H4 3-MeOCH2C6H4 61
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1) Ar1B(OH)2 (1 equiv.), Pd(PPh3)4 (6 mol%)
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reflux, 24 h
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Ar2
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(%)

157a 3-MeC6H4 Ph 74
157b 2-(i-Pr)2NCOC6H4 3-MeOCH2C6H4 55

Scheme 56.
In 2005, Ohtani et al.88 found that compound 154k, which has
a different halogen functionality at the C-1 and C-4 positions,
reacted preferentially with boronic acid 158 at the iodo-substituted
position in the presence of a catalytic amount of Pd2(dba)3 under
ligandless conditions.

Without isolation of the resulting bromobiphenyl compound,
the phenol-type boronic acid 159 and 10 mol % Pd(PPh3)4 were
added to the reaction mixture and the expected terphenyl de-
rivative 160 was obtained in 70% yield (Scheme 57).88 This com-
pound was then used as a key intermediate in the synthesis of
terprenin (161), a compound discovered in the fermentation broth
of Aspergillus candidus RF-5672.94
Scheme 57.
More recently, Lutzen at al.89 synthesized 4-bromo-
1,10:40:100:400:1000-quaterphenyl (164) by the reaction of 154a with
1 equiv of benzene-1,4-diylboronic acid (162) in a mixture of tol-
uene, methanol and water under reflux in the presence of K2CO3
and a catalytic amount of Pd(PPh3)4, followed by treatment of the
resulting crude biphenylboronic acid with 4-iodobiphenyl (163)
and an additional portion of Pd(PPh3)4 (Scheme 58). Compound 164
was obtained in 58% yield.89
Scheme 58.
Greenfield et al.95 had previously observed that the PdCl2(dppf)-
catalyzed reactions of the bromoiodobenzene derivative 165 with
arylboronic acids in a 5/1 to 10/1 mixtures of dioxane and water in
the presence of K2CO3 as base disappointingly occurred with se-
lectivities of 2/1 to 4/1 of monoarylated versus biarylated com-
pounds, 166 and 167, respectively (Scheme 59). However, pure
compounds 166 were isolated in 60e70% yield by HPLC of the re-
action mixtures on silica columns.95

Scheme 59.
Finally, Hu et al.96 recently synthesized fluorene (169) in 78%
yield by a Pd(OAc)2/PCy3-catalyzed tandem process involving the
S.eM. coupling reaction of 2-bromoiodobenzene (154c) with o-
tolylboronic acid (168) and a cyclization reaction proceeding
through Csp3eH bond activation (Scheme 60). This process was
carried out by using 1 equiv of pivalic acid as an additive. In fact, it is
known that this carboxylic acid in combination with a Pd com-
pound and a ligand is able to generate a highly active catalyst for
direct arylation reactions.97

I

Br B(OH)2

Pd(OAc)2 (3 mol%)
PCy3 (6 mol%)

t-BuCO2H (1 equiv.)
K2CO3 (6 eqiuv.)

DMA, 140- 150 C, 5 h
Br H

Pd(0)

PdBr H

K2CO3

Pd(0)

154c 168

169

Scheme 60.
5.1.2. Monocoupling reactions of chloroiodo- and bromo-
chloroarenes. Since 1992, significant attention has been directed to
the synthesis of monochlorinated- and polychlorinated biphenyls
via Pd-catalyzed halogen-selective S.eM. reactions of monochloro-
and polychloroiodobenzene derivatives, respectively.98e108 In fact,
it is well known that polychlorinated biphenyls are persistent or-
ganic pollutants that are implicated in a number of human diseases,
such as reproductive and neurological deficiencies and cancer of
the digestive system.109

Table 3 lists the catalyst systems and the reaction conditions
used for the synthesis of monochlorinated biphenyls 171aec (en-
tries 1e4 and 19),98e101,106 171l (entry 13),104 171nep (entries
15e17),104,105 171r (entry 20)107 and 171s (entry 21),107 and poly-
chlorinated biphenyls 171dek (entries 5e12),102,103 171m (entry
14)104 and 171q (entry 18)105 from chloroiodoarenes 170 and
arylboronic acids or esters. As shown in this table, 4-chlorobiphenyl
(171b) was prepared in high yields from 4-chloroiodobenzene



Table 3
Chemoselective S.eM. monocoupling reactions of chloroiodoarenes 170 with arylboronic acids or esters

I

Cl

R1

Ar1 B
Pd cat

base, solvent

Ar1

Cl

R1

170 171

Entry Reagents BAr1 /170 molar ratio Pd Catalyst (mol %) Base Solvent Reaction conditions (�C/h) Product 171 Yield (%) Ref.

170 BAr1

1

I

Cl

170a

B(OH)2
1.1 Pd(PPh3)4 Ba(OH)2 DME/H2O 80a

Cl

171a

94 98

2

I

Cl

170b

B(OH)2 1.0
Pd2(dba)3

(0.5) P(t-Bu)3 (1.2)
KF THF rta

Cl

171b

98 99

3b

I

Cl

170b

B(OH)2 1.0 Pd(OAc)2 (3.7) AcONa MeOHþ[BMIm][BF4] 30/50
Cl

171b

82 100

4

I

Cl

170b

B(OH)2

MeO
1.1 Pd2(dba)3$CHCl3 (1) K3PO4 PhMe/H2O/THPCc 50/1 90 101

5

Cl

Cl
Cl

I

170c

B(OH)2 Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd
Cl

Cl
Cl

171d

52 102

6 Cl
Cl

I

170d

B(OH)2Cl

Cl
Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd

Cl
Cl

Cl

Cl

171e

68 102

7 Cl
Cl

I

170d

B(OH)2Cl

Cl
Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd

Cl
Cl

Cl

171f

Cl

69 102

8
Cl

Cl

Cl
I

170e

B(OH)2

Cl
Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd Cl

Cl

Cl Cl

171g

16 102
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9

Cl

I
Cl

Cl

170f

B(OH)2Cl
Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd Cl

Cl

Cl Cl

171g

11 102

10
Cl

I
Cl

Cl

170f

B(OH)2

Cl
Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd

ClCl

ClCl
171i

64 102

11
Cl

I
Cl

Cl

170f

B(OH)2

Cl
Cl

Not reported PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Refluxd

Cl
Cl

Cl

Cl

Cl

171j

77 102

12

I

OMOM
OMOM

Cl

170g

Cl

Cl

B(OH)2
1.5 Pd(PPh3)4 (%) K3PO4 DMF 110/18 Cl

Cl

OH
OH

Cl

171k (e)

e 32 103

13

I

Cl

170a

B(OH)2

OH
105 Pd(OAc)2 (5) PPh3 (10) K3PO4 MeCN/H2O 50/20

Cl

HO

171l

90 104

14

Cl I

Cl

170h

F B(OH)2

OH
1.5 Pd(OAc)2 (5) PPh3 (10) K3PO4 MeCN/H2O 50/20

Cl

Cl
F

HO

171m

83 104

15 HO2C

Cl

I

170i

OH

B
O

O 1.5 Pd(OAc)2 (5) PPh3 (5) K3PO4 MeCN/H2O 50/20

HO2C

Cl

OH

171n

98 104

16f Cl

I

170b

Ac

B(OH)2
1.3 Complex Ag (1) K2CO3 DMF 120/24

Cl

Ac

171o

83 105

17f

I

Cl

170a

Ac

B(OH)2
1.3 Complex Ag (1) K2CO3 DMF 120/24

Cl

Ac

171p

69 105

(continued on next page)
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Table 3 (continued)

Entry
Reagents

BAr1 /170 molar ratio Pd Catalyst (mol %) Base Solvent Reaction conditions (�C/h) Product 171 Yield (%) Ref.
170 BAr1

18f

Cl

Cl Cl

I

170f

Ac

B(OH)2
1.3 Complex Ag (1) K2CO3 DMF 120/24

Cl

Ac

Cl

Cl

171q

23 105

19

I

Cl

170b

B(OH)2 2.0 PVCeEDAeSAePdh (1) K2CO3 95% EtOH Reflux/0.5
Cl

171b

88 106

20

n-C6H13

B O
O

Cl

2.0 Pd(PPh3)4 (5) Na2CO3 PhMe/EtOH/H2O 90/48

n-C6H13Cl

Cl

MeO

OMe
92 107

21

NC

B O
O

Cl

2.0 Pd(PPh3)4 (5) Na2CO3 PhMe/EtOH/H2O 90/48

171r

88

107

a The reaction was maintained at room temperature until completion.
b [BMIm][BF4]¼1-n-butyl-3-methylimidazolium tetrafluoroborate.
c THPC¼tetradecylhexylphosphonium chloride.
d The reaction was maintained under reflux until completion.
e Compound obtained after acidic hydrolysis of the cross-coupling product.
f The reaction was carried out under argon or in the open air.

g Complex A¼ NNF3C CF3

Pd
Cl Cl

.

h PVC-EDA-SA-Pd¼nanoparticles of palladium immobilized on a matrix of poly(vinylchloride)-(PVC)-supported Schiff base.
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(170b) by using three different protocols. In 2000, Fu et al. carried
out the S.eM. reaction in THF at room temperature in the presence
of an expensive and air unstable Pd2(dba)3/P(t-Bu)3 catalyst system
(entry 2, Table 3).99 In 2002, Srinivasan et al.100 performed the
cross-coupling reaction under ultrasonic irradiation at 30 �C in the
ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate,
[bmim]BF4, with methanol as cosolvent in the presence of a cata-
lytic amount of Pd(OAc)2, but in the absence of a phosphine ligand
(entry 3, Table 3). More recently, Liu et al.106a conducted the S.eM.
reaction in 95% EtOH under reflux for 0.5 h by using a more exotic
catalyst system, i.e., nanoparticles of Pd immobilized on a matrix of
poly(vinyl chloride)-supported Schiff base (entry 19, Table 3). Schiff
bases derived from substituted benzaldehydes had previously been
reported as effective ligands for Pd-catalyzed S.eM. reactions of
phenylboronic acid with aryl, benzyl and allyl bromides under mild
conditions.106b

The phosphonium salt ionic liquid, tetradecylphosphonium
chloride (THPC), had previously been used as the solvent for the
synthesis of 4-methoxy-40-chlorobiphenyl (171c) from 170b and
4-methoxyphenylboronic acid at 50 �C in the presence of K3PO4
as base and a catalytic amount of Pd2(dba)3$CHCl3 (entry 4,
Table 3).101

In 2008, Kylm€al€a et al. employed 1 mol % of a complex obtained
from PdCl2 and a reduced Salen-type ligand to catalyze the syn-
thesis of compounds 171o,171p and 171q from chloroiodobenzenes
170b, 170a and 170f, respectively, according to the S.eM. cross-
coupling protocol (entries 16e18, Table 3).105

The remaining reactions listed in Table 3 were carried out by
using catalysts consisting of conventional Pd complexes that in-
cluded Pd(PPh3)4 (entries 1,98 12,103 20 and 21107), PdCl2(dppf)
(entries 5e9),102 or a mixture of Pd(OAc)2 and PPh3 (entries
13e15).104

It should be noted that chlorinated biphenyls have also been
synthesized by S.eM.-type monocoupling reactions that do not
require the use of a base. In fact, in 2007, Cai et al. prepared
compound 171b in 97% yield by the heterogeneous coupling
reaction of sodium tetraphenylborate (172) with 4-chlor-
oiodobenzene (170b) in DMF at 80 �C in the presence of 5 mol %
mercapto-functionalized MCM-41-supported sulfur Pd(0) complex
(Scheme 61).110

NaBPh4
I

Cl

MCM-41-SH-Pd(0) (5 mol%)
DMF, 80 C, 6 h

172

Cl

170b 171b (97%)

Scheme 61.
In 2008, Basu et al.111 described the synthesis of 4-
chlorobiphenyl (171b) and 3-chlorobiphenyl (171t) in 95% yield
by the Pd(OAc)2-catalyzed reaction of 4-chloroiodobenzene (170b)
and 3-chloroiodobenzene (170k), respectively, with tetraphe-
nylborate immobilized on Amberlite� resin (Scheme 62).

Scheme 62.
On the other hand, recently, chlorinated biphenyl derivatives
have also been synthesized by highly atom-efficient Pd-catalyzed
S.eM. reactions involving the use of sodium tetraarylborates in the
presence of a base.108

In particular, compounds 171u and 171v were prepared in ex-
cellent yields by the PdCl2-catalyzed reaction of 2-
chloroiodobenzene (170a) with 0.25 equiv of sodium tetra(4-
fluorophenyl)borate (172) and sodium tetra(4-tolyl)borate (173),
respectively, in methanol at room temperature in the open air, in
the presence of 3 equiv of Na2CO3 (Scheme 63, Eq. a). An analogous
protocol was used for the synthesis of chlorobiphenyls 171w and
171x in 98 and 96% yield from 170b and sodium tetraarylborates
174 and 175, respectively (Scheme 63, Eq. b).108

Scheme 63.
On the other hand, (E)-stilbene 179 was recently prepared from
chloroiodobenzene 170k via an efficient one-pot S.eM./Heck se-
quence involving treatment of this substrate with 1.1 equiv of po-
tassium vinyltrifluoroborate (176) in 1,3-propanediol (PPD) in the
presence of 1 mol % Pd/C and 3 equiv of K3PO4$H2O (Scheme 64).112

The crude resulting compound 177 was then reacted with
0.07 equiv of 3-bromoquinoline (178) at 140 �C for 48 h to give
compound 179 in 62% yield (Scheme 64).112
Scheme 64.
Interestingly, compound 179 was also obtained in 80% yield by
mixing all reactants 170m, 176 and 178 in NMP in the presence of
Pd/SiO2 and 3 equiv of K3PO4$H2O at 140 �C for 4 h and sub-
sequently at 140 �C for 24 h.112

Numerous chlorinated biphenyls 171 have also been synthe-
sized via chemoselective Pd-catalyzed S.eM. reactions of arylbor-
onic acids or esters with bromochlorobenzenes 180.99,102e105 The
catalyst systems and the reaction conditions employed to prepare
compounds 171b, 171c, 171t and 171aaeau according to this
strategy are listed in Table 4 (entries 1e37). In particular, in 2000,
Fu et al. synthesized compound 171b in 97% yield from 4-
chlorobromobenzene (180a) and phenylboronic acid through the
use of a catalyst system consisting of 0.5 mol % Pd2(dba)3 and
1.2 mol % P(t-Bu)3 (entry 1, Table 4).99

On the other hand, reaction conditions similar to those
employed in entry 6 of Table 4 allowed the synthesis of 4-chloro-40-
trifluoromethylbiphenyl (171z) in 91% yield from 180a and
4-trifluoromethylboronic acid (entry 9, Table 4).117



Table 4
Chemoselective S.eM. monocoupling reactions of bromochlorobenzenes 180 with arylboronic acids or esters

Cl

R1 Br
Ar1 B

Pd cat, base
solvent Cl

R1 Ar1

180 171

Entry Reagents Ar1 B /180 molar ratio Pd catalyst (mol %) Base Solvent Reaction conditions (�C/h) Product Ref.

180 Ar1 B 171 Yield (%)

1 Cl

Br

180a

B(OH)2 1.0
Pd2(dba)3 (0.5)
P(t-Bu)3 (1.2)

KF THF rta
Cl

171b

97 99

2 Cl

Br

180a

B(OH)2 1.1
Pd(OAc)2 (1)

L1b (3)
Na2CO3 PhMe/EtOH/H2O 70/3

Cl
171b

84 113

3 Cl

Br

180a

B(OH)2 1.5
Pd(OAc)2 (4)

L2c (4)
Cs2CO3 PhMe 80a

Cl
171b

90 114

4 Cl

Br

180a

B(OH)2 1.4 NDEPeAl2O3ePd(OAc)2d (5.4) K2CO3 EtOH/H2O rt/1.5
Cl

171b

97 115

5 Cl

Br

180a

B(OH)2 1.0 PdCl[3-(h-C12H25)C6H2-2,6-(]PPh2)]2e (0.1) Na2CO3 DMF 110/8
Cl

171b

71 116

6 Cl

Br

180a

B(OH)2 1.5 Pd(OAc)2 (0.5) Na2CO3 Acetone/H2O 35/0.5 in air
Cl

171b

98 117

7 Cl

Br

180a

B(OH)2 1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3
Cl

171b

100 121

8

Br

Cl

180b

B(OH)2 1.1
Pd(OAc)2 (1)

P(i-BuNCH2CH2)3Nf (3)
Na2CO3 PhMe/EtOH/H2O 70/3 Cl

171y

97 113

9 Cl

Br

180a

B(OH)2

F3C
1.5 Pd(OAc)2 (0.5) Na2CO3 Acetone/H2O 35/0.75 in air

Cl
171z

CF3

91 117
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10 Br

Cl

180c

B(OH)2 1.5 Pd(OAc)2 L4g (Pd/L4¼1) Cs2CO3 Dioxane /6
Cl

171t

98 118

11

Cl

Br N

F Et

NH

180d

CN

B
O

O 1.5 PdCl2(PPh3)2 (1) K3PO4$nH2O PhMe Re x/1.5

Cl

N

F Et

NHCN

171aa

87 119

12

Cl
Br

Cl

180e

B(OH)2 1.0 PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Re x/16

Cl

Cl

171ab

36 102

13

Cl Cl

Br

180f

Cl

B(OH)2
1.0 PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Re x/16

Cl

Cl

Cl

171ac

42 102

14

Cl
Br

Cl

180g

Cl

B(OH)2
1.0 PdCl2(dppf) (0.004) Na2CO3 EtOH/dioxane/H2O Re x/16

Cl Cl

Cl

171ad

61 102

15

CO2H

ClBr

180h

B(OH)2
1.0 Pd(PPh3)4 (1) Na2CO3 H2O/TBAB 130/ 3 mW

CO2H

Cl

171ae

96 120

16

Cl
Br

Cl

180e

B(OH)2 1.03 Pd(PPh3)4 (3.4) Na2CO3 DMF/H2O Re x/48

Cl

Cl

171ab

90 103

17

Cl Br

Cl

180i

Cl

B(OH)2
1.03 Pd(PPh3)4 (3.4) Na2CO3 DMF/H2O Re x/48

Cl

Cl

Cl

171af

78 103
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Table 4 (continued)

Entry
Reagents

Ar1 B /180 molar ratio Pd catalyst (mol %) Base Solvent Reaction conditions (�C/h)
Product

Ref.
180 Ar1 B 171 Yield (%)

18

Cl Br

Cl

180i

Cl B(OH)2

Cl
1.03 Pd(PPh3)4 (3.4) Na2CO3 DMF/H2O Reflux/48

Cl

Cl
171ag

Cl

Cl

44 103

19

Cl

Cl

Br

180j

Cl

Cl

B(OH)2
1.03 Pd(PPh3)4 (3.4) Na2CO3 DMF/H2O Reflux/48

Cl

Cl

Cl

Cl

171af

51 103

20

O2N Cl

Br

180k

Cl

OMe

B(OH)2
1.1e1.5 Pd(OAc)2 (5) PPh3 (10) K3PO4 MeCN/H2O 80a

Cl

O2N

Cl

OH

171ah

72h 104

21 Cl

Br

180a

Ac

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3

Cl

Ac

171o

100 121

22 Cl

Br

180a

F

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3

Cl

F

171ai

100 121

23 Cl

Br

180a

B(OH)2 1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3
Cl

171aj

100 121

24

Br

Cl

180b

Ac

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3

Ac

Cl
171p

93 121

25

Br

Cl

180b

B(OH)2 1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3
Cl

171ak

100 121

26

Br

Cl

180b

F

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O rt/3

F

Cl
171v

100 121
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27

Br

Cl

180b

MeO

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O 3

OMe

Cl
171l

100 121

28 Cl

Br

180c

Ac

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O 3

Cl

Ac

171n

100 121

29 Cl

Br

180c

F

B(OH)2
1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O 3

Cl

Ac

171n

100 121

30 Cl

Br

180c

B(OH)2 1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O 3
Cl

171t

100 121

31 Cl

Br

180c

B(OH)2 1.1 Pd(OAc)2 (1.5) K3PO4 DMF/H2O 3
Cl

171ap

100 121

32

Br

Cl
Cl

180l

Ac

B(OH)2
1.3 Complex Bi (1) K2CO3 DMF 120/ in air

Cl
Cl

Ac

171aq

72 105

33

Cl Br

Cl

180j

Ac

B(OH)2
1.3 Complex Bi (1) K2CO3 DMF 120/ in air

Cl

Cl

Ac

171ar

86 105

34

Cl Br

Cl

180i

Cl Br

Cl

180i

1.3 Complex Bi (1) K2CO3 DMF 120/ in air
Cl

Cl

Ac

171as

71 105

35

Br

Cl

180a

NC

B(OH)2
1.1

Pd2(dba)3 (0.5)
[HP(t-Bu)3][BF4] (1.2)

KF$H2O THF a Cl

CN

171at

98 122
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Table 4 (continued)

Entry
Reagents

Ar1 B /180 molar ratio Pd catalyst (mol %) Base Solvent Reaction conditions (�C/h)
Product

Ref.
180 Ar1 B 171 Yield (%)

36

Cl
Br

Cl

180e

B(OH)2

CO2HH2N
1.0 PdCl2(PPh3)2 (5) Na2CO3 MeCN/H2O /0.08 mW

CO2HH2N

Cl

Cl

171au

75 123

37 Cl

Br

180c

B(OH)2 1.1e1.2 PdCl2(PCy2NC5H10)2j (0.2) K3PO4 PhMe 0.1 in air
Cl

171t

84 124

a The reaction was maintained at this temperature until completion.

b L1¼
O

AcO

OAc

NH

OAc

AcO

O

PPh2.

c L2¼
O

HO

OH

NH

OH

HO

O PPh2

.

d NDEPeAl2O3ePd(OAc)2]Pd(OAc)2 immobilized on amorphous N,N-diethylaminoalumina.
e PdCl[3-(h-C12H25)C6H2-2,6-(OPPh2)]2]Pd phosphinite POCOP pincer complex derived from 4-n-dodecylresorcinol.
f A bicyclic triaminophosphine.
g L4¼2-(Diphenylphosphino)benzaldoxime ligand.
h Overall yield after S.eM. coupling and demethylation by treatment with BBr3 in CH2Cl2.

i Complex B¼ NN FF
Pd

Cl Cl

.

j PdCl2(PCyNC5H10)2¼dichloro bis[1-(diyclohexylphosphanyl)piperidine]Pd.
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In 2005, Wan et al.118 employed a 1/1 mixture of Pd(OAc)2 and 2-
(diphenylphosphino)benzaldoxime as catalyst for the synthesis of
3-chlorobiphenyl (171t) from 3-bromochlorobenzene (180c) and
phenylboronic acid (48).

Souda et al.119 had previously reported that 1-{3-(2-
cyanophenyl)-4-chloro-5-[1-(R)-fluoropropyl]}phenyl-piperazine
(171aa), an intermediate for the synthesis of a potent antagonist of
D3/D2/5-HT2 receptors, could be obtained in 87% yield by the S.eM.
reaction of 1-{3-bromo-4-chloro-5-[1-(R)-fluoropropyl]}phenyl-
piperazine (180d) and the thermally unstable pinacol ester of (o-
cyanophenyl)boronic acid in refluxing toluene in the presence of
K3PO4 as base and 1 mol % PdCl2(PPh3)2 (entry 11, Table 4).

In 2006, Wolf et al.120 showed that the microwave-promoted
Pd(PPh3)4-catalyzed cross-coupling reaction of 4-bromo-2-
chlorobenzoic acid (180h) with 3,5-dimethylphenylboronic acid
in water at 130 �C for 20 min in the presence of n-Bu4NBr as ad-
ditive and Na2CO3 as base provided 4-(30,50-dimethylphenyl)-2-
chlorobenzoic acid (171ae) in 96% yield (entry 15, Table 4).

One year later, conventional reaction conditions, involving the
use of Pd(PPh3)4 as the catalyst and aqueous Na2CO3 as the base,
were used by Snieckus et al. for the synthesis of polychlorinated
biphenyls 171ab, 171af, 171ag and 171ah from dichloro-
bromobenzenes 180e, 180i and 180j and the required chlorinated
phenylboronic acids (entries 16e19, Table 4).103

Gong and He123 had previously employed a PdCl2(PPh3)2-cata-
lyzed S.eM. reaction under microwave irradiation for the synthesis
of 4-arylphenylalanine 171au, a o,o,o0-trisubstituted biphenyl de-
rivative, in 75% yield from 1-bromo-2,6-dichlorobenzene (180e)
and 4-boronophenylalanine (entry 36, Table 4).

In 2010, Lousand and Fu122 synthesized chemoselectively 4-
chloro-40-cyanobiphenyl (171at) in excellent yield through a user-
friendly method involving a Pd2(dba)3/[HP(t-Bu)3][BF4]-catalyzed
reaction between 4-bromochlorobenzene (180a) and 4-
cyanophenylboronic acid at room temperature in the presence of
KF$2H2O as base (entry 35, Table 4).

Again in 2010, Bolliger and Frech124 reported the synthesis
of 3-chlorobiphenyl (171t) in 86% yield by the reaction of
3-bromochlorobenzene (181c) with phenylboronic acid in toluene
at 80 �C in the open air in the presence of K3PO4 as base and
a catalytic quantity of dichlorobis[1-(dicyclohexylphosphanyl)pi-
peridine]Pd (entry 37, Table 4).

In concluding this section, it should be noted that procedures
different from those illustrated in entries 1e7 of Table 3 have also
been used for the synthesis of 4-chlorobiphenyl (171b), a com-
pound used as a model substrate to investigate the microbial aer-
obic biodegradation of polychlorinated biphenyls.125 In 2002,
Molander and Biolatto126 prepared 171b in 75% yield by the re-
action of 180a with potassium phenyltrifluoroborate (181) in
refluxingmethanol in the presence of 3 equiv of K2CO3 and 0.5 mol
% Pd(OAc)2 (Scheme 65).

Br

Cl
PhBF3K

Pd(OAc)2 (0.5 mol%)
K2CO3 (3 equiv.)

MeOH, reflux, 12 h
(75%) Cl

180a 181 171b

Scheme 65.
In 2007, the synthesis of 171bwas performed in 88% yield by the
coupling reaction of 180awith 1 equiv of sodium tetraphenylborate
(172) in water by using the MCM-supported sulfur Pd(0) complex
as catalyst.110a

Two years later, 171b was synthesized in 91% yield via the het-
erogeneous Pd/C-catalyzed atom-efficient phenylation of 180awith
0.25 equiv of 172 in water under focused microwave irradiation
(Scheme 66).127
Br

Cl

180a

Cl

171b

0.25 Ph4BNa

Pd/C (5 mol%)
TBAB (0.075 equiv.)
K2CO3 (0.87 equiv.)

H2O, 120 °C, 15 min, µW
(91%)

172

Scheme 66.
More recently, the operationally simple, atom-efficient cross-
coupling reaction of 2-bromochlorobenzene (170b) with 0.25 equiv
of 172 in the presence of 3 equiv of Na2CO3 and 3 mol % PdCl2 in
methanol at room temperature in open-air conditions was found to
give 2-chlorobiphenyl (171y) in 91% yield.108

5.1.3. Monocoupling reactions of fluoroiodo-, bromofluoro- and
chlorofluoroarenes and polyfluoronitrobenzenes. Fluorinated bi-
phenyl derivatives 183 include naturally-occurring compounds,128

synthetic precursors to luminophores129 and compounds that
are fundamental building blocks in fluorinated liquid crystals.130

The synthesis of numerous compounds 183 has frequently been
achieved via Pd-catalyzed S.eM. chemoselective monocoupling
reactions of fluoroiodobenzenes 182 with arylboronic acids or
esters.124,131e134 Entries 1e23 of Table 5 list the reaction conditions
and the catalyst systems employed for the synthesis of compounds
183aew from the required fluoroiodobenzenes 182.

It should be noted that, unlike the cross-coupling reactions used
to prepare compounds 183cew (entries 3e23, Table 5), which were
generally accomplished by treatment of the organoboron com-
pounds with a molar excess of iodofluorobenzenes, the
PdCl2(dppf)-catalyzed reactions employed for the synthesis of op-
tically active compounds 183a and 183b (entries 1 and 2, Table 5)
were performed by the reaction of a molar excess of 4-
fluoroiodobenzene (182a) with the pinacol esters of the required
arylboronic acids.131

In 2003, solventless S.eM. microwave-promoted reactions,
which utilized a commercially available KFeAl2O3 mixture and
a high loading of Pd powder, allowed Kabalka et al.133 to synthesize
compounds 183e and 183f from 4-tolylboronic acid and fluo-
roiodobenzenes 182b and 182c, respectively (entries 5 and 6,
Table 5).

Interestingly, the Pd catalyst could be recycled without loss of
catalytic activity by using a simple filtration and washing
sequence.133

In 2006, Steiniger andWuest135 directed their attention towards
the synthesis of 18F-labelled biphenyls bearing different functional
groups and found that the optimized conditions to prepare com-
pounds 183get in radiochemical yields up to 94% involved treat-
ment of a molar excess of the required arylboronic acids with 4-
[18F]-fluoroiodobenzene (182d) in acetonitrile at 60 �C for 5 min in
the presence of 5 mol % Pd2(dba)3 and 1.98 equiv of Cs2CO3 (entries
7e20, Table 5).

Some years earlier, Hird et al.134 had described the chemo-
selective synthesis of compounds 183v and 183w containing alk-
oxy, cyano, bromo and fluoro groups by the Pd(PPh3)4-catalyzed
reaction of 4-n-octyloxyphenylboronic acid with bromo-
fluoroiodobenzonitriles 182e and 182f, respectively (entries 22 and
23, respectively, Table 5).

In 2006, Wang and Li136a synthesized 3-fluoro-40-methyl-
biphenyl (183x) and 2-fluoro-40-methylbiphenyl (183y) in 93 and
90% yield, respectively, by the reaction of potassium 4-
tolyltrifluoroborate (184) with fluoroiodobenzenes 182b and 182c
and 1 mol % palladium nanoparticles on poly(vinylpyrrolidone)
(PVP) in water under reflux for 4 h in the presence of K2CO3 as base
in the absence of any ligand (Scheme 67). Palladium(0) on PVP was
prepared from Pd(OAc)2 and a methanol solution of PVP, according
to the Bradley procedure.136b



Table 5
Chemoselective S.eM. monocoupling reactions of fluoroiodobenzenes 182 with arylboronic acids or esters

R1 F

I
Ar1 B

Pd cat, base
solvent R1 F

Ar1

182 183

Entry Reagents Ar1 B / 182
molar ratio

Pd catalyst (mol %) Base Solvent Reaction condition (�C/h Product Ref

182 Ar1 B 183 Yield (%)

1

I

F

182a

B
O

O

N
N

OBoc

t-Bu

0.66 PdCl2(dppf) (3) Ba(OH)2$8H2O DME/H2O Reflux/16
N

N
OBoc

t-Bu

F

183a

90 131

2

I

F

182a

B
O

O

N
H

CO2MeBoc

0.83 PdCl2(dppf) (7) K2CO3 DME 80/18
N
H

CO2MeBoc

F

183b

a 82 132

3

I

F
182b

B
O

O

N
H

CO2MeBoc

1.2 PdCl2(dppf) K2CO3 DMF 80/18
N
H

CO2MeBoc

183c

F
a 90 132

4

I

F

182c

B
O

O

N
H

CO2MeBoc

1.2 PdCl2(dppf) K2CO3 DMF 80/18
N
H

CO2MeBoc

183d

F b 87 132

5

I

F
182b

B(OH)2 1.1 Pd black (42.7) 40% KF/Al2O3 d 70/2 mW
F

183e

84 133

6

I

F

182c

B(OH)2 1.1 Pd black (42.7) 40% KF/Al2O3 d 70/2 mW

183f

F 79 133

7

I
18F

182d

B(OH)2 1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08
18F

183g

90c 195

8

I
18F

182d

B(OH)2 1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08
18F

183h

91c 135
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9

I
18F

182d

B(OH)2 1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

18F
183i

90c 135

10

I
18F

182d

B(OH)2 1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08 18F
183j

90c 135

11

I
18F

182d

B(OH)2

F
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

F

18F
183k

82c 135

12

I
18F

182d

B(OH)2

Cl
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

Cl

18F
183l

77c 135

13

I
18F

182d

B(OH)2

Br
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

Br

18F
183m

30c 135

14

I
18F

182d

B(OH)2

MeO2C
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

CO2Me

18F
183n

89c 135

15

I
18F

182d

B(OH)2

HO2C
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

CO2H

18F
183o

37c 135

16

I
18F

182d

B(OH)2

MeO
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

OMe

18F
183p

82c 135

17

I
18F

182d

B(OH)2

MeS
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

SMe

18F
183q

94c 135

18

I
18F

182d

B(OH)2

MeO2S
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

SO2Me

18F
183r

84c 135
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Table 5 (continued)

Entry
Reagents Ar1 B / 182

molar ratio
Pd catalyst (mol %) Base Solvent Reaction condition (�C/h)

Product
Ref

182 Ar1 B 183 Yield (%)

19

I
18F

182d

B(OH)2

HO
1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

OH

18F
183s

93c 135

20

I
18F

182d

B

O2N

O
O

1.3 Pd2(dba)3 (5) Cs2CO3 MeCN 60/0.08

NO2

18F
183t

88c 135

21

I

F

182c

B(OH)2

CO2HH2N
1.0 PdCl2(PPh3)2 (5) Na2CO3 MeCN/H2O 150/0.08 mW

CO2HH2N

F

183u

86 124

22

F
I

Br

NC

182e

B(OH)2

n-C8H17O
1.2 Pd(PPh3)4 (3.3) Na2CO3 DME/H2O Reflux/4 F

Br

CN
n-C8H17O

183v

56 134

23
Br

F
CN

I

182f

B(OH)2

n-C8H17O
1.2 Pd(PPh3)4 (3.3) Na2CO3 DME/H2O Reflux/4

n-C8H17O

Br

F
CN

183w

65 134

a This compound was obtained in 99% ee.
b This compound was obtained in 92% ee.
c Radiochemical yield determined by radio-TLC referring to the percentage of the radioactivity area of the 18F-labelled diphenyl related to the total radioactivity area
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I BF3K Pd/PVP (1 mol%)
K2CO3 (2 equiv.)
H2O, 100 C, 4 h FF

182b : 3-F
182c : 2-F

184 183x : 3-F (93%)
183y : 2-F (90%)

Scheme 67.

R. Rossi et al. / Tetrahedron 67 (2011) 6969e7025 7001
More recently, the Pd-catalyzed cross coupling of 4-
fluoroiodobenzene (182a) with K[C6F5BF3] in the presence of N-
heterocyclic carbene ligands was studied and it was found that,
when the reaction was performed in the presence of an equimolar
amount of Ag2O, 5 mol % PdCl2(PPh3)2 and 5 mol % 1,3-
dimesitylimidazoline-2-ylidene$HCl in toluene at 100 �C for 8 h,
2,3,4,5,6-pentafluoro-40-fluorobiphenyl (183-F6) (Fig. 13) was ob-
tained in 90% isolated yield.136c
Fig. 13. Structure of compound 183-F6.
On the other hand, Basu et al.111 performed the synthesis of 2-
fluorobiphenyl (183z) in 88% yield by the Pd(OAc)2-catalyzed ary-
lation of a DMF solution of 2-fluoroiodobenzene (182c) with tet-
raphenylborate immobilized on Amberlite� resin (Scheme 68).
Scheme 68.
Bromofluorobenzenes 185 have also been used as electrophiles
for the chemoselective synthesis offluorinatedbiphenyls183via Pd-
catalyzed S.eM. monocoupling reactions with arylboronic acids or
esters.136e145 The catalyst systems and the reaction conditions used
for the synthesis of compounds 183f, 183aaeaz and 183aaaeaae
from the requiredfluorinated bromobenzenes 185 are listed inTable
6 (entries 1e33).

Thus, an air- and moisture-stable resin bound catalyst, which
was prepared by treating wet Deloxan� resin with a methanol so-
lution of Pd(OAc)2, was found to enable the synthesis of 2-fluoro-20-
methylbiphenyl (183f) in 78% yield from 2-bromofluorobenzene
(185a) and o-tolylboronic acid (entry 1, Table 6).137

In 2005, 4-fluorobiphenyl (183aa) and 183ab were synthesized
in excellent yields by S.eM. reactions involving 4-
bromofluorobenzene (185b), which were carried out in the pres-
ence of 1 mol % of an alkoxoePd(II) complex [Pd(Ph2PCH2CH2O)2]
(entries 2 and 3, Table 6).138

In the same year, Leadbeater et al. reported the synthesis of 4-
fluorostilbene (183ac) in 17% yield by the microwave-promoted
reaction of 185b with (E)-2-phenylvinylboronic acid, which was
run in the presence of Na2CO3 as base with no addition of Pd (entry
4, Table 6).139 However, it was discovered that Pd contaminants
down to a level of 50 ppb, present in commercially available
Na2CO3, were responsible for the generation of 183ac.139

Again in 2005, Gauthier et al.140 found that the reaction of 2-
bromo-3-fluorobenzonitrile (185c) with 2-fluorophenylboronic
acid in a mixture of THF, acetonitrile and water at 45e50 �C for
2 h, in the presence of K3PO4 as base and catalytic quantities of [h3-
C3H5PdCl]2 and P(t-Bu)3, gave 20,6-difluoro-1,10-biphenyl-2-
carbonitrile (183ad) in 85% yield (entry 5, Table 6).

One year later, Ley et al.141 employed a commercially available
polyurea microencapsulated Pd catalyst (Pd EnCat�) for the
microwave-assisted reactionof185bwith4-methoxyphenylboronic
acid in MeCN in the presence of 3 equiv of n-Bu4NOAc, which gave
compound 183ae in 92% yield (entry 6, Table 6).

In 2008, Ahn et al.142 reported that the S.eM. reaction of 185b
with phenylboronic acid, by using KF as base and [Pd(NH3)4]2þ-
modified nanopore silica as catalyst under solvent-free conditions,
provided compound 183aa in 82% yield (entry 7, Table 6).

In 2010, Langer et al.143 synthesized chemo- and site-selectively
2-bromo-3,5-difluorobiphenyls 183afeal in satisfactory yields by
Pd(PPh3)4-catalyzed reaction of 1,2-dibromo-3,5-difluorobenzene
(185d) with 1 equiv of the required arylboronic acids in dioxane
at 90 �C in the presence of Cs2CO3 as base (entries 8e14, Table 6). It
was also found that the Pd(PPh3)4-catalyzed one-pot reaction of
185d with two different, sequentially added arylboronic acids
provides difluorinated o-terphenyls 186aed bearing two different
terminal aryl groups (Fig. 14) in yields ranging from 45 to 62%.143

In the same year, Fabis et al.144 prepared 20-fluorobiphenyl-2-
carbonitriles 183amear in good yields via the Pd(PPh3)4-catalyzed
reaction of commercially available 2-bromofluorobenzenes 185a and
185eeh with pinacol esters of the required 2-cyanophenylboronic
acids (entries 15e20, Table 6). The base used in the synthesis of
183am and 183an was K3PO4 (entries 15 and 16, Table 6), but the
microwave-promoted reactions leading to compounds 183aoear
(entries 17e20, Table 6) were carried out by using Cs2CO3 as base.144

In 2010, Cs2CO3 was also used as base by Langer et al. in the site-
selective Pd(PPh3)4-catalyzed high-yielding synthesis of 4-bromo-
3-fluorobiphenyls 183aseay involving treatment of 1,4-dibromo-2-
fluorobenzene (185i) with 1 equiv of the required arylboronic acids
in dioxane at 90 �C (entries 21e27, Table 6).145

Some years earlier, liquid crystalline terphenyls 185az and
183aaaeaae, containing a lateral fluoro substituent in the ortho
position to a lateral cyano group, had been synthesized in satis-
factory yields by Pd(PPh3)4-catalyzed chemoselective S.eM. cross
couplings of bromofluoroarenes 185jeo with the required biphe-
nylboronic acids in a refluxing mixture of DME and water in the
presence of Na2CO3 as base (entries 28e33).134

On the other hand, in 2010, the unsymmetrical fluorinated p-ter-
phenyls 187aee were synthesized site selectively in satisfactory
yields by a one-pot process involving a sequential addition of two
different arylboronic acids toamixture containingCs2CO3, compound
185i and a catalytic amount of Pd(PPh3)4 in dioxane (Scheme 69).145

In 2010, it was also found that the microwave-promoted
Pd(PPh3)4-catalyzed reaction of fluorinated methyl 2-
bromobenzoates 185p and 185q with 2-hydroxyarylboronic acids
189aed proceeded chemoselectively and was followed by sponta-
neous lactonization of the resulting cross-coupling products to give
the fluorinated 6H-benzo[c]chromen-6-ones 190aed in yields
ranging from 71 to 96% (Scheme 70).146

Previously, it had been reported that the PdCl2(dppf)$CH2Cl2-cat-
alyzed reaction of potassium (E)-1-decenyl trifluoroborate (191) with
1-bromo-4-fluorobenzene (185b) in a mixture of i-PrOH and water
under reflux in thepresenceof Et3Nasbasegave chemoselectively (E)-
1-(1-decenyl)-4-fluorobenzene (192) in 59% yield (Scheme 71).147

To conclude the discussion of the S.eM. chemoselective mono-
coupling reaction of bromofluorobenzene derivatives, it should be
mentioned that, in 2006, racemic flurbiprofen (193), a non-
steroidal anti-inflammatory and analgesic drug, was synthesized
via the heterogeneous Pd/C-catalyzed atom-efficient arylation of
racemic 4-bromo-3-fluoro-a-methylphenylacetic acid (185r) with
sodium tetraphenylborate (172) in water under reflux in the open
air in the presence of Na2CO3 as the base (Scheme 72).148 Com-
pound 193 was obtained in 98% yield.



Table 6
Selective S.eM. monocoupling reactions of bromofluorobenzenes 185 with arylboronic acids or esters

Br
R1

F

Ar1 B
Pd cat, base

solvent

Ar1

R1

F
185 183

Entry Reagents Ar1 B /185
molar ratio

Pd catalyst (mol %) Base Solvent Reaction
conditions (�C/h)

Product Ref.

185 Ar1 B 183 Yield (%)

1

Br

F

185a

B(OH)2 1.0 Resin-Pda (1.5) K2CO3 H2O Reflux/4
F

183f

78 137

2

Br

F
185b

B(OH)2 1.5 Pd[Ph2PCH2CH(Me)O]2b (1.0) K3PO4$3H2O THF rt/9
F

183aa

98 138

3

Br

F
185b

B(OH)2

F
1.5 Pd[Ph2PCH2CH(Me)O]2b (1.0) K3PO4$3H2O THF rt/9

F
183ab

F

99 138

4

Br

F
185b

B(OH)2 1.3 dc Na2CO3 H2OþTBAB 150/0.08 mW
F

183ac

17 139

5d

F
Br

CN
185c

B(OH)2

F
1.26 (h3-C3H5PdCl)2/P(t-Bu)3 (2.5) K3PO4 THF/MeCN/H2O 45e50/2

F

CN

F

183ad

85 140

6

Br

F
185b

B(OH)2

MeO
1.05 Pd EnCat� (5) Bu4NOAc MeCN 140/0.25 mW 92 141

7

Br

F
185b

B(OH)2 1.0
[Pd(NH3)4]2þ-modified nanopore silice

(50 mg/mmol of 185b)
KF d 90e100/3

F
183aa

82 142

8

F
Br

BrF

185d

B(OH)2

MeO
1.5 Pd(PPh3)4 (3.0) Cs2CO3 Dioxane 90/9 60 143

9

F
Br

BrF

185d

B(OH)2

Et
1.5 Pd(PPh3)4 (3.0) Cs2CO3 Dioxane 90/9 65 143
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10

F
Br

BrF

185d

B(OH)2 1.5 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/9 45 143

11

F
Br

BrF

185d

OMe
B(OH)2

MeO
1.5 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/9

OMeMeO

Br
F

F

183ai

67 143

12

F
Br

BrF

185d

OMe
B(OH)2

OMe
1.5 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/9

MeO

Br
F

F

183aj

OMe 68 143

13

F
Br

BrF

185d

B(OH)2

OMe
1.5 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/9

MeO

Br
F

F

183ak

60 143

14

F
Br

BrF

185d

B(OH)2MeO

MeO
1.5 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/9 Br

F

F

183al

OMe

OMe
60 143

15

Br

F

185a CF3
CN

B O
O

1.2 Pd(PPh3)4 (5) K3PO4 DMF 150/1.25 mW

F

CF3
NC

183am

78 144

16

Br

F

185a
CN

B O
O

F3C 1.2 Pd(PPh3)4 (5) K3PO4 DMF 105/16
F

NC

183an

CF3 63 144

17 F

Br

F

185e CN

B O
O

1.2 Pd(PPh3)4 (5) Cs2CO3 EtOH/PhMe 125/1.25 mW
F

NC

F
183ao

81 144

18

Br

F

185f CN

B O
O

1.2 Pd(PPh3)4 (5) Cs2CO3 EtOH/PhMe 150/1.25 mW
F

NC

183ap

67 144

19 MeO

Br

F
185g CN

B O
O

1.2 Pd(PPh3)4 (5) Cs2CO3 EtOH/PhMe 125/2 mW F

NC

MeO
183aq

65 144
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Table 6 (continued)

Entry

Reagents Ar1 B /185
molar ratio Pd catalyst (mol %) Base Solvent

Reaction
conditions (�C/h)

Product

Ref.
185 Ar1 B 183 Yield (%)

20

F

F

Br

185h CN

B O
O

1.2 Pd(PPh3)4 (5) Cs2CO3 EtOH/PhMe 130/1.75 mW CN

F

F
183ar

78 144

21 F

Br

185i

Br
B(OH)2

MeO
1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

F
183as

Br

OMe

60 145

22 F

Br

185i

Br
B(OH)2

t-Bu
1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

F
183at

Br

t-Bu

58 145

23 F

Br

185i

Br
B(OH)2 1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

F
183au

Br 45 145

24 F

Br

185i

Br MeO
OMe

B(OH)2
1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

OMe

OMe
Br

F
183av

67 145

25 F

Br

185i

Br
B(OH)2

Et
1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

Et

Br
F

183aw

68 145

26 F

Br

185i

Br
B(OH)2 1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8 Br

F
183ax

60 145

27 F

Br

185i

Br
B(OH)2

Cl
1.0 Pd(PPh3)4 (3) Cs2CO3 Dioxane 90/6e8

Cl

Br
F

183ay

60 145

28
n-C8H17O

CN
F

Br
185j

n-C5H11

B(OH)2
1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C8H17O

NC
F

n-C5H11

183az

67 134
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29 F
CN

Br

n-C8H17O

185k

n-C5H11

B(OH)2
1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C8H17O

F
CN

n-C5H11

183aaa

61 134

30

CN
n-C5H11 F

Br

185l

n-C8H17O

B(OH)2

1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C5H11

NC
F

O n-C8H17

183aab

63 134

31

F
n-C5H11 CN

Br

185m

n-C8H17O

B(OH)2

1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C5H11

F
CN

O n-C8H17

183aac

58 134

32
n-C8H17O

F
CN

Br

185n

B(OH)2

n-C5H11
1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C5H11

n-C8H17O

CN
F

183aad

66 134

33
n-C8H17

NC
F

Br

185o

B(OH)2

n-C5H11
1.2 Pd(PPh3)4 (3.3) Na2CO3 H2O/DME Reflux/4

n-C5H11

n-C8H17

F
NC

183aae

57 134

a ResinePd¼resin-bound catalyst prepared by treating the wet Deloxan� resin with a MeOH solution of Pd(OAc)2.

b Pd[Ph2PCH2CH(Me)O]2¼ P
Ph2

Pd
O

P
Ph2

O
.

c The reaction was run with the need for addition of a Pd catalyst.
d The reaction was performed on a multikilogram scale.
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F
Br

Br

1) Ar1B(OH)2 (1.0 equiv.)
Cs2CO3 (1.5 equiv.)
Pd(PPh3)4 (3 mol%), dioxane, 90 C, 8 h

2) Ar2B(OH)2 (1.2 equiv.)
Cs2CO3 (1.5 equiv.), 100 C, 6 h

F
Ar2

Ar1

185i
187

187 Ar1 Ar2 yield
(%)

a 4-AcC6H4 4-MeOC6H4 60
b 4-MeOC6H4 2-MeOC6H4 67
c 4-MeC6H4 4-MeOC6H4 48
d 4-MeC6H4 4-AcC6H4 42
e 3, 4-(MeO)2C6H3 2-thienyl 53

Scheme 69.

F
R3

Br
CO2Me

R2
OH

B(OH)2

R1

Pd(PPh3)4 (10 mol%)
Cs2CO3 (4 equiv.)

DME, µW, 125 C, 15 min
OO

R3
F

R1

R2

185p : R3= H
185q : R3= F

189a-d 190a-d

190 R1 R2 R3 yield
(%)

a H H H 96
b F H H 94
c H Cl H 71
d H H F 86

Scheme 70.

F

Br BF3Kn-C8H17

PdCl2(dppf) CH2Cl2 (2 mol%)
i-PrOH, H2O

Bu3N (3 equiv.)
reflux, 10 h

(59%)

n-C8H17

F

185b 191 192

Scheme 71.

F

F

Ar2

Ar1

186a : Ar1= 2, 4-(MeO)2C6H3; Ar2 = 4-MeC6H4 (48%)
186b : Ar1 = 2, 6-(MeO)2C6H3; Ar2 = 4-MeC6H4 (60%)
186c : Ar1 = 4-FC6H4; Ar2 = 4-ClC6H4 (45%)
186d : Ar1 = 2-MeOC6H4; Ar2 = 4-MeC6H4 (62%)

Fig. 14. Structures of compounds 186aed.

Br
F

CO2H Ph4BNa

5% Pd/C (5 mol%)
Na2CO3 (2 equiv.)

H2O, reflux, air, 1 h
(98%) F

CO2H

185r 172

(0.27 equiv.)
193

Scheme 72.
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In numerous papers published in recent years, it has been
demonstrated that chlorofluoroarenes 194 are also useful electro-
philes for highly halogen-selective Pd-catalyzed S.eM. mono-
coupling reactions with arylboronic acids.149e155

Table 7 lists the catalyst systems and the reaction conditions
used so far for performing these reactions. Thus, 4-fluorobiphenyl
(183aa) was obtained in 76% yield by the microwave-promoted
reaction of 4-chlorofluorobenzene (194a) with phenylboronic acid
in amixture of DMFandwater in the presence of n-Bu4NI as additive
and a catalytic amount of air- andmoisture-stable dihydrogen-di-m-
chlorodichlorobis(di-tert-butylphosphinito-kP) dipalladate (POPd2)
(entry 1, Table 7).149,156 Analogous reaction conditions were used to
prepare 5-(4-fluorophenyl)indole (183aaf) in 78% yield from 194a
and 5-indolylboronic acid (entry 2, Table 7).149

However, standard reaction conditions involving the use of
Pd(PPh3)4 as catalyst, aqueous Na2CO3 as base and toluene as sol-
vent, allowed the synthesis of 4-fluoro-2-nitrobiphenyl (183aag) in
55% yield from phenylboronic acid and 1-chloro-4-fluoro-2-
nitrobenzene (194b) (entry 3, Table 7).150

In 2005, Jensen et al.151 unexpectedly obtained two products,
which differed in substitution on the imidazole ring, from the
Pd2(dba)3/P(t-Bu)3-catalyzed reaction between 3-pyridylboronic
acid (195) and chlorofluoroarene 194c and in THF and water at
70 �C in the presence of Na2CO3 as base. The two compounds cor-
responded to the cross-coupling derivative 183aah and the rear-
ranged substance 196 (Scheme 73).

Theauthors foundthatduringtheS.eM.reactioncompounds194c
and 183aah underwent a Dimroth rearrangement157 producing
compounds 196 and 197 (Scheme 73). However, under the optimized
reaction conditions reported in entry 4 of Table 7, a 102/1 mixture of
183aah and 196was formed fromwhich crystalline 183aah, a GABA
a2,3-selective allosteric modulator, was isolated in 96% yield.151

In 2007, Fleckenstein and Plenio152 tested a variety of 9-
fluorenylphosphines as ligands for Pd-catalyzed reactions and
found that a combination of phosphine EtFluPCy2 (Fig. 15) and
Na2PdCl4 catalyzed the reaction of 2-chlorofluorobenzene (194d)
with p-tolylboronic acid to give 2-fluoro-40-methylbiphenyl (183y)
in almost quantitative yield (entry 5, Table 7).

In 2010, a combination of Pd(OAc)2 and IPr$HCl [IPr¼1,3-bis
(2,6-diisopropylphenyl)imidazolylidene] was used by Chen et al.154

as the catalyst for the synthesis of ethyl (E)-3-(4-trifluoromethyl-300-
fluoro-[1,10:40:100]terphenyl-400-yl) acrylate (183aaj) in 80% yield from
ethyl (E)-3-(40-chloro-3-fluorobiphenyl-4-yl)acrylate (194f) (entry 7,
Table 7).

Again in 2010, it was reported that the reaction of 1-chloro-
2,3,4,5,6-pentafluorobenzene (194g) with 2,6-dimethylphenylbor-
onic acid in dioxane at 110 �C in the presence of Cs2CO3 and catalytic
amounts of the amine-phosphine ligand IndNaphP (Fig. 15) and
Pd2(dba)3 provided the tetra-ortho-substituted biphenyl 183aak in
82% yield (entry 8, Table 7).155a It should be noted that some
2,3,4,5,6-pentafluorobiphenyls had previously been synthesized in
high yields by direct arylation of pentafluorobenzene with aryl
bromides in the presence of copper155b or palladium catalysts.155c

Very recently, synthetically interesting Pd-catalyzed highly se-
lective monoarylation reactions of fluorinated nitrobenzenes with
arylboron derivatives have also been investigated.158a In this respect
it appears appropriate tomention that aryl fluorides have been used
less frequently than aryl chlorides as electrophilic partners of CeC
bond-forming reactions due to their higher CeF bond strength and
the corresponding lower reactivity. Moreover, these reactions have
generally been carried out by using Ni-based catalyst systems.159,160

However, in 2010, Sanford et al.158 discovered that the highly
fluorinated nitrobenzene derivatives 198, due to their significant
electrophilicity, were suitable substrates for site-selective Pd(PPh3)4-
catalyzedCeFbondarylationreactionswitharylboronicacidsoresters
in the presence of KF/Al2O3 under both conventional heating and
microwave irradiation.Remarkably, thearylationswere found tooccur
ortho to the nitro group of compounds 198providing a synthetic route
to polyfluorinated 2-arylnitrobenzenes 199 (entries 1e10, Table 8).158a

Thus, the nitro group remained unchanged in these reactions,
although it had previously been observed that the cross-coupling
reaction of nitroaryl bromides and chlorides with 1.5 equiv of
arylboronic acids in the presence of 3 mol % Pd(OAc)2, 6 mol %
DABCO and 3 equiv of K2CO3 in a mixture of DMF and water at



Table 7
Chemoselective S.eM. monocoupling reactions of chlorofluoroarenes 194 with arylboronic acids

Entry Reagents Ar1eB(OH)2/194 molar ratio Pd catalyst (mol %) Base Solvent Reaction conditions (�C/h) Product Ref.

194 Ar1eB(OH)2 183 Yield (%)

1 F

Cl

194a

B(OH)2 1.5 POPd2a Cs2CO3 DMA/H2OþTBAI (12 mol %) 150/0.25 mW
F

183aa

76 149

2 F

Cl

194a

N
H

B(OH)2
1.5 POPd2a Cs2CO3 DMA/H2OþTBAI (12 mol %) 150/0.25 mW

F
183aaf

H
N

78 149

3
B(OH)2 1.1 Pd(PPh3)4 (10) Na2CO3 PhMe/H2O Reflux/42

F NO2

183aag

55 150

4
N

B(OH)2
1.05

Pd2(dba)3 (5)
P(t-Bu)3 (5)

K3PO4 Dioxane/H2O 70/16

N
N N

OH

F N

183aah

96 151

5
B(OH)2 1.5

Na2PdCl4 (0.05)
EtFluPCy2b (0.1)

Cs2CO3 Dioxane 100/24
F

183y

99 152

6
B(OH)2 1.5 (h3-C3H5)PdCl(dcpmp)c (1) K3PO4 MeCN 140/0.17 mW

F
183aac

50 153

7
B(OH)2

F3C
1.5

Pd(OAc)2 (2)
IPr$HCl (4)d

Cs2CO3 DMF 80/3 F

CO2Et

F3C 183aai

80 154

8 B(OH)2 2.0
Pd2(dba)3 (1)
IndNaphP (4)

Cs2CO3 Dioxane 110/24

F
F

F
F

F

183aaj

82 155a

a POPd2¼Dihydrogen-di-m-chlorodichloro bis(di-tert-butylphosphinito-k-P) dipalladate.
b EtFluCy2: see Fig. 15.
c Dcpmp: see Fig. 15.
d IPr: 1,3-Bis(2,6-diisopropylphenyl)imidazolylidene.
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Scheme 73.
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Cy2P Et
PdCl PCy2

N

N

N

N

PCy2

indNaphPEtFluPCy2 ( 3-C3H5)PdCl(dcpmp) dcpmp

Fig. 15. Structures of ligands EtFluPCy2 and indNaphP, and of the precatalyst (h3-C3H5)
PdCl(dcpmp).
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F

oxidative
addiction

198a 200 201

Scheme 74.
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150 �C occurred with simultaneous reduction of the nitro to amino
group.158b The additive DABCOwas found to have a beneficial effect
on the rate and yield of the reaction.158b
Table 8
Pd-catalyzed S.eM. reaction of fluorinated nitrobenzenes 198 with arylboronic acids or

NO2
F

Fn

Ar1 B

Pd(PP
40% KF/A

Metho

198 (1.1 equiv.)

Method A :
Method B :

Entry Reagents Method

198 Ar1 B

1

F

F
F

F

F
NO2

198a

B O
O

A

2

F

F
F

F

F
NO2

198a

NC

B(OH)2
A

3

F

F
F

F

F
NO2

198a

Me2N

B(OH)2
A

4

F

F
F

F

F
NO2

198a

Ph

B(OH)2
A

5

F

F
F

F

F
NO2

198a

O2N B(OH)2 A
It was also noted that tetrafluoronitrobenzenes 198b and 198c
(entries 6 and 7, Table 8) and trifluoronitrobenzenes 198def (en-
tries 8e10, Table 8) were less reactive than pentafluorobenzene
(199a), as expected, due to the corresponding reduction in elec-
trophilicity of their benzene ring. Sanford et al.158 postulated
a catalytic cycle for the Pd-catalyzed CeF activation of 198a in
which the nitro group directs the nucleophilic Pd center towards
the adjacent CeF bond to give the intermediate 200, which leads
directly to the oxidative addition complex 201 (Scheme 74).
In the sameyear, Clark et al.153 found that the air-stable precatalyst
(h3-C3H5)PdCl(dcpmp) (Fig.15),whichwas readily prepared from the
amine-phosphine ligand, dcpmp, promoted the chemoselective re-
action of 3-chlorofluorobenzene (194e) with phenylboronic acid to
give compound 183aac in 50% yield (entry 6, Table 7)

5.1.4. Monocoupling reactions of haloaryl triflates, mesylates and
tosylates. In 1990, Suzuki et al. reported, in a letter, the first ex-
ample of highly chemoselective Pd-catalyzed cross-coupling re-
actions of bromoaryl triflates with organoboron compounds.161

They found that the Pd(PPh3)4-catalyzed reaction of 4-
esters

h3)4 (5 mol%)
l2O3 (1.2 equiv.)

d A or B

NO2
Ar1

Fn

199

DMF, 150 C, µW
DMSO, 150 C, µW

Reaction time (min) Product

199 Yield (%)

15
F

F
F

F

NO2

199a

56

15
F

F
F

F

NO2
CN

199b

56

15
F

F
F

F

NO2
NMe2

199c

64

15
F

F
F

F

NO2
Ph

199d

73

15
F

F
F

F

NO2

199e

NO2
70



Table 8 (continued )

Entry Reagents Method Reaction time (min) Product

198 Ar1 B 199 Yield (%)

6

F

F
F

F
NO2

198b

B O
O B 30

F

F
F

NO2

199f

81
A 30 54a

7

F

F

F
NO2

198c

F B O
O B 120

F

F

NO2

199g

F
54

A 120 48b

8

NO2
F

F
F
198d

B O
O

B 120

NO2

F
F
199h

50

9

NO2
F

F
198e

F

B O
O

B 120

NO2

F
199i

F
54

10

NO2
F

F
198f

F B O
O

B 120

NO2

F
199l

F 34

a A major by-product, 4-dimethylamino-2,3,6-trifluoronitrobenzene, was obtained in 18% yield.
b A major by-product, 2-dimethylamino-3,5,6-trifluoronitrobenzene, was obtained in 6% yield.
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bromophenyl triflate (202) with 9-n-octyl-9-BBN (203) in dioxane
at 65 �C in the presence of K3PO4 occurred at the CeBr bond of 202
to give 4-n-octylphenyl triflate (204) in 66% yield (Scheme 75, Eq. a)
together with a very small amount (<1%) of 1,4-di-n-octylbenzene.
They also described that the sequential Pd(PPh3)4-catalyzed cross
coupling of 202 with 9-alkyl-9-BBN derivatives 205 and 203 fur-
nished the unsymmetrical 1,4-disubstituted benzene derivative
206 in 76% yield (Scheme 75, Eq. b).161
TfO

Br Pd(PPh3)4 (2.5 mol%)
K3PO4 (1.5 equiv.)
dioxane, 65 C, 5 h

(66%)

TfO

n-C8H17

202 203
204

TfO

Br

202

1) (205)

Pd(PPh3)4, K3PO4, dioxane, 65 C, 5 h

2) 203, 85 C, 5 h

n-C8H17

EtO2C 3

206 (76%)

n-C8H17 B

BEtO2C

(a)

(b)

Scheme 75.
In 1993, the same research group described the experimental
details of these reactions and a variety of Pd-catalyzed cross cou-
plings of organoboron compounds with organic triflates.162

Several years later, bromide/triflate selectivity analogous to that
disclosed by Suzuki et al.161,162 was observed by Brown et al.163 who
prepared compounds 208 and 209 (Fig. 16) in 76 and 52% yield,
respectively, by the Pd-catalyzed reaction of 3-bromophenyl triflate
(207) with the required arylboronic acids.
Fig. 16. Structures of compounds 207, 208 and 209.
These authors found that the arylation reaction occurs selec-
tively at the CeBr bond of 207 irrespective whether the catalyst
system is composed of a mixture of Pd(dba)2 and P(t-Bu)3, as in the
case of the synthesis of 208, or is PdCl2(dppp), as for the synthesis
of 209.163

Brown et al. also investigated the Pd-catalyzed reaction of 2-
bromo-4,5-difluorophenyl triflate (210) with arylboronic acids
under a variety of conditions (Scheme 76).163 They found that the
couplings by using PPh3 or dppp as the ligand resulted in the
prevalent formation of the products of Br-displacement, i.e., com-
pounds 211a,b, while the products deriving from the OTf-
displacement, i.e., compounds 212a,b, and the bis-arylated de-
rivatives 213a,b were observed in low amounts. Remarkably, the
Scheme 76.
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cross-coupling reactions carried out at higher temperatures proved
to be more selective than those performed al lower temperatures.

In keeping with these results, the reaction of 210 with a stoi-
chiometric amount of Pd(PPh3)4 in hot toluene gave in high yield
complex 214 (Fig. 17) involving oxidative addition of Pd(0) into the
CeBr bond of 210.163

In2009, Kuet al.164 described aprotocol for thePd-catalyzed site-
selective vinylation of 6-bromo-2-(trifluoromethylsulfonyloxy)
naphthalene (215) with potassium vinyltrifluoroborate (176). The
reaction (Scheme 77) was carried out in EtOH in the presence of
Cs2CO3, Et3Nand a catalytic amount of Pd(PPh3)4 and gave 2-bromo-
6-vinylnaphthalene (216) in 92% yield with good selectivity (90/
2).164 Interestingly, the chemoselectivity of this reaction was oppo-
site to that of the Pd-catalyzed reaction of compound 202 with 9-
alkyl-9-BBN derivatives161,162 as well as of the cross couplings of
bromophenyl triflates 207 and 210 with arylboronic acids.163 As il-
lustrated in Scheme 77, compound 216 was used as a precursor to
compound 217, a naphthalenoid histamine-3 antagonist.164
Br

TfO
BF3K

Pd(PPh3)4 (1.1 mol%)
1 M aq Cs2CO3 , EtOH

Et3N (2 equiv.)
45 C, 15 h

(92%)

Br

N
N

ON

215 176

(1.22 equiv.)
216

217

Scheme 77.

Scheme 79.
In 2000, Fu et al. investigated the ligand-controlled selectivity of
Pd-catalyzed reactions of 4-chlorophenyl triflate (218) with o-tol-
ylboronic acid (168)99 and obtained 4-chloro-20-methylbiphenyl
(219) in 87% yield by using a Pd(OAc)2/PCy3 catalyst system
(Scheme 78, Eq. a). On the contrary, the use of a Pd2(dba)3/P(t-Bu)3
catalyst system allowed the synthesis of biphenyl triflate 220 from
218 in 95% yield (Scheme 78, Eq. b).99,165
TfO

Cl B(OH)2

Pd(OAc)2 (3 mol%)
PCy3 (6 mol%)
KF (3 equiv.), rt

(87%) Cl

218 168 219

TfO

Cl

218

B(OH)2

168

TfO

220

Pd2(dba3) (1.5 mol%)
P(t-Bu)3 (3 mol%)
KF (3 equiv.), rt

(95%)

(a)

(b)

Scheme 78.
Later, it was concluded that a monoligated Pd complex, PdP(t-
Bu)3, is involved in Pd/P(t-Bu)3-catalyzed reactions of aryl chlo-
rides166 and, more recently, it has been established that: (i) the
principal reason for the preferential attack on the CeCl bond of
compound 218 by monoligated Pd is the low distortion energy of
the CeCl bond, and (ii) the selectivity is controlled by distortion
energy differences.167
In 2007, Sajiki et al. reported that the ligand-free, heterogeneous
Pd/C-catalyzed S.eM. reaction of 218with 1.5 equiv of phenylboronic
acid in 50% EtOH at room temperature in the presence of Na2CO3 as
base gave 4-chlorobiphenyl (171b) in 93% yield.168 Compound 171b
had previously been synthesized by Molander and Biolatto123 in 50%
yield by the reaction of neat 218 with potassium phenyl-
trifluoroborate at room temperature, in the presence of 3 equiv of
K2CO3 and 0.5 mol % Pd(OAc)2 under ligandless conditions.

In 2010, Langer et al. synthesized 5-aryl-4-chloro-3-(tri-
fluoromethylsulfonyloxy)phthalates 222aef in satisfactory yields
by the chemo- and site-selective Pd(PPh3)4-catalyzed arylation
reaction of chlorobis(triflate) 221with arylboronic acids in dioxane
at 90 �C in the presence of K3PO4 as base (Scheme 79).169
The authors also prepared directly dimethyl 3,4-diaryl-4-
chlorophthalates 223a and 223b from 221 by the application of
a one-pot procedure involving the treatment of 221with 1.1 equiv of
an arylboronic acid Ar1B(OH)2 in dioxane at 90 �C in the presence of
1.5 equivofK3PO4and3 mol %Pd(PPh3)4, followedby theadditionof
1.3 equiv of an arylboronic acid Ar2B(OH)2 and 1.5 equiv of K3PO4 to
the in situ-formed monocoupling products (Scheme 80).169

Scheme 80.
An interesting example of a chemoselective S.eM. reaction of
a bromoaryl mesylate with an arylboronic acids, in which it was
shown that the cross coupling occurred selectively at the CeBr
bond of the substrate containing two different electrophilic sites,
was reported in 1998 by Kawada, Ohtani et al. in 1998.170 They
found that the reaction of 4-bromo-40-(methylsulfonyloxy)-2,5-
dimethoxy-[1,10]-biphenyl-3-ol (224) with 1.2 equiv of arylboronic
acid 225 in a mixture of DME and EtOH under reflux, in the pres-
ence of Na2CO3 as base and 5 mol % Pd(PPh3)4 gave terphenyl 226 in
high yield. Trismesylate 227, obtained by mesylation of this com-
pound, was then used as a precursor to terprenin (161), an im-
munosuppressive substance (Scheme 81).170



R. Rossi et al. / Tetrahedron 67 (2011) 6969e7025 7011
Scheme 81.
Two examples of chemoselective Pd-catalyzed S.eM. reactions
of haloaryl tosylates with organoboron derivatives, in which the
cross coupling occurred at the carbonehalogen bond of these
electrophiles, have also been reported in the literature.171,172 In
2000, Lin171 described that the S.eM. reaction of 2-amino-5-
methyl-4-(p-toluenesulfonyloxy)benzene (228) with 3,5-dime-
thoxyphenylboronic acid (229) under conventional conditions gave
biphenyl tosylate 230 in quantitative yield (Scheme 82).

Br

H2N
OTs

MeO B(OH)2

OMe

Pd(PPh3)4 (5 mol%)
2 M Na2CO3

EtOH, PhH, H2O, reflux
(99%)

OTs
NH2

OMe

MeO

228 229 230

Scheme 82.
In 2007, Wu et al.172 found that, in the Pd(OAc)2/2-
dicyclohexylphosphino-20,40,60-trimethoxybiphenyl-catalyzed re-
action of 1-chloro-4-(p-toluenesulfonyloxy)benzene (231) with
potassium phenyltrifluoroborate (181) in a mixture of Et3N and
EtOH at 80 �C the tosyloxy group in 231 is retained and compound
232 was obtained in 84% yield (Scheme 83). This biphenyl de-
rivative was further elaborated by a Pd-catalyzed reaction with
potassium aryltrifluoroborate 233 under ligandless conditions to
give terphenyl 234 in 64% yield (Scheme 83).172
Scheme 83.

Fig. 18. Structures of compounds 237, 238 and 239.
In the same year, Taylor and Felpin173 developed a new appli-
cation of the Pd/C-catalyzed S.eM. reaction that involved the use of
4-bromophenyldiazonium tetrafluoroborate (235) in a chemo-
selective one-pot sequential arylation process with two different
arylboronic acids in the absence of base under ligandless condi-
tions. Compounds 236aefwere prepared in yields ranging from 65
to 78% (Scheme 84).

Scheme 84.
Interestingly, the first arylation of this orthogonal functionali-
zation of 235 through chemoselective double cross-coupling re-
actions occurred at the CeN2BF4 bond of 236 to give
a bromobiphenyl derivative.173

5.2. Monocoupling reactions of polyhalogenated benzenes
bearing identical carbonehalogen bonds

Selective Pd-catalyzed monocoupling reactions of organo-
boron compounds with benzene derivatives 237 bearing two (or
more) identical carbonehalogen bonds have been found to be
much more difficult to perform than chemoselective Pd-catalyzed
monocouplings of dihalo- and polyhalobenzenes bearing differ-
ent carbon halogen bonds. This fact can be justified taking into
account that the reactions of compounds 237 bearing iso-
electronic sites can produce halobiaryls 238 together with ter-
phenyls 239 (Fig. 18), the relative amounts of compounds 238
versus 239 being mainly dependent on the 237/organoboron
molar ratio and the nature of the catalyst system used in the
cross-coupling reactions.
Path A of the reported catalyst cycle summarized in Scheme 85
might explain the formation of compounds 238. This involves: (i)
formation of complex 240 by oxidative addition of 237 to a Pd(0)
catalyst; (ii) a transmetalation reaction between 240 and the
organoboron compound, followed by reductive elimination of the
resulting arylPd(II) complex 241, which provides complex 242;
(iii) diffusion of Pd(0) from 242 and generation of 238; and (iv)
oxidative addition of Pd(0) to 237, because the amount of this
compound is in excess relative to that of 238 and because 237
would be more reactive than 238, due to steric and/or electronic
effects.174

Alternatively, Pd(0) diffused from 242 would undergo oxidative
addition to 238 to generate complex 243. A transmetalation re-
action between this Pd(II) complex and the organoboron com-
pound, followed by reductive elimination from the resulting
diarylPd(II) species 244, would then give rise to terphenyls 239
(Scheme 85, path B).174
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Fig. 19. Structures of compounds 252aec.
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Over the past years, scattered reports on the highly selective
synthesis of iodobiaryls from diiodoarenes and arylboron de-
rivatives have been published.107,175,176 In 2005, Hutton et al.175

investigated the PdCl2(dppf)$CH2Cl2-catalyzed reaction between
3,5-diiodo-L-tyrosine derivative 245a and a large molar excess of
the boronate derivative 246a and found that the reaction in DMSO
at 80 �C in the presence of K2CO3 gave only compound 247a in 21%
yield, while the doubly coupled product 248a was not observed
(Scheme 86).

Scheme 86.
On the other hand, the cross coupling between methyl ether
245b and boronate 246b under similar experimental conditions
gave the iodotyrosine derivative 247b and the trityrosine derivative
248b in 31 and 22% yield, respectively (Scheme 86).175

In 2007, Nakano and Nozaki107 reported that reacting 1,4-
diiodo-2,5-dimethoxybenzene (249) with 2 equiv of 2-
chlorophenylboronic acid (250) in a mixture of toluene, EtOH and
water at 80 �C for a long reaction time, in the presence of 4 equiv of
Na2CO3 and 5 mol % Pd(PPh3)4, produced 20-chloro-2,5-dimethoxy-
4-iodobiphenyl (251) in 99% yield (Scheme 87).
I

I
OMe

OMe

B(OH)2

Cl

Pd(PPh3)4 (5 mol%)
Na2CO3 (4 equiv.)

PhMe, EtOH, H2O
80 C, 2 d

(99%)

OMe

OMe
Cl I

249 250 251

Scheme 87.

Scheme 89.
This monocoupling compound was then used as a precursor to
two unsymmetrical terphenyls, which were prepared in high yields
by the Pd(PPh3)4-catalyzed reaction of 251 with 2 equiv of
arylboronic acid pinacolates in a mixture of toluene, EtOH and
water at 90 �C for 2 days in the presence of Na2CO3 as base.107

On the contrary, significant selectivity for double coupling over
single coupling was observed by Sherburn176 in Pd(PPh3)4-cata-
lyzed reactions of 1,3- and 1,4-diiodobenzene, 252a and 252b
(Fig. 19), with arylboronic acids or esters in THF or a mixture of
toluene and methanol under reflux in the presence of Ag2CO3 or
Cs2CO3 as base. Significant selectivity for double coupling was ob-
served, even when a diiodobenzene/boronic acid molar ratio of 10/
1 was used.176
Selective double couplings were also found to occur when Hu174

reacted 1,2-, 1,3- and 1,4-diiodobenzene 252a, 252b and 252c, re-
spectively (Fig. 19), with 1 equiv of p-tolylboronic acid (253) in THF
at room temperature in the presence of 3 equiv of K3PO4, 2.5 mol %
Pd2(dba)3 and 10 mol % P(t-Bu)3. As shown in Scheme 88, excellent
molar ratios between bis- and mono-coupling products 255 and
254, respectively, were obtained in the reaction of 253 with 252a
and 252b, but a lower 255/254 molar ratio was obtained in the
reaction involving 252c.

Scheme 88.
These results indicated that the Pd2(dba)3/P(t-Bu)3-catalyzed
reactions of diiodides 252aec with 253 proceeded preferentially
via path B of Scheme 85, involving in this case the Pd(0) catalyst
regenerated in the cross couplings of 252aec with 253 that pro-
vided monocoupling products 254aec. This regenerated Pd(0)
catalyst then undergoes oxidative addition preferentially to
254aec, rather than to 252aec.

In 2004, a protocol significantly different from that used by
Nakano and Nozaki107 for the synthesis of compound 251 was
employed by Matile et al.177 for the Pd-catalyzed monoarylation of
4,40-diiodo-3,30-dimethoxybiphenyl (256). In fact, 3 equiv of 256
were reacted with 1 equiv of 2-methoxyphenylboronic acid (71) in
amixture of acetone andwater at 50 �C in the presence of 1 equiv of
K2CO3 and 10 mol % Pd(PPh3)4 (Scheme 89).177 Compound 257 was
obtained in 37% yield.
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The Pd-catalyzed monoarylation reactions of dibromo- and
polybromobenzenes with arylboron derivatives75,127a,178e188 have
attracted much more attention than the corresponding reactions of
diiodoarenes. In the first examples reported in the literature, these
monoarylationswere achieved by using a high di-(poly)brominated
arene/arylboron derivative molar ratio. In fact, in 1993, Koga
et al.178 synthesized 8-(3,5-dibromophenyl)-2-methylquinoline
(260) in 88% yield by the Pd(PPh3)4-catalyzed reaction between
boronic acid (259) and 2.7 equiv of 1,3,5-tribromobenzene (258) in
a refluxing mixture of benzene, toluene and EtOH containing 2 M
aqueous Na2CO3 (Scheme 90).

Br

BrBr
N

(HO)2B

Pd(PPh3)4 (1 mol%)
2 M Na2CO3

PhH, PhMe, EtOH, H2O
reflux, 18 h

(88%) BrBr

N

258

(2.76 equiv.)
259 260

Scheme 90.
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DME, H2O, reflux, 24 h

Br

CN

270a 271 272

Scheme 93.
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Moreover, in 1996, Galda and Rehahn179 prepared bromoter-
phenyls 263a and 263b in 96 and 99% yield, respectively, by
treatment of 4-biphenylboronic acid (261) with 10 equiv of dibro-
mobenzenes 262a and 262b in toluene under reflux for 3 days in
the presence of 1 M aqueous Na2CO3 and 0.5 mol % Pd(PPh3)4
(Scheme 91).

Scheme 91.
Br Br

Br

273 274 270a : ortho
270b : meta
270c : para
Repetitive S.eM. reactions were then used to convert com-
pounds 263a,b into 200,500-dialkyl-4-bromo-p-quinquephenyls
264a,b, 200,500,207,507-tetraalkyl-p-decaphenyls 265a,b, and
200,500,207,507,2012,5012-hexa-x-alkyl-p-quindeciphenyls 266a,b
(Fig. 20).179

Interestingly, the reactions involving electron-deficient aryl-
boronic acids were found to require longer reaction times and in
these cases, the yields of the requiredmonocoupling products were
reduced, due to boronic acid decomposition.
Fig. 20. Structures of compounds 264a,b, 265a,b and 266a,b.
In 1998, Simpkins et al.75 synthesized o-tetraphenylenes bro-
mide 269 in 75% yield by the Pd(PPh3)4-catalyzed reaction of
boronic acid 267 with 2,20-dibromobiphenyl (268) in a mixture
of DME and water under reflux in the presence of Ba(OH)2 as
the base (Scheme 92). Unfortunately, the 267/268 molar ratio, the
number of equiv of Ba(OH)2 and the reaction time were not
reported.75
On the other hand, in 2002, Miyaura and his group found that
2-bromo-40-cyanobiphenyl (272) could be conveniently and selec-
tively synthesized in 53% yield via Pd(PPh3)4-catalyzed S.eM. Re-
action of 4-cyanophenylboronic acid (271) in DME and water under
reflux in the presence of Na2CO3 as the base (Scheme 93).180
In 2004, a similar Pd(PPh3)4-catalyzed reaction, inwhich Cs2CO3
was used instead of Na2CO3 as the base, allowed Tanaka et al.181 to
prepare 8-methoxy-1-(20-bromophenyl)naphthalene (274) in 82%
yield from 270a and 1.1 equiv of 273, a sterically hindered aryl-
boronic acid (Fig. 21).
275a : ortho
275b : meta
275c : para

276a : ortho
276b : meta
276c : para

Fig. 21. Structures of compounds 270aec, 273, 274, 275aec and 276aec.
One year later, Rasoanaivo et al.182 found that the Pd(OAc)2/
PPh3-catalyzed coupling of dibromobenzenes 270aec with
1.2 equiv of phenylboronic acid in a mixture of 1-propanol and
water under reflux in the presence of 2 equiv of Na2CO3 gave rise to
a small amount (7e12%) of terphenyls 276aec along with the target
biphenyl bromides 275aec (Fig. 21) in 58e67% yield.

In 2005, several substituted bromobiaryls 277 were regiose-
lectively synthesized in high yields by Uozumi and Kikuchi183

through highly selective monoarylation reactions of dibromoar-
enes 270aec, 279 and 281 and tribromobenzene 280 with equi-
molar amounts of arylboronic acids in a mixture of toluene and
water in the presence of K2CO3 as base, by using an amphiphilic
polystyrene-poly(ethylene glycol)(PS-PEG) resin-supported phos-
phine Pd complex as heterogeneous catalyst. The synthesis of
compounds 277aei in yields ranging from 77 to 92% according to
this protocol is illustrated in Table 9.



Table 9
Pd-catalyzed S.eM. monoarylation of dibromo- and tribromoarenes in water with a polymeric Pd-catalyst

Br
Br

R1
Ar1 B(OH)2

[Pd] (1 mol%), PPh3 (8 mol%)

2 M K2CO3, PhMe, H2O
reflux, 24 h

Ar1
Br

R1

Ar1

Ar1

R1

277 278

[Pd] = PS O O N
H

O Ph2
P

Pd
Cl

O
n

Entry Reagents Product 277/278 molar ratio

Electrophile Ar1eB(OH)2 277 GLC Yield (%)

1 Br Br

270b

B(OH)2

Br
277a

90 96/4

2 Br Br

270b

B(OH)2Ac

Br
277b

Ac
84 >99/<1

3 Br Br

270b

B(OH)2Ac

277c

Ac
Br 90 >99/<1

4 Br Br

270b

B(OH)2

Br
277d

90 98/2

5
Br

Br
279

B(OH)2
Br

277e

88 >99/<1

6 Br Br

270b

B(OH)2

Br
277f

92 98/2

7

Br

Br Br

270c

B(OH)2
Br

Br
277g

81 81/19

8

Br

Br
270d

B(OH)2

Br
277h

81 99/1

9 Br

Br

270a

B(OH)2
Br

277i

77 >99/<1

Br

278g

Fig. 22. Structure of compound 278g.
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Interestingly, excellent selectivities were achieved in the cross
couplings of 3-acetylboronic acid with dibromobenzenes 270b and
270c (entries 2 and 3, respectively, Table 9), in the reactions of p-
tolylboronic acid with dibromides 279 and 281 (entries 5 and 8,
respectively, Table 9), and by treatment of o-tolylboronic acid with
270a (entry 9, Table 9). However, the S.eM. reaction of 280 with p-
tolylboronic acid gave the required dibromobiphenyl 277g in 81%
yield along with 19% of 50-bromo-4,400-dimethyl-m-terphenyl 278g
(Fig. 22) (entry 7, Table 9).183

Remarkably, the polymeric Pd catalyst used in these reactions
could be readily recovered and recycled and was suitable for the
one-pot synthesis of terphenyl 280 in 83% yield by addition of
1.3 equiv of 3-methoxyphenylboronic acid (279) to the reaction
mixture obtained from the monoarylation reaction of 270b with
1 equiv of p-tolylboronic acid (253) in the presence of aqueous
K2CO3, 2 mol % polymeric Pd catalyst, and 16 mol % PPh3 at 105 �C
(Scheme 94).
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Scheme 94.
Again in 2005, Chen et al.184 synthesized (20-bromobiphenyl-4-
yl)trimethylsilane (282) in 76.3% yield by the Pd(PPh3)4-catalyzed
reaction of commercially available 4-(trimethylsilyl)phenylboronic
acid (281) with 1.2 equiv of 1,2-dibromobenzene (270a) in toluene
under reflux in the presence of 2 M Na2CO3 (Scheme 95).

(Me)3Si

B(OH)2 Br

Br

Pd(PPh3)4 (1.2 equiv.)
2 M Na2CO3

PhMe, H2O, reflux, 24 h (Me)3Si Br

281 270a

(1.2 equiv.) 282

Scheme 95.
One year later, Zhou et al.185 reported that the Pd(PPh3)4-cata-
lyzed reaction of 2-methoxyphenylboronic acid (71) with 1.5 equiv
of 270a and 3.1 equiv of K2CO3 in dioxane at 50 �C gave 20-bromo-2-
methoxybiphenyl (283) (Fig. 23) in 71% yield.

Cram et al.186 had previously synthesized bromobiphenyl 285
(Fig. 23) in 50% yield by the reaction of 1,4-dibromobenzene (270c)
with 2,6-dimethoxyphenylboronic acid (284) (Fig. 23), Cs2CO3 as
base and a catalytic quantity of Pd(PPh3)4 in a refluxing mixture of
toluene and methanol. Unfortunately, the experimental details of
this reaction were not reported.
MeO

Br OMe
B(OH)2

OMe

OMe

MeO

Br

283 284 285

Fig. 23. Structures of compounds 283, 284 and 285.
Recently, Houpis et al.187 investigated the Pd-catalyzed cross-
coupling reaction of the lithium salt of 2,4-dibromobenzoic acid
(286) with arylboronic acids and found that o-aryl-substituted
carboxylic acids 287aee were obtained with excellent site se-
lectivity (>99/<1) and good yields when the reactions were
performed in a 1/1 mixture of NMP and water at 65 �C in the
presence of 0.5 mol % Pd2(dba)3$CHCl3 under ligandless condi-
tions (Scheme 96).
Scheme 96.
Interestingly, the reactions involving electron-deficient aryl-
boronic acids were found to require longer reaction times and, in
these cases, the yields of the required monocoupling products
were reduced, due to boronic acid decomposition. The authors
supposed that the Pd-catalyzed site-selective arylation of 286was
controlled by an irreversible oxidative addition reaction at the C-2
position of the lithium salt of 286, which was directed by the
carboxylate anion.187 They also found that, when the reaction of
the lithium salt of 286 with 1.1 equiv of p-tolylboronic acid (253)
was performed by using a Pd catalyst incorporating the diphos-
phine, DPEphos, significant selectivity for C-4 over C-2 arylation
was obtained (92/8) and compound 288 was isolated in 68% yield
(Scheme 97).187

Scheme 97.
In 2009, two convenient and efficient protocols to access a va-
riety of bromobiphenyls 277 through Pd/C/PPh3- or Pd(PPh3)4/
PPh3-catalyzed highly selective monoarylation of dibromo-
benzenes 270aec, 289 and 290 with 1.1 equiv of arylboronic acids
were developed by Hu et al.188 The synthesis of compounds 277ieo,
277f and 277p according to these protocols is illustrated in entries
1e9 of Table 10. Interestingly, the reactions involving 1,2-
dibromobenzenes 270a, 289 and 290 (entries 1e7, Table 10)
proved to be more selective than that concerning 1,3-
dibromobenzene (270b) (entry 8, Table 10).188

High selectivity was also observed in the S.eM. reactions of O-
protected 1,6-dibromo-2-naphthols 291 with 1.1e1.2 equiv of het-
eroarylboronic acids (Scheme 98).189

Consistent with both electronic and steric factors, the couplings
occurred at position 6 of compound 291 to give 6-heteroaryl-
substituted derivatives 292aee in modest-to-excellent yields.
However, both attempts to couple 2-benzofurylboronic acid with
the methyl carboxylate acid and methyl tetrazole derivatives of 1,6-
dibromo-2-naphthol failed to give the corresponding cross-
coupling products.189

In 2009, Takahashi et al.190 performed the first total synthesis of
vialinin B (293) (Fig. 24), a dibenzofuran derivative isolated from
the dry fruiting bodies of an edible Chinese mushroom, Thelephora
vialis,191 via a reaction sequence inwhich two key intermediates, p-
terphenyls 299 and 300, were synthesized by a site-selective cross
coupling of 4,7-dibromo-6-(methoxymethoxy)-benzo[d][1,3]diox-
ole-5-carbaldehyde (299) with two different boronic acids 295 and
297 (Scheme 99).

In particular, the Pd(PPh3)4-catalyzed reaction of 294 with
1.2 equiv of boronic acid 295 afforded bromobiphenyl 296 in 84%
yield. This substance was then converted into p-terphenyl 299 in
84% yield by Pd(OAc)2/X-Phos-catalyzed reaction with 1.5 equiv of
boronic acid 297. On the other hand, the Pd(PPh3)4-catalyzed re-
action of 294 with 297 gave bromobiphenyl 298 in 54% yield,
whereas, by the use of a Pd(OAc)2/PPh3 catalyst system, compound
298 was obtained in 78% yield.

The coupling of 298 with boronic acid 295 did not proceed by
using a Pd(OAc)2/PPh3 catalyst system, but an exchange of PPh3

with X-Phos dramatically improved the reaction, providing p-ter-
phenyl 300 in 91% yield (Scheme 99).



Table 10
Pd/C/PPh3- and Pd(PPh3)4/PPh3-catalyzed monoarylation reactions of dibromobenzenes with arylboronic acids

Entry Reagents Method Product 277/278

Dibromo-benzene Ar1eB(OH)2 277 Yield (%)

1

Br

Br
270a

B(OH)2 A

Br
277i

82 99/1
B 75 99/1

2

Br

Br
270a

B(OH)2

OMe
A

Br

MeO

277j

56 94/6

3

Br

Br
270a

MeO

B(OH)2
A

Br
277k

OMe

71 94/6

4

Br

Br
270a

B(OH)2 B
Br

277l

62 96/4

5

Br

Br
270a

F B(OH)2 A

Br
277m

F

95 99/1

6

Br

Br
289

B(OH)2 A
Br

277n

86 97/3

7

Br

Br
290

B(OH)2 A
Br

277o

82 96/4

8
Br Br

270b

B(OH)2 A Br

277f

60 81/19
B 67 86/14

9
Br

Br
270c

B(OH)2
A

Br
277p

51
85/15

B 61 93/7
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Although it has long been known that several dichloro- and
polychlorobenzene derivatives are toxic and probably carcinogenic
to humans,192 in recent years, some studies have also been carried
out on the Pd-catalyzed monoarylation reactions of these electro-
philes with arylboronic acids.193e196

In 2006, Zlotin et al.193 reported that the reaction of 2,4-
dichloroacetophenone (301) with 1.1 equiv of phenylboronic
acid, 4 equiv of K3PO4, 8 mol % Pd(OAc)2, 8 mol % 1,3-bis(tetrazol-
1-yl)benzene (BTB) and 12 mol % 18-crown-6 in DMF at 95 �C
produced a mixture of 2-arylated, 4-arylated and 2,4-diarylated
derivatives, 302, 303 and 304, respectively, in a 75/10/15 M ra-
tio (Scheme 100). One year later, the same research group de-
scribed that 1,2-dichlorobenzene (305) and 1,4-dichlorobenzene
(306) were converted in high yield into chlorobiphenyls 171y and
171b, respectively, by treatment with 1.5 equiv of phenylboronic
acid in the presence of K3PO4 as base and a catalyst system
consisting of a mixture of Pd(OAc)2 and 1,3-bis(2,4,6-
trimethylphenyl)imidazolium chloride (BTPIm) in dioxane at
85e90 �C (Scheme 101).194 However, these reaction conditions
were unsuitable for arylation of 1,2,4,5-tetrachlorobenzene with
phenylboronic acid. On the other hand, the use of NaOt-Bu in-
stead of K3PO4 as base produced a complex mixture of cross-
coupling products.194

Wang et al.195 had previously found that the PdCl2-catalyzed
reaction of 306 with 1 equiv of phenylboronic acid in the presence
of 2.5 equiv of K2CO3 in PEG(300) as solvent at room temperature
gave 4-chlorobiphenyl (171b) in 86% yield. However, these reaction
conditions were ineffective for arylation of 305.195
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Fig. 24. Structure of compound 293 (vialin B).
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Finally, Diaconescu et al.196 described that the reaction of 305
with 1 equiv of phenylboronic acid in the presence of 4 equiv of
aqueous NaOH and 0.05 mol % Pd nanoparticles supported on pol-
yaniline nanofibers [Pd/PANI], followed by treatment of the
resulting cross-coupling product with 5 equiv of KOH in a 1/1
mixture of dioxane and water for 6 h afforded 2-hydroxybiphenyl
(307) in 70% yield (Scheme 102).

5.3. Monocoupling reactions of bis(triflates) of
dihydroxyarenes

Several examples have been reported in the literature showing
that aryl triflates, readily prepared from the corresponding com-
mercially available and inexpensive phenols,197 are electrophiles
suitable for efficient Pd-catalyzed S.eM. cross-coupling re-
actions.198 In this context, very recently, Langer0s research group
has carried out several investigations showing that bis(triflates) of
dihydroxyarenes are able to undergo selective Pd-catalyzed S.eM.
monoarylation reactions with arylboronic acids.199e206

Thus, 4-aryl-2-(trifluoromethylsulfonyloxy)benzophenones
309aeg were prepared with good site-selectivity in yields ranging
from 43 to 89% by the Pd(PPh3)4-catalyzed reaction of bis(triflate)
308 of 20,4-dihydroxybenzophenone with 1.3 equiv of the required
arylboronic acids (Scheme 103).205 Noteworthy, the remaining
triflate group of compounds 309 could be further reacted with
4-vinylphenylboronic acid (310) in the presence of 3 equiv of K3PO4
and a catalytic amount of Pd(PPh3)4 to give 20,4-
diarylbenzophenones 311aee in satisfactory yields (Scheme 103).205

The Pd(PPh3)4-catalyzed reactions of bis(triflate) 312 of methyl
2,5-dihydroxybenzotae with 1.3 equiv of arylboronic acids in di-
oxane at 110 �C in the presence of K3PO4 as base were found to
occur site selectively at the less sterically hindered C-5 position to
give biaryls 313aeg in satisfactory yields (Scheme 104).199 How-
ever, in some cases, compounds 313 were obtained together with
small amounts of bis-coupling products and the C-2 arylated
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regioisomers, and a chromatographic purification was necessary to
obtain the required pure C-5 monocoupling compounds. In-
terestingly, the Pd(PPh3)4-catalyzed reaction of compounds 313
with arylboronic acids allowed Langer et al. to prepare methyl 2,5-
diarylbenzoates containing two different aryl groups.199

Chemo- and site-selective cross-coupling reactions were also
found to occur when bis(triflate) 314 of dimethyl 4-chloro-3,5-
dihydroxyphthalate was reacted with 1.1 equiv of arylboronic
acids under experimental conditions similar to those employed for
the synthesis of compounds 313 from 312.200

Dimethyl 5-aryl-4-chloro-3-(trifluoromethylsulfonyloxy)-
phthalates 315aef were obtained in satisfactory yields (Scheme
105). As for the synthesis of compounds 313, the site selectivity of
these cross-coupling reactions was explained on the basis of steric
reasons.200

Interestingly, the protocol used for the synthesis of compounds
313 also enabled Langer et al. to prepare dimethyl 5-aryl-4-
fluorophthalates 317aef in satisfactory yields and with excellent
site selectivity from bis(triflate) 316 of dimethyl 4-fluoro-3,5-
dihydroxyphthalate and arylboronic acids (Scheme 106).191

Moreover, a similar protocol was employed for the reaction of
bis(triflate) 318 of 2,40-bis(hydroxy)diphenylsulfone with 1.1 equiv
of arylboronic acids that resulted in the site-selective cross-
coupling reaction onto the 40-position of this substrate.202 2-
Trifluoromethylsulfonyloxy-40-aryldiphenylsulfones 319aee were
prepared in yields ranging from 55 to 76% with very good site se-
lectivity (Scheme 107).202
On the other hand, electronic instead of steric reasons were
proposed to explain the site selectivity of the Pd(PPh3)4-catalyzed
cross-coupling reactions of 3,4-bis(trifluoromethylsulfonyloxy)
benzophenone (320) with 1.3 equiv of arylboronic acids.203 The
formation of compounds 321aee (Scheme 108) was in fact
explained taking into account that the oxidative addition of Pd(0)
occurs at the C-4 position of 320, which is more electron deficient
than the C-3 position.203

Langer et al. also found that compound 320 underwent se-
quential S.eM. reactions with two different arylboronic acids to
give unsymmetrical 3,4-disubstituted benzophenones in good
yields.203

The site selectivity of the Pd(PPh3)4-catalyzed reaction used to
prepare 1-aryl-2-(trifluoromethylsulfonyloxy)-anthraquinones 323
from bis(triflate) 322 of alizarin and 1 equiv of arylboronic acids
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was also explained on the basis of electronic reasons.203 The re-
action was found to proceed with excellent site selectivity to give
compounds 323aeh in yields ranging from 50 to 85% (Scheme
109).203 It should be noted that position 1 of compound 322,
where the arylation reactionwas proved to occur, is more hindered,
but more electron-deficient, than position 2.

Scheme 109.
As previously found for compound 320, bis(triflate) 322 proved
to be able to undergo a one-pot Pd(PPh3)4-catalyzed reaction with
two different arylboronic acids, which were sequentially added.204

The first step of the optimized one-pot process (Scheme 110) was
carried out at 90 �C and the second was performed at 110 �C. Un-
symmetrical 1,2-diarylanthraquinones 324aef were prepared in
50e68% yields.202
Scheme 110.
Finally, Langer et al. recently described the synthesis of phenyl
1-aryl-4-(trifluoromethylsulfonyloxy)-2-naphthoates 326aee in
good yields and with high site selectivity via a Pd(PPh3)4-catalyzed
reaction of bis(triflate) 325 of phenyl 1,4-dihydroxynaphthoate
with 1.1 equiv of the required arylboronic acids in dioxane at
95 �C in the presence of 1.5 equiv of K3PO4 (Scheme 111).206
Thus, the arylation reaction occurred at the C-1 position of 325,
which is more sterically hindered, but more electron deficient, than
C-4 due to the diene character of this substrate (Fig. 25).206
It was also found that the one-pot Pd(PPh3)4-catalyzed reaction
of 325 with two different, sequentially added arylboronic acids
gave unsymmetrical phenyl 1,4-diaryl-2-naphthoates 327aed in
51e67% yields (Scheme 112).206

Scheme 112.
6. Conclusions

Finding effective methods for the site-, chemo- and stereo-
selective synthesis of densely functionalized organic compounds is
a long-lasting goal in organic synthesis. Since the report by Roush
et al.31 in 1988, which concerned the first examples of chemo- and
stereoselective Pd-catalyzed monocoupling reactions of a highly
functionalized 1,1-dibromo-1-alkene with a 1,3-dienylboronic acid,
and the letter published in 1990 by Suzuki et al.,161 in which highly
chemoselective Pd-catalyzed monocoupling reactions of a bromo-
phenyl triflate with 9-alkyl-9-BBN derivatives were described, the
development and use of highly selective Pd-catalyzed
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monocoupling reactions of alkene and arene derivatives with two
or more electrophilic sites and non-functionalized and functional-
ized organoboron derivatives have become a vibrant area of re-
search and these reactions have found application as central
strategic steps in the synthesis of a wide variety of biologically
active compounds, drugs, naturally occurring substances, liquid
crystals and luminophores. The main factors that have contributed
to the extensive use of these reactions include: (i) their high
functional tolerance that in recent years has been implemented in
several orthogonal functionalization protocols; (ii) the stability and
general availability of the organoboron derivatives; (iii) the use of
catalyst systems that frequently do not contain sophisticated, or are
devoid of, ligands and can be easily recycledwithout significant loss
of activity; and (iv) their application in one-pot polycoupling pro-
cedures of multiple halogenated alkenes and arenes.

This mature area of research, however, needs the development
of more rapid and environmentally friendly protocols involving the
use of very low catalyst loadings, ‘green’ solvents, short reaction
times and very mild reaction conditions. For example, room tem-
perature S.eM. monoarylation reactions of substrates with two or
more electrophilic sites are infrequent.31,48,69,71,99,108,121,122,138,174

Moreover, as far as we know, Pd-catalyzed highly selective mono-
arylation reactions of these substrates in water as the only solvent
under exceedinglymild conditions have not been reported so far.207

We can therefore expect that, in the near future, studies on Pd-
catalyzed S.eM. monoarylation reactions continue actively208 and
that particular attention is paid to the use of efficient one-pot site-
selective polycoupling reactions of polyhalogenated substrates in
the synthesis, even on a large scale, of highly functionalized bio-
active organic substances including pharmaceuticals.

References and notes

1. For recent monographies and reviews on the MizorokieHeck reaction, see: (a)
The MizorokieHeck Reaction; Oestreich, M., Ed.; Wiley: Chichester, UK, 2009;
(b) Farina, V. Adv. Synth. Catal. 2004, 346, 1553e1582; (c) Dounay, A. B.;
Overman, L. E. Chem. Rev. 2003, 103, 2945e2964; (d) Beletskaya, I. P.; Che-
prakov, A. V. Chem. Rev. 2000, 100, 3009e3066; (e) Amatore, C.; Jutand, A. Acc.
Chem. Res. 2000, 33, 314e321.

2. For recent reviews on the Sonogashira reaction, see: (a) Chinchilla, R.; N�ajera, C.
Chem. Rev. 2007,107, 874e922; (b) Doucet, H.; Hierso, J.-C. Angew. Chem., Int. Ed.
2007, 46, 834e871; (c) Sonogashira, K. J. Organomet. Chem. 2002, 653, 46e49.

3. For recent reviews on transition metal-catalyzed a-arylation reactions of
substrates with sp3-hybridized CeH bonds, see: (a) Bellina, F.; Rossi, R. Chem.
Rev. 2010, 110, 1082e1146; (b) Johansson, C. C. C.; Colacot, T. J. Angew. Chem.,
Int. Ed. 2010, 49, 676e707; (c) Culkin, D. A.; Hartwig, J. F. Acc. Chem. Res. 2003,
36, 234e245; (d) Miura, M.; Nomura, M. Top. Curr. Chem. 2002, 219, 212e237;
(e) Ehrentraut, A.; Zapf, A.; Beller, M. Adv. Synth. Catal. 2002, 344, 209e217.

4. For recent reviews on transition metal-catalyzed direct arylation reactions of
arenes and heteroarenes, see: (a) Ackermann, L. Pure Appl. Chem. 2010, 82,
1403e1413; (b) Satoh, T.; Miura, M. Synthesis 2010, 3395e3409; (c) Roger, J.;
Gottumukkala, A. L.; Doucet, H. ChemCatChem 2010, 2, 20e40; (d) Bellina, F.;
Rossi, R. Tetrahedron 2009, 65, 10269e10310; (e) Ackermann, L.; Vicente, R.;
Kapdi, A. R. Angew. Chem., Int. Ed. 2009, 48, 9792e9828; (f) Chen, X.; Engle, K.
M.; Wang, D. H.; Yu, J.-Q. Angew. Chem., Int. Ed. 2009, 48, 5196e5217; (g) Li, B.-
J.; Yang, S.-D.; Shi, Z.-J. Synlett 2008, 949e957; (h) Alberico, D.; Scott, M. E.;
Lautens, M. Chem. Rev. 2007, 107, 174e238; (i) Seregin, I. V.; Gevorgyan, V.
Chem. Soc. Rev. 2007, 36, 1173e1193.

5. For leading references on transition metal-catalyzed decarboxylative cross-
coupling reactions, see: (a) Goossen, L. J.; Lange, P. P.; Rodríguez, N.; Linder,
C. Chem.dEur. J. 2010, 16, 3906e3909; (b) Park, K.; Bae, G.; Moon, J.; Choe, J.;
Song, K. H.; Lee, S. J. Org. Chem. 2010, 75, 6244e6251; (c) Ranjit, S.; Duan, Z.;
Zhang, P.; Liu, X. Org. Lett. 2010, 12, 4134e4136; (d) Zhang, W.-W.; Zhang, X.-
G.; Li, J.-H. J. Org. Chem. 2010, 75, 5259e5264; (e) Bilodeau, F.; Brocu, M.-C.;
Guimond, N.; Thesen, K. H.; Forgione, P. J. Org. Chem. 2010, 75, 1550e1560; (f)
Moon, J.; Jang, M.; Lee, S. J. Org. Chem. 2009, 74, 1403e1406; (g) Wang, Z.;
Ding, Q.; He, X.; Wu, J. Org. Biomol. Chem. 2008, 80, 1725e1733; (h) Goossen, L.
J.; Goossen, K.; Rodríguez, N.; Blanchot, M.; Linder, C.; Zimmermann, B. Pure
Appl. Chem. 2008, 80, 1725e1733; (i) Goossen, L. J.; Rodríguez, N.; Goossen, K.
Angew. Chem., Int. Ed. 2008, 47, 3100e3120; (j) Voutchkova, A.; Coplin, A.;
Leadbeater, N. E.; Crabtree, R. H. Chem. Commun. 2008, 6312e6314; (k)
Goossen, L. J.; Rodríguez, N.; Melzer, B.; Linder, C.; Deng, G.; Levy, L. M. J. Am.
Chem. Soc. 2007, 129, 4824e4833; (l) Baudoin, O. Angew. Chem., Int. Ed. 2007,
46, 1373e1375.

6. (a) Ferreira, E. M.; Zhang, H.; Stoltz, B. M. In Oxidative Heck-Type Reactions
(FujiwaraeMoritani Reactions) in The MizorokieHeck Reactions; Oestreich, M.,
Ed.; Wiley: Hobooken, 2009; Chapter 9, pp 345e382; (b) Karimi, B.; Beh-
zadnia, H.; Elhamifar, D.; Akhavan, P. F.; Esfahani, F. K.; Zamani, A. Synthesis
2010, 1399e1427; (c) Rossi, R.; Bellina, F.; Lessi, M. Synthesis 2010, 4131e4153.

7. Fujiwara, Y.; Kitamura, T. In Fujiwara Reaction: Palladium-Catalyzed Hydro-
arylation of Alkynes and Alkenes; Dyker, G., Ed.; Wiley-VCH: Weinheim, Ger-
many, 2005.

8. (a) Miyaura, N.; Yanagi, T.; Suzuki, A. Synth. Commun. 1981, 11, 513e519; (b) On
September 30, 2010, 8380 references containing the concept Suzuki reaction
were found in Sci Finder Scholar; (c) Littke, A. F. In Modern Arylation Methods;
Ackermann, L., Ed.; Wiley-VCH: Weinheim, Germany, 2009; pp 25e67.

9. For recent reviews on the SuzukieMiyaura reaction, see: (a) Polshettwar, V.;
Decottignies, A.; Len, C.; Fihri, A. ChemSusChem 2010, 3, 502e522; (b) Martin,
R.; Buchwald, S. L. Acc. Chem. Res. 2008, 41, 1461e1473; (c) Alonso, F.; Be-
letskaya, I. P.; Yus, M. Tetrahedron 2008, 64, 3047e3101; (d) Molander, G. A.;
Ellis, N. Acc. Chem. Res. 2007, 40, 275e286; (e) Phan, N. T. S.; Van Der Sluys, M.;
Jones, C. W. Adv. Synth. Catal. 2006, 348, 609e679; (f) Suzuki, A. Chem. Com-
mun. 2005, 4759e4763; (g) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew.
Chem., Int. Ed. 2005, 44, 4442e4489; (h) Bellina, F.; Carpita, A.; Rossi, R.
Synthesis 2004, 2419e2440; (i) Tyrell, E.; Brookes, P. Synthesis 2004, 469e483;
(j) Kotha, S.; Lahiri, K.; Kashinat, D. Tetrahedron 2002, 58, 9633e9695; (k)
Miyaura, N. Top. Curr. Chem. 2002, 219, 11e59; (l) Chemler, S. R.; Trauner, D.;
Danishefsky, S. J. Angew. Chem., Int. Ed. 2001, 40, 4544e4568.

10. Schr€oter, S.; Stock, C.; Bach, T. Tetrahedron 2005, 61, 2245e2267.
11. Wang, J.-R.; Manabe, K. Synthesis 2009, 1405e1427.
12. Chelucci, G. In Handbook on Borates: Chemistry, Production and Applications;

Chung, M. P., Ed.; Nova Science, Hauppauge: New York, NY, USA, 2010;
pp 219e271.

13. H�enaff, N.; Whiting, A. J. Chem. Soc., Perkin Trans. 1 2000, 395e400.
14. Organ, M. C.; Ghasemi, H.; Valente, C. Tetrahedron 2004, 60, 9453e9461.
15. Barluenga, J.; Moriel, P.; Aznar, F.; Vald�es, C. Adv. Synth. Catal. 2006, 348,

347e353.
16. (a) Geary, L. M.; Hultin, P. G. Org. Lett. 2009, 11, 5478e5481; (b) Geary, L. M.;

Hultin, P. G. Eur. J. Org. Chem. 2010, 5563e5573; (c) Geary, L. M.; Hultin, P. G. J.
Org. Chem. 2010, 75, 6354e6371.

17. Chen, X.; Millar, J. G. Synthesis 2000, 113e118.
18. Organ, M. C.; Cooper, J.; Rogers, L. R.; Soleymanzadeh, F.; Paul, F. J. Org. Chem.

2000, 65, 7959e7970.
19. Antunes, L. M.; Organ, M. G. Tetrahedron Lett. 2003, 44, 6805e6808.
20. Organ, M. C.; Ghasemi, H. J. Org. Chem. 2004, 69, 695e700.
21. (a) Lee, S. J.; Gray, K. C.; Paek, J. S.; Burke, M. D. J. Am. Chem. Soc. 2008, 130,

466e468; (b) Schroeder, F.; Holland, J. F.; Vagelos, P. R. J. Biol. Chem. 1976, 251,
6379e6746.

22. (a) Simard-Mercier, J.; Flynn, A. B.; Ogilvie, W. W. Tetrahedron 2008, 64,
5472e5481; (b) Rajagopal, T.; Flynn, A. B.; Ogilvie, W. W. Tetrahedron 2010, 66,
8739e8744.

23. Yoshida, M.; Ota, D.; Fukuhara, T.; Yoneda, N.; Hara, S. J. Chem. Soc., Perkin
Trans. 1 2002, 384e389.

24. Gégsig, T.M.; Sébjerg, L. S.; Lindhart (n�eeHansen), A. T.; Jensen, K. L.; Skrydstrup,
T. J. Org. Chem. 2008, 73, 3404e3410 For additional papers on Pd-catalyzed
SuzukieMiyaura cross-coupling reactions involving alkenyl tosylates, see: (a)
Bhayama, B.; Fors, B. P.; Buchwald, S. L. Org. Lett. 2009, 11, 3954e3957; (b)
Nguyen, H. N.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125,
11818e11819.

25. DeBoos, G. A.; Fullbrook, J. J.; Owton, W. M.; Percy, J. M.; Thomas, A. C. Synlett
2000, 963e966.

26. (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457e2483; (b) Tsuji, J. Pal-
ladium Reagents and Catalysis: New Perspectives for the 21th Century; Wiley:
Chichester, UK, 2004; However, recent studies have shown the importance of
the transmetalation step in the site-selectivity outcome [(a) Espino, G.; Kur-
bangalieva, A.; Brown, J. M. Chem. Commun. 2007, 1742e1744; (b) Ariafard, A.;
Lin, Z.; Fairlamb, I. J. S. Organometallics 2006, 25, 5788e5794].

27. Fauvarque, J.-F.; Pfl€uger, F.; Troupel, M. J. Organomet. Chem.1981, 208, 419e427.
28. (a) Chen, C.; Wilcoxen, K.; Strack, N.; McCarthy, J. R. Tetrahedron Lett. 1999, 40,

827e830; (b) Chen, C.; Wicoxen, K.; Huang, C. Q.; Strack, N.; McCarthy, J. R. J.
Fluorine Chem. 2000, 101, 285e290.

29. Xu, J.; Burton, D. J. J. Org. Chem. 2006, 71, 3743e3747.
30. (a) Xu, J.; Burton, D. J. Org. Lett. 2002, 4, 831e833; (b) Xu, J.; Burton, D. J. J. Org.

Chem. 2005, 70, 4346e4353.
31. Roush, W. R.; Brown, B. B.; Drozda, S. E. Tetrahedron Lett. 1988, 29, 3541e3544.
32. Roush, W. R.; Moriarty, K. J.; Brown, B. B. Tetrahedron Lett. 1990, 31,

6509e6512.
33. Roush, W. R.; Brown, B. B. J. Org. Chem. 1993, 58, 2162e2172.
34. Baldwin, J. E.; Chesworth, R.; Parker, J. S.; Russell, A. T. Tetrahedron Lett. 1995,

36, 9551e9554.
35. Roush, W. R.; Koyama, K.; Curtin, M. L.; Moriarty, K. J. J. Am. Chem. Soc. 1996,

118, 7502e7512.
36. Roush, W. R.; Reilly, M. L.; Koyama, K.; Brown, B. B. J. Org. Chem. 1997, 62,

8708e8721.
37. Shen, W. Synlett 2000, 737e739.
38. Wong, L. S.; Sharp, L. A.; Xavier, N. M. C.; Turner, P.; Sherburn, M. S. Org. Lett.

2002, 4, 1955e1957.
39. Hanish, I.; Bruckner, R. Synlett 2000, 374e378.
40. Mergott, D. J.; Franck, S. A.; Roush, W. R. Org. Lett. 2002, 4, 3157e3160.
41. Ho, C.-H.; Lim, Y. M. Bull. Korean Chem. Soc. 2002, 23, 663e664.
42. Couty, S.; Barbazanges, M.; Meyer, C.; Cossy, J. Synlett 2005, 905e910.
43. Molander, G. A.; Yokoyama, Y. J. Org. Chem. 2006, 71, 2493e2498.



R. Rossi et al. / Tetrahedron 67 (2011) 6969e7025 7021
44. Arai, N.; Miyaoku, T.; Teruya, S.; Mori, A. Tetrahedron Lett. 2008, 49,
1000e1003.

45. Chelucci, G.; Baldino, S. Tetrahedron Lett. 2008, 49, 2738e2742.
46. Takeda, Y.; Shimizu, M.; Hiyama, T. Angew. Chem., Int. Ed. 2007, 46, 8659e8661.
47. Nguyen, H. N.; Huang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125,

11818e11819.
48. Roush, W. R.; Sciotti, R. J. J. Org. Chem. 1998, 63, 5473e5482.
49. (a) Rossi, R.; Carpita, A. Tetrahedron Lett. 1986, 27, 2529e2532; (b) Carpita,

A.; Rossi, R. Tetrahedron Lett. 1986, 27, 4351e4354; (c) Andreini, B. P.;
Carpita, A.; Rossi, R. Tetrahedron Lett. 1986, 27, 5533e5534; (d) Andreini,
B. P.; Benetti, M.; Carpita, A.; Rossi, R. Tetrahedron 1987, 43, 4591e4600;
(e) Andreini, B. P.; Carpita, A.; Rossi, R. Tetrahedron Lett. 1988, 29,
2239e2242; (f) Andreini, B. P.; Benetti, M.; Carpita, A.; Rossi, R. Gazz.
Chim. Ital. 1988, 118, 469e474; (g) Carpita, A.; Rossi, R.; Scamuzzi, B.
Tetrahedron Lett. 1989, 30, 2699e2702; (h) Andreini, B. P.; Carpita, A.;
Rossi, R.; Scamuzzi, B. Tetrahedron 1989, 30, 5621e5640; (i) Rossi, R.;
Bellina, F. Org. Prep. Proced. Int. 1997, 29, 137e176.

50. However, it has been demonstrated that coordination of (Z)-bromide of a gem-
dibromoolefin to a heteroatom or an alkyne can lead to a reversal of the se-
lectivity of some intramolecular Pd-catalyzed coupling reactions: (a) New-
man, S. G.; Aureggi, V.; Bryan, C. S.; Lautens, M. Chem. Commun. 2009,
5236e5238; (b) Yuen, J.; Fang, Y.-Q.-; Lautens, M. Org. Lett. 2006, 8, 653e656;
(c) Torii, S.; Okumoto, H.; Tadokoro, T.; Nishima, A.; Rashid, M. A. Tetrahedron
Lett. 1993, 34, 2139e2142; (d) Nuss, J. M.; Rennels, R. A.; Levine, B. H. J. Am.
Chem. Soc. 1993, 115, 6991e6992.

51. Uenishi, J.; Beau, J.-M.; Armstrong, R. W.; Kishi, Y. J. Am. Chem. Soc. 1987, 109,
4756e4758.

52. Liron, F.; Fosse, C.; Pernolet, A.; Roulland, E. J. Org. Chem. 2007, 72, 2220e2223.
53. Roulland, E. Angew. Chem., Int. Ed. 2008, 47, 3762e3765.
54. Strobel, G.; Sugarawa, F.; Koshino, H.; Harper, J.; Hess, W. M. Microbiology

1999, 145, 3557e3564.
55. (a) Thielges, S.; Meddah, E.; Bisseret, P.; Eustache, J. Tetrahedron Lett. 2004, 45,

907e910; (b) Wang, L.; Shen, W. Tetrahedron Lett. 1998, 39, 7625e7628.
56. Fang, Y.-Q.; Lautens, M. Org. Lett. 2005, 7, 3549e3552.
57. For leading references on the BuchwaldeHartwig CeN bond forming re-

actions, see: (a) Surry, D. S.; Buchwald, S. L. Chem. Sci. 2011, 2, 27e50; (b)
Adhikary, N. D.; Chattopadhyay, P. Eur. J. Org. Chem. 2010, 1754e1762; (c)
Hodgkinson, R. C.; Schulz, J.; Willis, M. C. Tetrahedron 2009, 65, 8940e8949;
(d) Surry, D. S.; Buchwald, S. L. Angew. Chem., Int. Ed. 2008, 47, 6338e6361; (e)
Hartwig, J. F. Acc. Chem. Res. 2008, 41, 1534e1544; (f) Fors, B. P.; Watson, D. A.;
Biscoe, M. R.; Buchwald, S. L. J. Am. Chem. Soc. 2008, 130, 13552e13554; (g)
Biscoe, M. R.; Fors, B. P.; Buchwald, S. L. J. Am. Chem. Soc. 2008, 130,
6686e6687; (h) Sheng, Q.; Hartwig, J. F. Org. Lett. 2008, 10, 4109e4112; (i)
Reddy, C. V.; Kingston, J. V.; Verkade, J. G. J. Org. Chem. 2008, 73, 3047e3062;
(j) Buchwald, S. L.; Mauger, C.; Mignani, G.; Scholz, U. Adv. Synth. Catal. 2006,
348, 23e29; (k) Marion, N.; Ecarnot, E. C.; Navarro, O.; Amoroso, D.; Bell, A.;
Nolan, S. P. Org. Lett. 2006, 71, 3816e3821; (l) Xie, X.; Zhang, T.-Y.; Zhang, Z. J.
Org. Chem. 2006, 71, 6522e6529.

58. Fang, Y.-Q.; Yuen, J.; Lautens, M. J. Org. Chem. 2007, 72, 5152e5160.
59. (a) Fang, Y.-Q.; Karisch, R.; Lautens, M. J. Org. Chem. 2007, 72, 1341e1346; (b)

Fang, Y.-Q.; Lautens, M. J. Org. Chem. 2008, 73, 538e549.
60. Bryan, C. S.; Braunger, J. A.; Lautens, M. Angew. Chem., Int. Ed. 2009, 48,

7064e7068.
61. Chai, D. I.; Lautens, M. J. Org. Chem. 2009, 74, 3054e3061.
62. For examples of Pd-catalyzed 5-exo-dig cyclization reactions, see: (a) Cher-

nyak, N.; Gevorgyan, V. Adv. Synth. Catal. 2009, 351, 1101e1114; (b) Chernyak,
N.; Gevorgyan, V. J. Am. Chem. Soc. 2008, 130, 5636e5637; (c) Bour, C.; Suffert,
J. Org. Lett. 2005, 7, 653e656.

63. Sun, C.; Xu, B. J. Org. Chem. 2008, 73, 7361e7364.
64. Bryan, C. S.; Lautens, M. Org. Lett. 2010, 12, 2754e2757.
65. Ye, S.; Ren, H.; Wu, J. J. Comb. Chem. 2010, 12, 670e675.
66. For examples of base-promoted 5-exo-dig cyclization reactions of alkynes

with nucleophiles, see: (a) Laroche, C.; Kerwin, S. M. J. Org. Chem. 2009, 74,
9229e9232; (b) Godet, T.; Bosson, J.; Belmont, P. Synlett 2005, 2786e2790; (c)
Ovaska, T. V.; Roses, J. B. Org. Lett. 2000, 2, 2361e2364.

67. Arthuis, M.; Pontikis, R.; Florent, J.-C. Org. Lett. 2009, 11, 4608e4611.
68. (a) Beckers, T.; Reissmann, T.; Schmidt, M.; Burger, A. M.; Fiebig, H. H.; Van-

hoefer, U.; Pongrats, H.; Hufsky, H.; Hockemeyer, J.; Frieser, M.; Mahboobi, S.
Cancer Res. 2002, 63, 3113e3119; (b) Mahboobi, S.; Pongratz, H.; Hufsky, H.;
Hockemeyer, J.; Frieserm, M.; Lyssenko, A.; Paper, D. H.; B€urgermeister, J.;
B€ohmer, F. D.; Fiebig, H.-H.; Burger, A. M.; Baasner, S.; Beckers, T. J. Med. Chem.
2001, 44, 4535e4553.

69. Willis, M. C.; Claverie, C. K. Tetrahedron Lett. 2001, 42, 5105e5107.
70. Willis, M. C.; Claverie, C. K.; Mahon, M. F. Chem. Commun. 2002, 832e833.
71. Willis, M. C.; Powell, L. H. W.; Claverie, C. K.; Watson, S. J. Angew. Chem., Int. Ed.

2004, 43, 1249e1251.
72. For references on the oxidative addition of aryl halides to Pd(0) species, see:

(a) Fitton, P.; Rick, E. A. J. Organomet. Chem. 1971, 28, 287e291; (b) Casado, A.
L.; Espinet, P. Organometallics 1998, 17, 954e959; (c) Alami, M.; Amatore, C.;
Bensalem, S.; Choukchou-Brahim, A.; Jutand, A. Eur. J. Inorg. Chem. 2001,
2675e2681; (d) Jutand, A.; N�egri, S. Organometallics 2003, 22, 4229e4237; (e)
Alcazar-Roman, L. M.; Hartwig, J. F. Organometallics 2002, 21, 491e502; (f)
Goossen, L. J.; Koley, D.; Hermann, H.; Thiele, W. Chem. Commun. 2004,
2141e2143; (g) Dong, C. G.; Hu, Q.-S. J. Am. Chem. Soc. 2005, 127,
10006e10007; (h) Goossen, L. J.; Kolly, D.; Hermann, H. L.; Thiel, W. Organ-
ometallics 2005, 24, 2398e2410; (i) Lam, K. C.; Marder, T. B.; Lin, Z.
Organometallics 2007, 26, 758e760; (j) Li, Z.; Fu, Y.; Guo, Q.-X.; Liu, L. Or-
ganometallics 2008, 27, 4043e4049; (k) Schenebeck, F.; Houk, K. N. J. Am.
Chem. Soc. 2010, 132, 2496e2497.

73. Gray, G. W.; Hird, M.; Lacey, D.; Toyne, K. J. J. Chem. Soc., Perkin Trans. 2 1989,
2041e2053.

74. Frahn, J.; Schl€uter, A.-D. Synthesis 1997, 1301e1304.
75. Blake, A. J.; Cooke, P. A.; Doyle, K. J.; Gair, S.; Simpkins, N. S. Tetrahedron Lett.

1998, 39, 9093e9096.
76. Hensel, V.; Schl€uter, A.-D. Chem.dEur. J. 1999, 5, 421e429.
77. Read, M. W.; Escobedo, J. O.; Willis, D. M.; Beck, P. A.; Strongin, R. M. Org. Lett.

2000, 2, 3201e3204.
78. Simoni, R.; Giannini, G.; Baraldi, P. G.; Romagnoli, R.; Roberti, M.; Rondanin, R.;

Baruchello, R.; Grisolia, G.; Rossi, M.; Mirizzi, D.; Invidiata, F. P.; Grimaudo, S.;
Tolomeo, M. Tetrahedron Lett. 2003, 44, 3005e3008.

79. Simoni, D.; Giannini, G.; Roberti, M.; Rondanin, R.; Baruchello, R.; Rossi, M.;
Grisolia, G.; Invidiato, F. P.; Aiello, S.; Marino, S.; Cavallini, S.; Siniscalchi, A.;
Gebbia, N.; Crosta, L.; Grimaudo, S.; Abbadessa, V.; Di Cristina, A.; Tolomeo, M.
J. Med. Chem. 2005, 48, 4293e4299.

80. Lu, F.; Ruiz, J.; Astruc, D. Tetrahedron Lett. 2004, 45, 9443e9445.
81. Aldrid, M. P.; Eastwood, A. J.; Kitney, S. P.; Richards, G. J.; Vlachos, P.; Kelly, S.

M.; O’Neill, M. Liq. Cryst. 2005, 32, 1251e1264.
82. Suzuki, K.; Fontaine, A.; Hori, Y.; Kobayashi, T. Synlett 2007, 3206e3208.
83. Liess, P.; Hensel, V.; Schl€uter, A.-D. Liebigs Ann. 1996, 1037e1040.
84. Voisin-Chiret, A. S.; Muraglia, M.; Burzicki, G.; Perato, S.; Corbo, F.; Sopkov�a de

Oliveira Santos, J.; Franchini, C.; Rault, S. Tetrahedron 2010, 66, 8000e8005.
85. Kulh�anek, J.; Bures, F.; Ludwig, M. Beilstein J. Org. Chem. 2009, 5 No 11.
86. Blaszczyk, A.; Fischer, M.; von H€anisch, C.; Mayor, M. Eur. J. Org. Chem. 2007,

2630e2642.
87. Unrau, C.M.; Campbell,M. G.; Snieckus, V. Tetrahedron Lett.1992, 33, 2773e2776.
88. Yonezawa, S.; Lomurasaki, T.; Kawada, T.; Tsuri, T.; Fiji, M.; Kugimiya, A.; Haga,

N.; Mitsumori, S.; Inagaki, M.; Nakatani, T.; Tamura, Y.; Tachechi, S.; Taishi, T.;
Ohtani, M. J. Org. Chem. 1998, 63, 5831e5837.

89. Wallmann, I.; Schiek, M.; Koch, R.; L€utzen, A. Synthesis 2008, 2446e2450.
90. For selected examples, see: (a) Roberti, M.; Pizzirani, D.; Recanatini, M.; Si-

moni, D.; Grimaudo, S.; Di Cristina, A.; Abbadessa, V.; Gebba, N.; Tolomeo, M. J.
Med. Chem. 2006, 49, 3012e3018; (b) Zhang, C.; Ondeyka, J. G.; Herath, K. B.;
Guan, Z.; Collado, J.; Pelaez, F.; Leavitt, P. S.; Gurnett, A.; Nare, B.; Liberator, P.;
Singh, S. B. J. Nat. Prod. 2006, 69, 710e712.

91. Liu, J. K. Chem. Rev. 2006, 106, 2209e2223.
92. (a) Kula, P.; Dabrowski, R.; Keng, K.; Chyczewska, F. Ferroelectrics 2006, 343,

19e26; (b) Chen, B.; Baumeister, U.; Pelzl, G.; Das, M. K.; Zeng, X.; Ungar, G.;
Tschierske, C. J. Am. Chem. Soc. 2005, 127, 16578e16591.

93. (a) Ogawa, H.; Ohnishi, K.; Shirota, Y. Synth. Met. 1997, 91, 243e245; (b) Kar-
astatiris, P.; Mikroyannidis, J. A.; Spiliopoulos, I. K.; Fakis, M.; Persephonis, P. J.
Polym. Sci., Part A: Polym. Chem. 2004, 42, 2214e2224.

94. Kamigauchi, T.; Sakazaki, R.; Nagashima, K.; Kawamura, Y.; Yasuda, Y.; Mat-
sushima, Y.; Ishii, K.; Suzuki, R.; Koizumi, K.; Nakai, H.; Ikenishi, Y.; Terui, Y. J.
Antibiot. 1998, 51, 445e450.

95. Greenfield, A. A.; Butera, J. A.; Caufield, C. E. Tetrahedron Lett. 2003, 44,
2729e2732.

96. Liu, T.-P.; Xing, C.-H.; Hu, Q.-S. Angew. Chem., Int. Ed. 2010, 49, 2909e2912.
97. For references on the role and use of pivalic acid in Pd-catalyzed direct ar-

ylation reactions, see: (a) Lafrance, M.; Fagnou, K. J. Am. Chem. Soc. 2006, 128,
16496e16497; (b) Lafrance, M.; Lapointe, D.; Fagnou, K. Tetrahedron 2008, 64,
6015e6020; (c) Schipper, D. J.; El-Safiti, M.; Whipp, C. J.; Gagnou, K. Tetrahe-
dron 2009, 65, 4977e4983; (d) Li�egault, B.; Lapointe, D.; Caron, L.; Vlassova, A.;
Fagnou, K. J. Org. Chem. 2009, 74, 1826e1834; (e) Strotman, N. A.; Chobanian,
H. R.; Guo, Y.; He, J.; Wilson, J. E. Org. Lett. 2010, 12, 3578e3581.

98. Watanabe, T.; Miyaura, N.; Suzuki, A. Synlett 1992, 207e210.
99. Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020e4028.

100. Rajagopal, R.; Jarikote, D. V.; Srinivasan, K. V. Chem. Commun. 2002, 616e617.
101. McNulty, J.; Capretta, A.; Wilson, J.; Dyck, J.; Adjabeng, G.; Robertson, A. Chem.

Commun. 2002, 1986e1987.
102. Kania-Korwel, I.; Parkin, S.; Robertson, L. W.; Lehmler, H.-J. Chemosphere 2004,

56, 735e744.
103. Nerdinger, S.; Cai, X.; Marchart, R.; Riebel, P.; Johnson, M. R.; Yin, C.-F.; H�enaff,

N.; Ellis, L. D.; Snieckus, V. J. Org. Chem. 2007, 72, 5960e5967.
104. Liu, J.; Fitzgerlad, A. E.; Mani, N. S. J. Org. Chem. 2008, 73, 2951e2954.
105. Kulm€al€a, T.; Kuuloja, N.; Xu, Y.; Rissanen, K.; Franz�en, R. Eur. J. Org. Chem. 2008,

4019e4024.
106. (a) Liu, J.; Li, Y.-Q.; Zheng, W.-J. Monatsh. Chem. 2009, 140, 1425e1429; (b)

Srimani, D.; Sarkar, A. Tetrahedron Lett. 2008, 49, 6304e6307.
107. Kawaguchi, K.; Nakano, K.; Nozaki, K. J. Org. Chem. 2007, 72, 5119e5128.
108. Zhou, W.-J.; Wang, K.-H.; Wang, J.-X.; Gao, Z.-R. Tetrahedron 2010, 66,

7633e7641.
109. Polychlorinated Biphenyls: Human Health Aspects, Concise International Chem-

ical Assessment Document 55; WEorld Health Organization: Geneva, 2003.
110. (a) Xu, Q. H.; Wang, P. P.; Cai, M. Chin. Chem. Lett. 2007, 18, 387e389; (b) Xu, Q.;

Hao, W.; Cai, M. Catal. Lett. 2007, 118, 98e102.
111. Basu, B.; Das, S.; Kundu, S.; Mandal, B. Synlett 2008, 255e259.
112. Joucla, L.; Cusati, G.; Pin�el, C.; Djakovitch, L. Adv. Synth. Catal. 2010, 352,

1993e2001.
113. Parisot, S.; kolodziuk, R.; Goux-Henry, C.; Iourtchenko, A.; Sinou, D. Tetrahe-

dron Lett. 2002, 43, 7397e7400.
114. Urgaonkar, S.; Nagaraja, M.; Verkade, J. G. Tetrahedron Lett. 2002, 43,

8921e8924.



R. Rossi et al. / Tetrahedron 67 (2011) 6969e70257022
115. Hagiwara, H.; Ko, K. H.; Hoshi, T.; Suzuki, T. Synlett 2008, 611e613.
116. Solano-Prado, M. A.; Estudiante-Negrete, F.; Morales-Morales, D. Polyhedron

2010, 29, 592e600.
117. Liu, L.; Zhang, Y.; Xin, B. J. Org. Chem. 2006, 71, 3994e3997.
118. Xu, L.; Zhou, D.; Wu, F.; Wang, R.; Wan, B. J. Mol. Catal. A: Chem. 2005, 237,

210e214.
119. Urawa, Y.; Naka, H.; Miyazawa, M.; Souda, S.; Ogura, K. J. Organomet. Chem.

2002, 653, 269e278.
120. Mei, X.; Martin, R. M.; Wolf, C. J. Org. Chem. 2006, 71, 2854e2861.
121. Antelo Miguez, J. M.; Adrio, L. A.; Sousa-Pedrares, A.; Vila, J. M.; Hii, K. K. M. J.

Org. Chem. 2007, 72, 7771e7774.
122. Lous, S.; Fu, G. C. Adv. Synth. Catal. 2010, 352, 2081e2084.
123. Gong, Y.; He, W. Org. Lett. 2002, 4, 3803e3805.
124. Bolliger, J. L.; Frech, C. M. Chem.dEur. J. 2010, 16, 4075e4081.
125. Mass�e, R.; Messier, F.; P�eloquin, L.; Ayotte, C.; Sylvestre, M. Appl. Environ.

Microbiol. 1984, 47, 947e951.
126. Molander, G. A.; Biolatto, B. Org. Lett. 2002, 4, 1867e1870.
127. (a) Bai, L. Chin. Chem. Lett. 2009, 20, 158e160; (b) For a review on the use of

controlled microwave heating in organic synthesis, see: Kappe, C. O.; Dal-
linger, D. Mol. Diversity 2009, 13, 71e193.

128. Jaffe, R.; Hites, R. A. Environ. Sci. Technol. 1985, 19, 736e740.
129. Ol’khvik, V. K.; Pap, A. A.; Vasilevskii, V. A.; Galinovskii, N. A.; Tereshko, S. N.

Russ. J. Org. Chem. 2008, 44, 1172e1179.
130. (a) Hird, M.; Gray, G. W.; Toynec, K. J. Liq. Cryst. 1992, 14, 531e546; (b) Nabor,

M. F.; Nguyen, H. T.; Destrade, C.; Marcerou, J. P. Liq. Cryst. 1991, 10, 785e797.
131. Satoh, Y.; Gude, C.; Chan, K.; Firooznia, F. Tetrahedron Lett. 1997, 38,

7645e7648.
132. Firooznia, F.; Gude, C.; Chan, K.; Marcopulos, N.; Satoh, Y. Tetrahedron Lett.

1999, 40, 213e216.
133. Kabalka, G. W.; Wang, L.; Pagni, R. M.; Hair, C. M.; Namboodiri, V. Synthesis

2003, 217e221.
134. Hird, M.; Lewis, R. A.; Toyne, K. J.; West, J. J.; Wilson, M. K. J. Chem. Soc., Perkin

Trans. 1 1998, 3479e3484.
135. Steiniger, B.; Wuest, F. R. J. Labelled Compd. Radiopharm. 2006, 49, 817e827.
136. (a) Wang, L.; Li, P.-H. Chin. J. Chem. 2006, 24, 770e774; (b) Bradley, J. S.; Millar,

J. M.; Hill, E. W. J. Am. Chem. Soc. 1991, 113, 4016e4017; (c) Adonin, N. Y.;
Babushkin, D. E.; Parmon, V. N.; Bardin, V. V.; Kostin, G. A.; Mashukov, V. I.;
Frohn, H.-J. Tetrahedron 2008, 64, 5920e5924.

137. Zhang, T. Y.; Allen, M. J. Tetrahedron Lett. 1999, 40, 5813e5816.
138. Guo, M.; Jian, F.; He, R. Tetrahedron Lett. 2005, 46, 9017e9020.
139. Arvela, R. K.; Leadbeater, N. E.; Sangi, M. S.; Williams, V. A.; Granados, P.;

Singer, R. D. J. Org. Chem. 2005, 70, 161e168.
140. Gauthier, D. R., Jr.; Limanto, J.; Devine, P. N.; Desmond, R. A.; Szumigala, R. H.;

Foster, B. S.; Volante, R. P. J. Org. Chem. 2005, 70, 5938e5945.
141. Baxendale, I. R.; Griffith-Jones, C. M.; Ley, S. V.; Tranmer, G. K. Chem.dEur. J.

2006, 12, 4407e4416.
142. Chang, W.; Shin, J.; Oh, Y.; Ahn, B. J. J. Ind. Eng. Chem. 2008, 14, 423e428.
143. Sharif, M.; Reimann, S.; Villinger, A.; Langer, P. Synlett 2010, 913e916.
144. Dubost, E.; Magnelli, R.; Cailly, T.; Legay, R.; Fabis, F.; Rault, S. Tetrahedron 2010,

66, 5008e5016.
145. Sharif, M.; Zeeshan, M.; Reinmann, S.; Villinger, A.; Langer, P. Tetrahedron Lett.

2010, 51, 2810e2812.
146. Vishnumurthy, K.; Makiyannis, A. J. Comb. Chem. 2010, 12, 664e669.
147. Molander, G. A.; Bernardi, C. R. J. Org. Chem. 2002, 67, 8424e8429.
148. Lu, G.; Franz�en, R.; Yu, X.; Xu, Y. J. Chin. Chem. Lett. 2006, 17, 461e464.
149. Miao, G.; Ye, P.; Yu, L.; Baldino, C. M. J. Org. Chem. 2005, 70, 2332e2334.
150. Freeman, A. W.; Urvoy, M.; Criswell, M. E. J. Org. Chem. 2005, 70, 5014e5019.
151. Jensen, M. S.; Hoerner, R. S.; Li, W.; Nelson, D. P.; Javadi, G. J.; Dormer, P. G.; Cai,

D.; Larsen, R. D. J. Org. Chem. 2005, 70, 6034e6039.
152. Fleckenstein, C. A.; Plenio, H. Chem.dEur. J. 2007, 13, 2701e2716.
153. Clarke, M. L.; France, M. B.; Fuentes, J. A.; Milton, E. J.; Roff, G. J. Beilstein J. Org.

Chem. 2007, 3, 1e5.
154. Zhang, X.; Xie, W.; Chen, W. Tetrahedron Lett. 2010, 66, 1188e1195.
155. (a) So, C. M.; Chow, W. K.; Choy, P. Y.; Lau, P. Y.; Lau, C. P.; Kwong, F. Y. Chem.

dEur. J. 2010, 16, 7996e8001; (b) Do, H.-Q.; Daugulis, O. J. Am. Chem. Soc.
2008, 130, 1128e1129; (c) Lafrance, M.; Shore, D.; Fagnou, K. Org. Lett. 2006, 8,
5097e5100.

156. For leading references on the use of POPd2 as an efficient catalyst for cross-
coupling reactions of aryl chlorides with organoboronic acids, see: (a) Li, G.
Y. Angew. Chem., Int. Ed. 2001, 40, 1513e1516; (b) Li, G. Y.; Zheng, G.; Noonan,
A. T. J. Org. Chem. 2001, 66, 8677e8688; (c) Li, G. Y. J. Org. Chem. 2002, 67,
3643e3650.

157. Vaughan, K.; LaFrance, R. J.; Tang, Y. J. Heterocycl. Chem. 1991, 28, 1709e1713.
158. (a) Cargill, M. R.; Sandford, G.; Tadeusiak, A. J.; Yufit, D. S.; Howard, J. A. K.;

Kilickran, P.; Nellis, G. J. Org. Chem. 2010, 75, 5860e5866; (b) Wang, H.-S.;
Wang, Y.-C.; Pan, Y.-M.; Zhao, S.-L.; Chen, Z.-F. Tetrahedron Lett. 2008, 49,
2634e2637.

159. For examples of Ni-catalyzed SuzukieMiyaura cross-coupling reactions of
fluoroheteroaryl derivatives, see: Liu, J.; Robins, M. J. Org. Lett. 2005, 7,
1149e1151.

160. For examples of Ni-catalyzed Kumada reactions of aryl fluorides, see: (a)
Ackermann, L.; Born, R.; Spatz, J. H.; Meyer, D. Angew. Chem., Int. Ed. 2005, 44,
7216e7219; (b) Yoshikai, N.; Hashima, H.; Nakamura, E. J. Am. Chem. Soc. 2005,
127, 11978e11979; (c) Guan, B.-T.; Xiang, S.-K.; Wu, T.; Sun, Z.-P.; Wang, B.-Q.;
Zhao, K.-Q.; Shi, Z.-J. Chem. Commun. 2008, 1437e1439.

161. Oh-e, T.; Miyaura, N.; Suzuki, A. Synlett 1990, 221e223.
162. Oh-e, T.; Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58, 2201e2208.
163. Espino, G.; Kurbangalieva, A.; Brown, J. M. Chem. Commun. 2007, 1742e1744.
164. Ku, Y.-Y.; Grieme, T.; Pu, Y.-M.; Bhatia, A. V. Adv. Synth. Catal. 2009, 351,

2024e2030.
165. For a review on Pd-catalyzed coupling reactions of aryl electrophiles through

the use of P(t-Bu)3 and PCy3 ligands, see: Fu, G. C. Acc. Chem. Res. 2008, 41,
1555e1564.

166. (a) Yamashita, M.; Hartwig, J. F. J. Am. Chem. Soc. 2004, 126, 5344e5345; (b)
Stambuli, J. P.; Buehl, M.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 9346e9347;
(c) Christmann, U.; Vilar, R. Angew. Chem., Int. Ed. 2005, 44, 366e374.

167. Schoenebeck, F.; Houk, K. N. J. Am. Chem. Soc. 2010, 132, 2496e2497.
168. Maegawa, T.; Kitamura, Y.; Sako, S.; Udzu, T.; Sakurai, A.; Tanaka, A.; Ko-

bayashi, Y.; Endo, K.; Bora, U.; Kurita, T.; Kozaki, A.; Mongichi, Y.; Sagiki, H.
Chem.dEur. J. 2007, 13, 5937e5943.

169. Abid, O.-u.-R.; Ibad, M. F.; Nawaz, M.; Adeel, M.; Rama, N. H.; Villinger, A.;
Langer, P. Tetrahedron Lett. 2010, 51, 657e660.

170. Yonezawa, S.; Komurasaki, T.; Kawada, K.; Tsuri, T.; Fuji, M.; Kugimiya, A.;
Haga, N.; Mitsumori, S.; Inagaki, M.; Nakatani, T.; Tamura, Y.; Takechi, S.;
Taishi, T.; Ohtani, M. J. Org. Chem. 1998, 63, 5831e5837.

171. Zhang, A.; Lin, G. Bioorg. Med. Chem. Lett. 2000, 10, 1021e1023.
172. Zhang, L.; Meng, T.; Wu, J. J. Org. Chem. 2007, 72, 9346e9349.
173. Taylor, R. H.; Felpin, F.-X. Org. Lett. 2007, 9, 2911e2914.
174. Dong, C.-G.; Hu, Q.-S. J. Am. Chem. Soc. 2005, 127, 10006e10007.
175. Skaff, O.; Jolliffe, K. A.; Hutton, C. A. J. Org. Chem. 2005, 70, 7353e7363.
176. Sinclair, D. J.; Sherburn, M. S. J. Org. Chem. 2005, 70, 3730e3733.
177. Ronan, D.; Baudry, Y.; Jeannerat, D.; Matile, S. Org. Lett. 2004, 6, 885e887.
178. Manabe, K.; Okamura, K.; Date, T.; Koga, K. J. Org. Chem. 1993, 58, 6692e6700.
179. Galda, P.; Rehahn, M. Synthesis 1996, 614e620.
180. Nishimura, M.; Ueda, M.; Miyamura, N. Tetrahedron 2002, 58, 5779e5787.
181. Yoshikawa, S.; Odaira, J.-i.; Kitamura, Y.; Bedekar, A. V.; Furita, T.; Tanaka, K.

Tetrahedron 2004, 60, 2225e2234.
182. Chouteau, F.; Ramanitrahasimbola, D.; Rasoanaivo, P.; Chibale, K. Bioorg. Med.

Chem. Lett. 2005, 15, 3024e3028.
183. Uozumi, Y.; Kikuchi, M. Synlett 2005, 1775e1778.
184. Chiang, C.-L.; Shu, C.-F.; Chen, C.-T. Org. Lett. 2005, 7, 3717e3720.
185. Cheng, X.; Zhu, S.-F.; Qiao, X. C.; Yan, P.-C.; Zhou, Q.-L. Tetrahedron 2006, 62,

8077e8082.
186. Von dem Bussche-H€unnefeld, C.; B€uhing, D.; Knabler, C. B.; Cram, D. J. J. Chem.

Soc., Chem. Commun. 1995, 1085e1087.
187. Houpis, I. N.; Huang, C.; Nettekaven, U.; Chen, J. G.; Liu, R.; Canters, M. Org. Lett.

2008, 10, 5601e5604.
188. Dong, C.-G.; Liu, T.-P.; Hu, Q.-S. Synlett 2009, 1081e1086.
189. Wang, Z.; Elokdah, H.; McFarlane, G.; Pan, S.; Antane, M. Tetrahedron Lett.

2006, 47, 3365e3369.
190. Ye, Y. Q.; Koshino, H.; Onose, J.-i.; Yoshikawa, K.; Abe, N.; Takahashi, S. Org.

Lett. 2009, 11, 5074e5077.
191. Xie, C.; Koshino, H.; Esumi, Y.; Onose, J.; Yoshikawa, K.; Abe, N. Bioorg. Med.

Chem. Lett. 2006, 16, 5424e5426.
192. Franz�en, A.; Brittebo, E. B. Arch. Toxicol. 2005, 79, 561e570.
193. Burukin, A. S.; Vasil’ev, A. A.; Merkulova, N. L.; Struchkova, M. I.; Zlotin, S. G.

Russ. Chem. Bull. Int. Ed. 2006, 55, 118e122.
194. Burukin, A. S.; Vasil’ev, A. A.; Merkulova, N. L.; Chizhov, A. O.; Mistryukov, E.

A.; Zlotin, S. G. Russ. Chem. Bull. Int. Ed. 2007, 56, 1467e1469.
195. Yin, L.; Zhang, Z.-h.; Wang, Y.-m Tetrahedron 2006, 62, 9359e9364.
196. Gallon, B. J.; Kojma, R. W.; Kaner, R. B.; Diaconescu, P. L. Angew. Chem., Int. Ed.

2007, 46, 7251e7254.
197. For leading references on the synthesis of aryl triflates, see: (a) Boisnard, S.;

Chastanet, J.; Zhu, J. Tetrahedron Lett. 1999, 40, 7469e7472; (b) Wentworth, A.
D.; Wentworth, P., Jr.; Mansoor, U. F.; Janda, K. D. Org. Lett. 2000, 2, 477e480;
(c) Frantz, D. E.; Weaver, D. G.; Carey, J. P.; Kress, M. H.; Dolling, U. H. Org. Lett.
2002, 4, 4717e4718; (d) Bengston, A.; Hallberg, A.; Larhed, M. Org. Lett. 2002,
4, 1231e1233; (e) Kuong, F. Y.; Lai, C. W.; Yu, M.; Tian, Y.; Chan, K. S. Tetra-
hedron 2003, 59, 10295e10305; (f) Chung, C. W. Y.; Toy, P. H. Tetrahedron 2005,
61, 709e715.

198. For leading references on Pd-catalyzed S.eM. reactions involving aryl triflates,
see: (a) Ciattini, P. G.; Morera, E.; Ortar, G. Tetrahedron Lett. 1992, 33,
4815e4818; (b) See Ref. 162; (c) Chung, D. J.; Bae, J.-Y. J. Ind. Eng. Chem. 1999, 5,
290e295; (d) See Ref. 99; (e) Cioffi, C. L.; Spencer, W. T.; Richards, J. J.; Herr, R.
J. J. Org. Chem. 2004, 69, 2210e2212; (f) Molander, G. A.; Petrillo, D. E.;
Landzberg, N. R.; Rohanna, J. C.; Biolatto, B. Synlett 2005, 1763e1766; (g)
Maegawa, Y.; Sako, S.; Udzu, T.; Sakurai, A.; Tanaka, A.; Kobayashi, Y.; Endo, K.;
Bora, U.; Kurita, T.; Kozaki, A.; Monguchi, Y.; Sajiki, H. Chem.dEur. J. 2007, 13,
5937e5943; (h) See Ref. 9b; (i) Doucet, H. Eur. J. Org. Chem. 2008, 2013e2030;
(j) Kedia, S. B.; Mitchell, M. B. Org. Process Res. Dev. 2009, 13, 420e428; (k)
Monot, J.; Brahmi, M. M.; Ueng, S.-H.; Robert, C.; Desage-El Murr, M.; Curran,
D. P.; Malacria, M.; Fensterbank, L.; Laco

ˇ

te, E. Org. Lett. 2009, 22, 4914e4917;
(l) Long, B.; Yang, Y.; Wang, L.; He, W.; Xiang, J. Synth. Commun. 2010, 40,
1202e1208; (m) Kinzel, T.; Zhang, Y.; Buchwald, S. L. J. Am. Chem. Soc. 2010,
132, 14073e14075; (n) Hagiwara, H.; Sasaki, H.; Tsubokawa, N.; Hoshi, T.;
Suzuki, T. Synlett 2010, 1990e1996.

199. Nawaz, M.; Ibad, M. F.; Abid, O.-u.-R.; Khera, R. A.; Villinger, A.; Langer, P.
Synlett 2010, 150e152.

200. Abid, O.-u.-R.; Ibad, M. F.; Nawaz, M.; Adeel, M.; Rama, N. H.; Villinger, A.;
Langer, P. Tetrahedron 2010, 51, 657e660.

201. Ibad, M. F.; Abid, O.-u.-R.; Nawaz, M.; Adeel, M.; Villinger, A.; Langer, P. Synlett
2010, 195e198.



R. Rossi et al. / Tetrahedron 67 (2011) 6969e7025 7023
202. Ali, A.; Khera, R. A.; Ibad, M. F.; Hussain, M.; Langer, P. Synlett 2010, 731e734.
203. Nawaz, M.; Khera, R. A.; Malik, I.; Ibad, M. F.; Abid, O.-u.-R.; Villinger, A.;

Langer, P. Synlett 2010, 979e981.
204. Mahal, A.; Villinger, A.; Langer, P. Synlett 2010, 1085e1088.
205. Nawaz, M.; Adeel, M.; Ibad, M. F.; Langer, P. Synlett 2009, 2154e2156.
206. Abid, O.-u.-R.; Ibad, M. F.; Nawaz, M.; Ali, A.; Sher, M.; Rama, N. H.; Villinger,

A.; Langer, P. Tetrahedron Lett. 2010, 51, 1541e1544.
207. For leading references on SuzukieMiyaura reactions performed in water as

the only solvent, see: (a) Leadbeater, N. E.; Marco, M. Org. Lett. 2002, 4,
2973e2976; (b) Kuznetsov, A. G.; Korolev, D. N.; Bumagin, N. A. Russ. Chem.
Bull. Int. Ed. 2003, 52, 1882e1883; (c) Shimizu, K-i; Maruyama, R.; Komai, S.-i.;
Kodama, T.; Kitayama, Y. J. Catal. 2004, 227, 202e209; (d) Bhattacharya, S.;
Srivastava, A.; Sengupta, S. Tetrahedron Lett. 2005, 46, 3557e3560; (e) Capek,
P.; Pohl, R.; Hocek, M. Org. Biomol. Chem. 2006, 4, 2278e2284; (f) Collier, A.;
Wagner, G. K. Synth. Commun. 2006, 36, 3713e3721; (g) Fleckenstein, C. A.;
Plenio, H. Chem.dEur. J. 2007, 13, 2701e2716; (h) Lipshutz, B. H.; Abela, A. R.
Org. Lett. 2008, 10, 5329e5332; (i) Aktoudianakis, E.; Chan, E.; Edward, A. R.;
Jarosz, I.; Lee, V.; Mui, L.; Thatipamala, S. S.; Dicks, A. P. J. Chem. Educ. 2008, 85,
555; (j) Jung, J.-Y.; Kim, J.-B.; Taher, A.; Jin, M.-J. Bull. Korean Chem. Soc. 2009,
30, 3082e3084; (k) Jin, M.-J.; Taher, A.; Kang, H.-J.; Choi, M.; Ryoo, R. Green
Chem. 2009, 11, 309e313; (l) Wang, S.; Zhang, Z.; Hu, Z.; Wang, Y.; Lei, P.; Chi,
H. J. Environ. Sci. Suppl. 2009, S124eS126; (m) Lamblin, M.; Nassar-Hardy, L.;
Hierso, J.-C.; Fouquet, E.; Felpin, F.-X. Adv. Synth. Catal. 2010, 3522, 33e79; (n)
Islam, M.; Mondal, P.; Tuhina, K.; Hossain, D.; Roy, A. S. Chem. Lett. 2010, 39,
1200e1202; (o) Darweesh, A. F.; Shaaban, M. R.; Farag, A. M.; Metz, P.; Da-
wood, K. M. Synthesis 2010, 3163e3173; (p) Basu, B.; Biswas, K.; Kundu, S.;
Gosh, S. Green Chem. 2010, 12, 1734e1738; (q) Suzuka, T.; Nagamine, T.; Ogi-
hara, K.; Higa, M. Catal. Lett. 2010, 139, 85e89; (r) Firouzabadi, H.; Iranpoor, N.;
Gholinejad, M. J. Organomet. Chem. 2010, 695, 2093e2097; (s) Dawood, K. M.;
El-Deftar, M. M. ARKIVOC 2010, 319e330; (t) Gulcemal, S.; Kani, I.; Yilmaz, F.;
Cetinkaya, B. Tetrahedron 2010, 66, 5602e5606; (u) Ohtaka, A.; Tamaki, Y.;
Igawa, Y.; Egami, K.; Shimomura, O.; Nomura, R. Tetrahedron 2010, 66,
5642e5646; (v) Karimi, B.; Elhamifar, D.; Clark, J. H.; Hunt, A. J. Chem.dEur. J.
2010, 16, 8047e8053; (w) Polshettiwar, V.; Decottignies, A.; Len, C.; Fihri, A.
ChemSusChem 2010, 3, 502e522.

208. For papers on selective S.eM. cross-coupling reaction of multiple halogenated
arenes, which have been published after completion of this review, see: (a)
Salman, G. A.; Mahal, A.; Shkoor, M.; Hussain, M.; Villinger, A.; Langer, P. Tetra-
hedron Lett. 2011, 52, 392e394; (b) Salman, G.; Hussain, M.; Villinger, A.; Langer,
P. Synlett 2010, 3031e3034; (c) Niphakis, M. J.; Georg, G. I. Org. Lett. 2011, 13,
196e199; (d) Lima, C. F. R. A. C.; Rodriguez-Borges, J. E.; Santos, L. M. N. B. F.
Tetrahedron 2011, 67, 689e697; (e) Jepsen, T. H.; Larsen, M.; Jorgensen, M.; Sol-
anko, K. A.; Bond, A. D.; Kadziola, A.; Nielsen,M. B. Eur. J. Org. Chem.2011, 53e57;
(f) Kumar,M. R.; Park, K.; Lee, S.Adv. Synth. Catal.2010,352, 3255e3266; (g) Fuse,
S.; Sugiyama, S.; Takahashi, T. Chem.dAsian J. 2010, 5, 2459e2462; (h) Akravi, O.
A.; Hussain,M.; Langer, P. Tetrahedron Lett. 2011, 52,1093e1095; (i)Mohamed, Y.
M. A.; Hansen, T. V. Tetrahedron Lett. 2011, 52,1057e1059; (j) Zhang, H.; Zhou, C.-
B.; Chen, Q.-Y.; Xiao, J.-C.; Hong, R. Org. Lett. 2011, 13, 560e563.



ron 67 (2011) 6969e7025
R. Rossi et al. / Tetrahed7024
Biographical sketch
Renzo Rossi was born in Pisa (Italy) and graduated in Organic Chemistry with first-
class honours at the University of Pisa defending a thesis performed under the guid-
ance of Professor Piero Pino. In 1969 he became Assistant Professor and in 1971 he
earned the libera docenza in Organic Chemistry. After holding other intermediate posi-
tions at the University of Pisa and the Scuola Normale Superiore of Pisa, in 1980 he be-
came Full Professor of Organic Chemistry at the University of Calabria. In 1982, he
again joined the University of Pisa where he held the Chair of Chemistry of Naturally
Occurring Compounds until October 31, 2010. In 1999, the University of Pisa awarded
him the Ordine del Cherubino. His current research interests include: (i) the preparation
of substances, which exhibit significant cytotoxicity against human tumour cell lines
and antivascular properties; (ii) the study of new methodologies for carbonecarbon
bond formation that involve the use of organometallic reagents, transition metal-
catalyzed direct arylation reactions of substrates with activated sp3-hybridized CeH
bonds with aryl halides and pseudohalides; (iii) methods, different from the Mizoro-
kieHeck reaction, to introduce CeC double bonds in a stereocontrolled manner onto
heteroarene moieties by using transition metal-catalyzed reactions that do not involve
the use of stoichiometric amounts of organometallic reagents; (iv) the design and de-
velopment of new, highly chemo- and regioselective methods for the transition metal-
catalyzed direct C- and N-arylation of electron-rich heteroaromatic systems, including
free (NH)-azoles, with aryl halides and pseudohalides; and (v) the application of these
methods to the synthesis of direct precursors to compounds with relevant biological
properties. In recent years, several successful studies have also been performed by
his research group in the field of synthesis and evaluation of the biological properties
of naturally occurring compounds of marine origin and their structural analogues,
which are characterized by the 2(5H)-furanone ring. Professor Rossi, who has coau-
thored over 230 research publications and a number of highly cited review articles
and patents, is a fellow of the Royal Society of Chemistry, the American Chemical So-
ciety, and the Societ�a Chimica Italiana.
Fabio Bellina was born in Catania (Italy) in 1964. He studied Chemistry at the Univer-
sity of Pisa and received his Laurea Degree with first-class honours in 1990. In 1992, he
joined the University of Pisa as an Organic Chemistry Researcher in the Department of
Chemistry and Industrial Chemistry. In October 2003, he was appointed by the Faculty
of Science of the University of Pisa as an Associate Professor of Organic Chemistry. His
research interests were initially mainly devoted to the total synthesis of naturally-oc-
curring compounds of biological and/or pharmacological interest and to the synthesis
of structural analogues of naturally occurring fungicidal derivatives of agrochemical in-
terest. More recently, Professor Bellina focused his attention on new and efficient pro-
tocols for regioselective transit ion metal-mediated carbonecarbon and
carboneheteroatom bond forming reactions, with a particular interest in the selective
functionalization of oxygen-containing unsaturated heterocycles such as 2(5H)-fura-
nones and 2(2H)-pyranones. Currently, he is working on the development of novel
and efficient protocols for the transition metal-catalyzed direct CeH and NeH bond ar-
ylation of heteroarenes, the direct functionalization of active C(sp3)eH bonds, and the
application of these new procedures to the selective preparation of bioactive natural
and synthetic compounds.



R. Rossi et al. / Tetrahedron 67 (2011) 6969e7025 7025
Marco Lessiwas born in Livorno (Italy) in 1979. He studied Chemistry at the University
of Pisa and received his Laurea Degree with first-class honours in June 2004 defending
a thesis performed under the guidance of Professor Dario Pini. In January 2005, he be-
gan his Ph.D. fellowship in the laboratory of Professor Pini and received his Ph.D. de-
gree in 2008, submitting a thesis on the preparation and applications of new insoluble
polymer-bound (IPB) enantioselective catalytic systems. The studies were focused on
the synthesis of transition metal complexes obtained from bisoxazoline and BINOL li-
gands. In the period January 2008eMarch 2009, Dr. Lessi worked for Solvay Solexis
S.p.A. on the development of new routes for the preparation of high-fluorinated
low-molecular-weight molecules and oligomers. In March 2009, he re-joined the Uni-
versity of Pisa where he currently cooperates with Professor Bellina. The current re-
search interests of Dr. Lessi involve the development of novel and efficient protocols
for highly selective transition metal-catalyzed direct C(sp3)eH arylation reactions in
aqueous media, and the discovery of new synthetic routes and applications of func-
tionalized ionic liquids obtained from naturally-occurring building blocks.


	 Highly selective palladium-catalyzed Suzuki–Miyaura monocoupling reactions of ethene and arene derivatives bearing two or m ...
	1 Introduction
	2 Monocoupling reactions of 1,2-dihalogenated- and polyhalogenated ethenes and 1,1-difluoro-2-p-toluenesulfonyloxyethene
	3 Monocoupling reactions of 1,1-dihalogenated-1-alkenes
	3.1 Monocoupling reactions of 1-bromo-1-fluoro- and 1-chloro-1-fluoro-1-alkenes
	3.2 Monocoupling reactions of 1,1-dibromo- and 1,1-dichloro-1-alkenes
	3.3 Pd-catalyzed tandem processes of 1,1-dihalogenated-1-alkenes involving S.–M. monocoupling reactions

	4 Monocoupling reactions of cyclic 1,3-dione derived bis(triflates)
	5 Monocoupling reactions of arene derivatives bearing two or more electrophilic sites
	5.1 Monocoupling reactions of arene derivatives bearing two (or more) different carbon–(pseudo)halogen bonds
	5.1.1 Monocoupling reactions of bromoiodoarenes
	5.1.2 Monocoupling reactions of chloroiodo- and bromochloroarenes
	5.1.3 Monocoupling reactions of fluoroiodo-, bromofluoro- and chlorofluoroarenes and polyfluoronitrobenzenes
	5.1.4 Monocoupling reactions of haloaryl triflates, mesylates and tosylates

	5.2 Monocoupling reactions of polyhalogenated benzenes bearing identical carbon–halogen bonds
	5.3 Monocoupling reactions of bis(triflates) of dihydroxyarenes
	6 Conclusions

	 References and notes


