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Preface

Arenes and heteroarenes are essential substructures of numerous compounds
with activities that are relevant to a variety of important areas of research, ranging
inter alia from medicinal chemistry and biology to materials sciences. As a result,
the selective preparation of these omnipresent moieties is of the utmost relevance
to synthetic chemists, both in industry and academia. The introduction of already
existing aryl- or heteroaryl-groups—which we recognize today as ‘arylation
chemistry’ —arguably constitutes the most generally applicable approach to accom-
plish this task. Thus, the recent growing impact of—and also interest in—arylation
chemistry is reflected by the increasing numbers of references that contain the
term ‘arylation’ {SciFinder Scholar (October 2008): 41 (1968), 124 (1978), 178
(1988), 188 (1998), 755 (2007)}. Hence, Modern Arylation Methods summarizes
the diverse aspects of arylation reactions, with a particular focus on recent devel-
opments in this area. Within the book, following a brief introduction, industrial
practitioners review important transition metal-catalyzed cross-coupling reactions,
as well as carbon—heteroatom bond-forming processes. The influence of catalytic
strategies—and particularly of those that employ transition metal complexes—on
arylation reactions with haloalkanes, alkenes, alkynes and carbonyl compounds
as substrates is subsequently described. The next three chapters detail not only
the experimental observations but also the mechanistic considerations of ecologi-
cally benign C-H bond functionalization reactions. Finally, the book concludes
with two chapters on arylations, which involve arynes or radicals as key interme-
diates, and a summary of photochemically initiated transformations. I hope
that this topical selection will be useful to the reader, and that it will serve as a
stimulus for further exciting developments in this rapidly evolving research
area.

The chapters of this book were written by internationally renowned authorities,
to whom I am very thankful for such outstanding contributions. I also wish to
express my gratitude to Elke Maase, Rainer Miinz, Hans-Jochen Schmitt and the
staff of the editorial team of Wiley-VCH for their continuous help during this
project. Further, I gratefully acknowledge the assistance of my coworkers during

Modern Arylation Methods. Edited by Lutz Ackermann
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31937-4
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the editorial process, particularly of Sergei I. Kozhushkov, Stefan Beuf8hausen and
Gabriele Keil-Knepel. Most importantly, [ am deeply thankful to Daniela Rais for
her invaluable advice, encouragement and support.

Géttingen, December 2008 Lutz Ackermann
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1
Arylation Reactions: A Historical Perspective

Lutz Ackermann

1.1
Structure and Bonding of Benzene

Substituted arenes and heteroarenes are ubiquitous substructures of both natu-
rally occurring and synthetic organic compounds which have activities that are
relevant to a variety of research areas, ranging from biology to the materials sci-
ences. Representative examples of historically important synthetic arenes include
the analgesic aspirin, acetylsalicylic acid (1), or the first natural pigment to be
duplicated synthetically in an industrial environment, alizarin (2) (Figure 1.1).

The specific activities displayed by arene-containing compounds are due largely
to the remarkable relative stability and, thus, the unique chemical reactivity of
arenes. As a result, their structure and bonding were one of the most fascinating
problems facing chemists during the mid-nineteenth century. Interestingly, a
cyclic planar structure was first described for benzene and its derivatives by Johann
Josef Loschmidt in 1861 (Figure 1.2), a pioneer of nineteenth-century physics and
chemistry [1].

Loschmidt proposed circular planar structures for 121 arenes, including those
of benzene (3) and aniline (4) (Figure 1.3) [1, 2]. Whilst the chemical formulae for
further important structural motifs, such as cyclopropanes, as well as multiple
carbon-carbon bonds, were also proposed in this prescient report, it was largely
ignored by the chemical community. Indeed, it was not until 1913 that Los-
chmidts’ work was recognized by Richard Anschiitz who, interestingly, was one
of August Friedrich Kekulé von Stradonitz’s students [3].

In 1865, August Friedrich Kekulé von Stradonitz (Figure 1.4) suggested a planar
structure for benzene, in which carbon—carbon single and carbon—carbon double
bonds alternated within a six-membered ring [4]. However, this proposal did not
account for the observation of only one isomer of ortho-disubstituted benzenes.
Therefore, Kekulé revised his model in 1872, postulating a rapid equilibrium
between two structures (Scheme 1.1). This beautiful Dg,-symmetrical structure
of benzene was later confirmed by its X-ray crystal structure and its electron-
diffraction data, which highlighted the equivalence of all six carbon—carbon bonds

Modern Arylation Methods. Edited by Lutz Ackermann
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31937-4
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HO.___O
OH

0
OYCHQ, OH
I 200
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1 2
Figure 1.1 Selected historically relevant substituted arenes.

Figure 1.2 Johann Josef Loschmidt (15 March 1821-8 July 1895).

3 4

Figure 1.3 Loschmidt’'s molecular structural formulae for benzene (3) and aniline (4).

[5]. According to R. Robinson (1925), these experimentally obtained data are rep-
resented by the commonly used symbol 5, in which delocalized m-electrons are
represented by a circle within a hexagon (Scheme 1.1).

The term ‘aromatic’ was coined in 1855 by August Wilhelm von Hofmann
(1818-1892), before the physical mechanism determining so-called aromaticity was
unraveled. Originally, this definition was derived from a characteristic property,
namely a sweet scent that was associated with some ‘aromatic’ compounds. Sub-
sequently, it was shown that arenes are unsaturated compounds, but showed a
chemical reactivity which differed from that of both alkenes or alkynes. This
unique reactivity pattern of arenes was used at the end of the nineteenth century
as the only criterion of aromaticity. At the start of the twentieth century, additional
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Figure 1.4 August Friedrich Kekulé von Stradonitz (7 September 1829-13 July 1896).

0 — Q] O

5
Scheme 1.1 Structural representations of Dg,-symmetrical benzene.

criteria of aromaticity were elaborated, such as the relative stability of arenes with
respect to the corresponding hypothetical cyclooligoenes [6]. Later, the develop-
ment of quantum mechanics set the stage for the molecular orbital theory, the
application of which enabled Hiickel to devise his well-known (4n + 2) rule as a
criterion for aromaticity in 1931 [7, 8]. A definition of aromaticity based on carbon—
carbon bond lengths in arenes was also delineated during the twentieth century.
While this model proved useful where accurate bond lengths were available, it
was, unfortunately, found not to be generally applicable [9]. Hence, today one of
the most reliable criteria of aromaticity is based on the magnetic properties of
arenes. The anomalous chemical shifts of resonances in '"H NMR spectra led to
less satisfactory analyses for some compounds. In contrast, the diamagnetic sus-
ceptibility exaltation [6] or the nucleus-independent chemical shift (NICS) [10]
were found often to be more reliable criteria of aromaticity [5, 11].

1.2
Syntheses of Substituted (Hetero)Arenes, and the Contents of this Book

Historically, the name ‘benzene’ derives from benzoin, which was known to Euro-
pean pharmacists and perfumers since the fifteenth century. Thus, pure benzene
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Scheme 1.2 Industrial synthesis of acetylsalicylic acid (1) (ASA, aspirin, 1897).
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Figure 1.5 Selected historically relevant substituted arenes.

could be prepared via the decarboxylation of benzoic acid, flowers of benzoin (E.
Mitscherlich, 1833), which in turn was obtained from gum benzoin [5]. Benzene
was initially isolated and identified as a chemical compound from the condensed
phase of pyrolyzed whale oil in 1825 by Michael Faraday [12]. However, it was not
until the 1840s that benzene would be produced in an industrial environment
based on its isolation from coal tar by Charles Mansfield in 1836.

Since their discovery during the 1860s, electrophilic aromatic substitution reac-
tions played the dominant role for functionalizations of arenes, and were often
the method of choice for the synthesis of substituted arenes. For example,
Hermann Kolbe, a student of Friedrich Wahler, devised a synthesis for salicylic
acid (7) [13, 14], which set the stage for the industrial preparation of acetylsalicylic
acid (ASA, aspirin) (1) by Arthur Eichengriin and Felix Hoffmann at Bayer in 1897
(Scheme 1.2).

This representative historically relevant example, as with the industrial prepara-
tion of important dyes such as mauveine (Tyrian purple, 8) (1856, Perkin), alizarin
(2) (1869, Perkin, Graebe and Liebermann) or indigo (9) (1890, Heumann) (Figure
1.5), illustrates the significant economical impact of aromatic substitution chem-
istry [15].

Modern aspects of electrophilic aromatic substitution chemistry address the
development of enantioselective variants of these direct (hetero)arene functional-
ization reactions. For example, enantiomerically enriched metal catalysts, as well
as organocatalysts, allowed for the asymmetric addition reactions of (hetero)arenes
onto (o, B-unsaturated) carbonyl compounds. Additionally, highly enantioselective
arylations of carbonyl compounds were accomplished with organometallic reagents
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Figure 1.6 Fritz Ullmann (2 July 1875-17 March 1939).

as nucleophilic aryl donors. These exciting new methodologies of modern aryla-
tion chemistry are comprehensively reviewed by Christian Defieber and Erick M.
Carreira in Chapter 8.

In addition to electrophilic aromatic substitution reactions, a variety of valuable
approaches to the synthesis of substituted (hetero)arenes was developed [16].
Consequently, a fully comprehensive review on the entire history of arylation
methodologies would call for an encyclopedia, and is, thus, beyond the scope of
this introductory chapter. However, both metal-mediated and metal-catalyzed reac-
tions [17, 18] had, arguably, the strongest impact on the development of modern
arene syntheses [19, 20]. While olefin metatheses reactions catalyzed by homoge-
neous catalysts proved to be particularly valuable for ring-closing reactions [21],
late transition metal-catalyzed (cross)coupling reactions were among the most
important chemical innovations of the twentieth century. Thus, the palladium-
catalyzed Tsuji-Trost reaction allowed for novel strategies in C—C bond forma-
tions, which had a major impact on asymmetric syntheses [22]. The relevance of
catalytic (cross)coupling chemistry is arguably most evident in (hetero)aryl-
(hetero)aryl and (hetero)aryl-heteroatom bond-forming reactions [17, 18, 23], and
therefore the majority of the chapters in this book discuss recent innovations
in this rapidly developing area of research. As a result, the following personal his-
torical perspective focuses rather on the evolution of metal-catalyzed coupling
chemistry.

While electrophilic substitution reactions enabled the direct functionalizations
of (hetero)arenes, Fittig observed, during the nineteenth century, that halogenated
arenes could be employed for the preparation of alkylated arenes in the presence
of sodium under Wurtz’s reaction conditions [24-26].

In 1901, Fritz Ullmann (Figure 1.6) showed that stoichiometric amounts of
copper enabled the reductive coupling of haloarenes for the synthesis of symmetri-
cally substituted biaryls (Scheme 1.3) [27].
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N02 NOZ
o oo L=
X + X
210 °C
O,N X =Br:76% OoN
X =Cl: 60%
X = Br:10 X = Br:10 12
X =Cl1 X=Cl:1

Scheme 1.3 Copper-mediated reductive coupling of haloarenes (Ullmann, 1901).

Me H COQH

Me CO,H
@/NHZ Cl Cu (1.1 equiv) N
+ —_—
210 °C

0,
13 14 90% 15

Scheme 1.4 Copper-mediated arylation of amine 13 (Ullmann, 1903).

©/OH Br\@ Cu (0.2 mol%) ©/O\©
+
KOH, 2.5 h, 210 °C
16 17 90% 18
Scheme 1.5 Copper-catalyzed arylation of phenol (16) (Ullmann, 1905).

Based on these regioselective copper-mediated C—C bond-forming reactions,
Ullmann found in 1903 that arylations of amines were also viable when using
haloarenes as coupling partners. Notably, this report illustrated at an early stage
that chlorides could be employed as leaving groups on an arene, even for the con-
version of more sterically hindered ortho-substituted starting materials (Scheme
1.4) [28].

These reports on copper-mediated coupling reactions set the stage for pioneer-
ing reports by Ullmann and Irma Goldberg (his later wife) on the use of catalytic
amounts of copper for coupling reactions of haloarenes. Thus, the arylation of
phenol (16) and its derivatives with low catalyst loadings of copper enabled the
selective syntheses of diarylethers (Scheme 1.5) [29].

Importantly, Irma Goldberg showed in 1906 that copper-catalyzed arylation
reactions of, potentially chelating, aniline derivatives could be achieved with bro-
moarenes as coupling partners (Scheme 1.6) [30].

It is noteworthy that this arylation protocol proved also applicable to catalytic
transformations of amides as nucleophilic substrates (Scheme 1.7) [30].

Although these reports on copper-mediated and copper-catalyzed coupling reac-
tions highlighted the potential of transition metal compounds for regioselective
C—C, C—0 and C—N bond formations, rather few further developments of these
outstanding methodologies were disclosed during the following decades [31].
However, an improved understanding of organometallic reagents with umgepolte
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O._OH O._OH
H
NH, Br\@ Cu (11 mol%) N\©
+
K,COs, PhNO,
19 17 20

3h,210°C
99%
Scheme 1.6 Catalytic arylation of an aniline derivative (Goldberg, 1906).

i e
yNHg Br\@ cat. Cu ©)kN
+
K,CO3, PhNO, H
21 17 22

2h,210°C
50%
Scheme 1.7 Copper-catalyzed arylation of amide 21 (Goldberg, 1906).

reactivity enabled André Job to disclose a catalytic effect of [NiCl,] on the conver-
sion of PhMgBr with ethylene and CO [32, 33].

During the first half of the twentieth century, alternative methodologies for the
preparation of arenes were discovered by Walter Reppe at the Badische Anilin-&-
Soda-Fabrik (BASF), employing homogeneous metal catalysts. Thus, a scalable
nickel-catalyzed synthesis of cyclooctatetraene from acetylene was devised [34].
While remarkable progress has been made in transition metal-catalyzed cycload-
dition chemistry since these early reports [35], the achievement of satisfactory
regioselectivities in the syntheses of unsymmetrically substituted (hetero)arenes
still represents a major challenge when applying these methodologies [36].

During the 1940s, Kharasch and coworkers observed a dramatic influence of
transition metal salts on the formation and reactivity of Grignard reagents [37]. It
was found that catalytic amounts of [CoCl,], [MnCl,], [FeCl;] or [NiCl,] allowed for
efficient homocouplings of organomagnesium reagents in the presence of organic
halides, such as bromo- or chlorobenzene, which were thought to act as terminal
oxidants (Scheme 1.8) [38].

Also during the 1940s, the formation of biphenyl (24) from fluorobenzene (26)
and phenyl lithium (25) in an uncatalyzed reaction (Scheme 1.9) led Wittig to
propose a dehydrobenzene, specifically an ortho-benzyne, as intermediate [39, 40],
the formation of which was confirmed by Roberts in 1953 [41]. Modern arylation
methodologies based on arynes as key intermediates are reviewed by Yu Chen and
Richard Larock in Chapter 12.

Later, during the 1960s, selective cross-coupling reactions between alkyl, alkenyl
or aryl halides and stoichiometric amounts of allyl nickel or alkyl copper reagents
were developed (Scheme 1.10). These methodologies displayed a remarkable func-
tional group tolerance and proved to be among the most effective protocols
for C(sp’)-C(sp’) cross-coupling reactions [42, 43]. A comprehensive review on
metal-catalyzed cross-coupling reactions for challenging arylations of nonactivated
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PhBr (17)
MgBr + BrMg £L.0 35 °C
25

23 23 [CoCl,] (2.5 mol%): 86% 24
[MnCl,] (4.0 mol%): 21%
[FeCls] (5.0 mol%): 47%
[NiCl,] (4.0 mol%): 72%

Scheme 1.8 Metal-catalyzed homocouplings of Grignard reagent 23 (Kharasch, 1941).

0 h, 5°

70% 24
Scheme 1.9 Biphenyl synthesis through an aryne intermediate (Wittig, 1942).

Li[CuMe,] + | —_——> Me@
14 h,25°C

27 28 90% 29
Scheme 1.10 Methylation of iodobenzene (28) with
stoichiometric amounts of copper reagent 27 (Corey, 1967).

— [PACl], NaOAc, AcOH, 100°C R —/ \ 7
30 30 R = Me, Cl, CO,Me 31

Scheme 1.11 Intermolecular oxidative homo-coupling (van Helden, Verberg, 1965).

alkyl-substituted electrophiles is provided by Masaharu Nakamura and Shingo Ito
in Chapter 5.

In 1965, a palladium-mediated oxidative homo-coupling of arenes was reported.
Through the use of [PdC,], along with sodium acetate as additive in acetic acid as
solvent, biaryls could be obtained, with a regioselectivity being indicative of an
electrophilic substitution-type mechanism (Scheme 1.11) [44]. Subsequently, a
palladium-catalyzed dehydrogenative coupling of arenes was accomplished with
oxygen as terminal oxidant [45, 46]. Despite remarkable progress in oxidative biaryl
syntheses, the achievement of chemoselectivity and regioselectivity in intermolec-
ular cross-coupling reactions continues to offer a major challenge [47, 48].

In 1968, palladium-catalyzed oxidative arylations of alkenes using stoichiometric
amounts of organometallic arylating agents, predominantly mercury-derived com-
pounds, were disclosed by Heck [49]. These studies indicated that economical ter-
minal oxidants, such as molecular oxygen, could be employed (Scheme 1.12) [49,
50]. Unfortunately, however, a significant limitation of this arylation protocol was
represented by the use of highly toxic organomercury compounds [51]. In contrast,
Fujiwara, Moritani and coworkers probed the use of stoichiometric amounts of
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24 h, 23 °C
60%
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Scheme 1.12 Palladium-catalyzed oxidative arylation of alkenes (Heck, 1968).

— [Pd(OACc),] (10 mol%) O
d @ [Cu(OAc),] (10 mol%)
+ _
PhH, AcOH, O, O

8h,80°C

45%
35 36 37

Scheme 1.13 Palladium-catalyzed oxidative arylation of alkenes with arenes (Fujiwara,
Moritani, 1969).

[FeCl3] (0.1 mol%)
n-HexMgBr + / >
Br THF, 0 °C n-Hex

38 39 83% 40
Scheme 1.14 Iron-catalyzed cross-coupling with alkenyl halide 39 (Kochi, 1971).

palladium compounds for a direct coupling between arenes and alkenes in 1967
[52, 53]. Based on these stoichiometric transformations, a catalytic oxidative aryla-
tion of alkenes using simple arenes as arylating reagents was devised. Again, this
intermolecular [54] catalytic C—H bond functionalization could be achieved with
inter alias molecular oxygen as terminal oxidant, and likely proceeded via an elec-
trophilic aromatic substitution-type mechanism (Scheme 1.13) [55-57].

Another breakthrough in modern cross-coupling chemistry was accomplished
during the early 1970s, when Kochi and coworkers disclosed a pioneering report
in which electrophiles displayed C(sp?)-Br bonds as functional groups. Interest-
ingly, this iron-catalyzed cross-coupling was used for the functionalization of
alkenyl bromides (Scheme 1.14) [58, 59], but was not applied to haloarenes as
electrophiles until recently [60—63]. Nonetheless, Kochi’s report highlighted the
remarkable prospective applications of late transition metal complexes to C(sp*)—
C(sp?) bond formations through catalytic cross-coupling chemistry.

A remarkable catalytic conversion of aryl halides was disclosed in 1971 —namely
the arylation of alkenes [64]—which can be considered as being related to Heck’s
arylations of alkenes with arylmercury, -tin or -lead compounds [49, 50]. Here,
Mizoroki and coworkers found that catalytic amounts of [PdCl,] or heterogeneous
palladium black (41) enabled transformations of ethylene (42) or monosubstituted
alkenes when using iodobenzene (28) as electrophile and KOAc as inorganic base
(Scheme 1.15) [64, 65].
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@ [PdCl,] (1 mol%) p
_ R o

KOAc, MeOH, 120 °C

42 28 74% 43
Scheme 1.15 Palladium-catalyzed arylation of alkene 42 (Mizoroki, 1971).

d |@ [Pd(OAC),] (1 mol%) - !
+
NBus, 2 h, 100 °C
A

35 28 37
Scheme 1.16 Palladium-catalyzed arylation of styrene (35) (Heck, 1972).

Ni(acac),] (1 mol% — R
NV S = T W
R — Et,0, 35 °C R —
44 45 R =H, Me 46

> 80%
Scheme 1.17 Nickel-catalyzed C,,~C,, cross-coupling (Corriu, 1972).

In 1972, Heck showed, independently, that aryl, benzyl and styryl halides would
react with alkenes in the presence of a hindered amine as organic base at a lower
reaction temperature of 100°C (Scheme 1.16) [51, 66]. A detailed overview on the
modern aspects of Mizoroki-Heck reactions, as well as their oxidative variants
(Fujiwara reactions), is provided by Martin Oestreich and Verena Trepohl in
Chapter 7.

A catalytic C,y;—C,y cross-coupling was reported by Corriu and Masse in early
1972, when different nickel and cobalt compounds were probed in the cross-
coupling between alkenyl or aryl bromides and aryl Grignard reagents, with
[Ni(acac),), giving rise to superior results. For example, the catalytic cross-coupling
of dibromide 45 provided high yields of the corresponding para-terphenyls 46
(Scheme 1.17) [33, 67].

Based on studies by Yamamoto on stoichiometric oxidative addition reactions
of chlorobenzene to nickel complexes [68, 69], Kumada, Tamao and coworkers
reported independently on highly efficient nickel-catalyzed cross-coupling reac-
tions between Grignard reagents and aryl or alkenyl chlorides. Importantly, the
beneficial effect of phosphine ligands, allowing for the effective cross-coupling
reactions of chloroarenes, was demonstrated (Scheme 1.18) [70].

Furthermore, a catalytic cycle for this cross-coupling reaction was proposed that
served as a blueprint for many subsequently developed transformations. The
working mode of the catalytically competent species [TM] was based on: (a) an
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Cl n-Bu
[NiCly(dppe),] (0.7 mol%)
2 n-BuMgBr + CI—Q 2 z n-Bu
Et,0, 35 °C
47 48 94% 49
Scheme 1.18 Nickel-catalyzed cross-coupling of dichloride 48 (Kumada, Tamao, 1972).
R'R? [T™]
R'X
(c) reductive elimination (a) oxidative addition
R =
N ™
R2 [ ]\X

‘><
MX MR2

(b) transmetallation
Scheme 1.19 Generalized catalytic cycle for metal-catalyzed cross-coupling reactions.

initial oxidative addition; (b) a subsequent transmetallation; and (c) a final reduc-
tive elimination, as illustrated in Scheme 1.19 [70, 71].

In 1975, both Cassar [72] and Murahashi and coworkers [73] reported on the
applications of palladium complexes to catalytic cross-coupling chemistry [74].
Initially, Cassar compared nickel and palladium complexes in the catalytic cross-
coupling between aryl or alkenyl halides and terminal alkynes, and found that
nickel-based compounds exhibited no catalytic activity. In contrast, [Pd(PPhs),]
enabled catalytic coupling reactions of various organic halides bearing C(sp’)-X
bonds as reactive functional groups, notably in the absence of any copper [75]
additives (Scheme 1.20) [72].

At about the same time, Heck disclosed an independent report on a comparable
palladium-catalyzed arylation of terminal alkynes. Here, the use of amines as bases
allowed for the catalytic transformations of alkenyl and aryl halides, again in the
absence of additional copper compounds (Scheme 1.21) [76].

Subsequently, Sonogashira and coworkers observed that the addition of catalytic
amounts of [Cul] enabled arylations of terminal alkynes to proceed at significantly

n
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[Pd(PPhs3)4] (6 mol%)

PPh3 (12 mol%)
®%H + Br OMe < > QOMe
NaOMe, DMF, 4 h, 100 °C
50

7%
Scheme 1.20 Palladium-catalyzed synthesis of internal alkyne 52 (Cassar, 'I975).

O [Pd(PPhg),(OAc),] (1 mol%) O o O 0o

< > C NEts, 1 h, 100 °C o H
66% 54
Scheme 1.21 Palladlum-catalyzed arylation of terminal alkyne 50 (Heck, 1975).

[Pd(PPh3),Cl5] (0.5 mol%)
[Cul] (1.0 mol%)
O= O—=0
HNEt,, 3 h, 23 °C
90% 55

Scheme 1.22 Palladium-catalyzed arylation of terminal alkyne
50 in the presence of [Cul] (Sonogashira, 1975).

Pd(PPh 3 mol%) O
MeOMgBr + A/@ [Pa(PPha)al { ‘) A
PhH, 22 °C
57 85%

Scheme 1.23 Palladium-catalyzed cross-coupling of Grignard reagent 56 Murahashl 1975).

milder reaction conditions (Scheme 1.22) [77, 78]. Modern aspects of arylation
reactions of alkynes, along with a detailed discussion on their mechanisms, are
presented by Steven P. Nolan and Mihai S. Viciu in Chapter 6.

Also in 1975, Murahashi probed the use of palladium catalysts in cross-coupling
reactions of alkenyl halides with lithium- or magnesium-based nucleophiles.
While stoichiometric amounts of [Pd(PPh;),] were required for reactions with
lithium derivatives as nucleophiles [79], the corresponding Grignard [80] reagents
could be coupled with catalytic amounts of palladium complexes (Scheme 1.23)
(73, 74].

Thus far, catalytic coupling reactions had focused on the use of magnesium-
based organometallics as nucleophiles. However, in 1976, Negishi revealed the
use of alkenylalanes as valuable coupling partners for nickel- [81] (Scheme 1.24)
or palladium-catalyzed [82] diastereoselective syntheses of substituted alkenes [83,
84]. These results showcased that organometallics other than Grignard reagents
could be employed for efficient cross-coupling chemistry. Furthermore, a compari-
son between nickel- and palladium-based catalysts indicated the latter to be supe-
rior with respect to diastereoselective syntheses [83]. These observations set the
stage for evaluating the scope of further organometallic reagents in palladium-
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n-Bu [Ni(PPh3)4] (5 mol%) n-Bu
\:\ + Br Me N =
Al(i-Bu), 24 h,25°C
61 Me
[Pd(PPh3),Cl,] (5 mol%)
NO,
4

84%
DIBAH (10 mol%)
ZnCl  + | NO,
2h,25°C
62 63 74% 6
Scheme 1.25 Palladium-catalyzed cross-coupling with arylzinc 62 (Negishi, 1977).

0 Pd(PPhs),] (1 mol% 0
/\/SHBU;g + Br [ ( 3)4] ( 0)
C iMe 20 h, 120 °C —/ C iMe
67

65 66 98%
Scheme 1.26 Palladium-catalyzed cross-coupling with allyltin 65 (Kosugi, Migita, 1977).

59 60

Scheme 1.24 Nickel-catalyzed cross-coupling of alane 59 (Negishi, 1976).

0 [BnPd(PPhs),Cl] (1 mol%) 0
Orom - of o
CI~ "Ph HMPA, 60-65 °C Ph
68 69 86% 70

Scheme 1.27 Palladium-catalyzed arylation of acyl chloride 69 (Stille, 1978).

catalyzed cross-coupling chemistry. As a consequence, Negishi and coworkers
disclosed catalytic arylations and alkenylations [85] of aryl halides using arylzinc
reagents. The decreased nucleophilicity of organozinc compounds resulted in an
excellent functional group tolerance (Scheme 1.25), particularly when compared
to couplings with Grignard reagents [86-88].

Also in 1977, Kosugi, Migita and coworkers reported on the use of organotin
compounds for the palladium-catalyzed cross-couplings of aryl [89] and acyl halides
[90]. The allylation of haloarenes and the arylation of acyl halides displayed again
a remarkable wide substrate scope (Scheme 1.26) [91].

Stille and Milstein showed, in 1978, that palladium-catalyzed arylations of acyl
halides with aryltins occurred under exceedingly mild reactions conditions when
using [BnPd(PPh;),Cl] as catalyst (Scheme 1.27) [92]. Furthermore, Negishi devel-
oped inter alia palladium-catalyzed cross-coupling reactions between lithium
1-alkynyltributylborates and haloarenes [93], while Murahashi employed a trans-
metallation strategy for the use of trialkylboranes [94]. Suzuki, Miyaura and
coworkers, in contrast, unraveled the beneficial effect of added bases in palladium-
catalyzed cross-coupling reactions between alkenylboranes and organic halides
[95]. Importantly, mild bases (such as Na,COs;) enabled catalytic C,y—Ciury
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O [PA(PPhs)4] (3 mol%) o]
()rsom + ()~ oo
OMe  NayCOs, PhH, H,0 OMe

(0]
H H
[(773-C3H5)PdCI]2 (2.5 mol%)
-G
KF, DMF
MeO MeO

74

72 6 h, 100 °C 73
94%
Scheme 1.28 Palladium-catalyzed arylation with phenyl boronic acid (71) (Suzuki, 1981).

O

15h, 100 °C

0,
75 83% 76

Scheme 1.29 Palladium-catalyzed arylation with silicon-based nucleophile 74 (Hiyama, 1989).

[Pd(Po-Tol3),Cl5] (1 mol%)
EtoN—Sn(n-Bu);  + BrOMe EtZNOMe
PhMe, 3 h, 100 °C

77 60 79% 78
Scheme 1.30 Palladium-catalyzed arylation of tin amide 77 (Kosugi, Migita, 1983).

bond formations to proceed efficiently in aqueous reaction media (Scheme 1.28)
96, 97].

Cross-coupling reactions of alkenyl-substituted silicon-based nucleophiles were
reported by Kumada [98], and by Hallberg in 1982 [99], as well as by Kikukawa
subsequently [100]. However, efficient cross-couplings of aryl-substituted silicon-
based nucleophiles were accomplished through the use of fluoride-containing
additives, as reported by Hiyama in 1989. This in situ generation of pentacoordi-
nated silicates gave rise to cross-couplings with a useful functional group tolerance
(Scheme 1.29) [101, 102].

Further valuable catalytic cross-coupling reactions between organometallic
reagents and aryl halides were reported, which matured to being indispensable
tools in modern organic synthesis. In Chapter 2, Adam F. Littke summarizes the
modern aspects of catalytic cross-coupling reactions, with particular focus on the
use of challenging organic electrophiles, such as aryl chlorides, fluorides and tosyl-
ates, for C(sp?)—C(sp?) bond formations.

In 1983, Kosugi, Migita and coworkers found that palladium-catalyzed amina-
tions of bromoarenes could be achieved when tin amides were used as nucleo-
philes (Scheme 1.30) [103, 104].

In the 1990s, a breakthrough was independently accomplished by Buchwald
[105] (Scheme 1.31) and Hartwig [106] (Scheme 1.32), establishing broadly appli-
cable palladium-catalyzed Ullmann-type aminations of haloarenes, employing
amines directly as nucleophiles. Thereby, the preparation and use of tin amides
could be circumvented, and intramolecular [105] aminations of haloarenes were
shown also to occur efficiently.
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Scheme 1.31 Palladium-catalyzed arylation of amine 79 (Buchwald, 1995).

[Pd(Po-Tols),Cly] (5 mol%)
( NH + BrOOMe ( NOOME}
LiN(SiMes), PhMe, 2 h, 100 °C
83

94%

82 51
Scheme 1.32 Palladium-catalyzed arylation of amine 82 (Hartwig, 1995).

These palladium-catalyzed amination reactions of haloarenes are among the
most popular modern methodologies for C(sp’)-N bond formations. A detailed
summary on the state of the art of these (also industrially relevant) reactions, as
well as of related arylation reactions of o-C—H acidic compounds, is provided in
Chapter 3 by Bjorn Schlummer and Ulrich Scholz.

In addition to Ullmann’s copper-catalyzed [107] C(sp’)-N bond formations using
haloarenes, a remarkable complementary approach was developed by Chan and
Lam during the 1990s using boron-based arylating reagents [108, 109]. A detailed
review by Andrew W. Thomas and Steven V. Ley on these oxidative copper-
mediated and copper-catalyzed arylations, as well as their extension to alcohols
[108, 110], is to be found in Chapter 4.

The presented methodologies for selective intermolecular C,;~C,,, bond forma-
tions largely relied on the use of prefunctionalized coupling partners as substrates.
Predominantly, these transformations made use of organometallic reagents as
nucleophilic coupling partners. An ecologically benign and economically attractive
alternative is represented by the direct functionalization of C—H bonds in simple
arenes [111]. An early example of a metal-catalyzed direct arylation was disclosed
in 1982 by Ames. During attempts directed towards palladium-catalyzed intermo-
lecular arylation of alkene 85 following Heck’s protocol, cyclization product 86
was obtained through an intramolecular direct arylation reaction (Scheme 1.33)
(112].

An extension of this protocol showed that the alkene was not essential for achiev-
ing catalytic turnover. This allowed for syntheses of various important heterocy-
cles, as illustrated for the preparation of dibenzofuran 88 in Scheme 1.34
[113-115].

In 1985, Ohta and coworkers reported on intermolecular direct arylations, and
probed the palladium-catalyzed direct arylations of indole derivatives with electron-
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[Pd(OACc),] (5 mol%)

O
85
NEtz;, MeCN, 5 h, 150 °C
55%
Scheme 1.33 Palladium-catalyzed intramolecular direct arylation (Ames, 1982).

NO,
©[Br/©/N02 [Pd(OACc),] (10 mol%)
o Na,CO3, DMA, 2 h, 170 °C o
78%
87 88

Scheme 1.34 Palladium-catalyzed intramolecular direct arylation for a dibenzofuran synthesis
(Ames, 1983).

i-Bu
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R FBu—
R=H: 89 91
Ts: 90 [Pd(PPhs3),] (8 mol%) N
R=Ts N
KOAc, DMA, 12 h, reflux Ts
68% 93

Scheme 1.35 Palladium-catalyzed intermolecular direct arylation (Ohta, 1985 and 1989).

deficient heteroaryl chloride 91. Interestingly, the regioselectivity of this intermo-
lecular reaction was found to be strongly influenced by the substitution pattern of
the indole on position N-1. Hence, indole (89) [116], as well as its N-alkylated
derivatives [117], yielded the C-2 arylated products. In contrast, N-tosyl indole (90)
gave rise to functionalization at position C-3, with good to excellent regioselectivi-
ties (Scheme 1.35) [117].

During the following decades, palladium-catalyzed direct arylations proved to be
valuable tools for organic synthesis, and a comprehensive review on these trans-
formations is provided by Masahiro Miura and Tetsuya Satoh in Chapter 10.



1.2 Syntheses of Substituted (Hetero)Arenes, and the Contents of this Book

[Ru{P(OCgH4)(OPh)2}{P(OPh)s3}>]

OH 94 (6 mol%)
KOPh (9 mol%) A@ A@ﬂ
+ fr—
THF, 3.5h, 177 °C

16 42 95 96
13% 75%
Scheme 1.36 Ruthenium-catalyzed alkylation of phenol (16) (Lewis, 1986).

Me Me Me

(0] . = [RuH,(CO)(PPh3)3] (2 mol%) O (0] Me
PhMe, 4 h, reflux
)

97 98 99
Scheme 1.37 Ruthenium-catalyzed intermolecular C—H bond functionalization (Murai, 1993).

‘ X
_N
[RhCI(PPhs)s] (5.0 mol%)
+ PhySn
4 Cl,CHCHCI,
120 °C, 20 h

100 101 102 103
56% 20%
Scheme 1.38 Rhodium-catalyzed direct arylation of arene 100 (Oi, Inoue, 1998).

In 1986, a highly regioselective catalytic hydroarylation [118] of alkenes was dis-
closed by Lewis, whereby a cyclometallated ruthenium catalyst 94 allowed for a
directed (hence ortho-selective) alkylation of phenols through the in situ formation
of the corresponding phosphites (Scheme 1.36) [119].

In 1993, Murai reported on highly efficient alkylations of aromatic ketones with
olefins, where [RuH,(CO)PPhs);] served as the catalyst for regioselective C—H
bond functionalizations (Scheme 1.37) [120-123].

These examples illustrated the potential of ruthenium complexes for selective
intermolecular C—H bond functionalization reactions. Furthermore, they sowed
the seeds of ruthenium-catalyzed direct arylation reactions, which proved to be
rather broadly applicable [124-127].

A comparable concept was applied in 1998 to rhodium-catalyzed oxidative direct
arylations, which employed organometallic compounds for regioselective direct
arylations (Scheme 1.38) [128].

A comprehensive review on direct arylations with ruthenium and rhodium
complexes is provided in Chapter 9 by Lutz Ackermann and Rubén Vicente, where
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recently reported iridium-, copper- and iron-catalyzed processes are also discussed.
The current mechanistic understanding of transition metal-catalyzed direct aryla-
tion reactions is summarized in Chapter 11 by Paula de Mendoza and Antonio M.
Echavarren.

A notable alternative to metal-catalyzed direct arylation reactions is represented
by methodologies that involve the formation of radicals as intermediates. The
modern aspects of these transformations, along with further synthetically useful
radical-based arylation methods, such as the Meerwein arylation of alkenes [129],
are reviewed in Chapter 13 by Santiago E. Vaillard, Birte Schulte and Armido
Studer. In some cases, radical intermediates can be generated through photo-
chemically initiated electron-transfer reactions and, given their ecologically and
economically attractive features, these photochemical arylations are highly promis-
ing for future developments [130]. Significant progress was accomplished in this
important research area [131], which is reviewed by Valentina Dichiarante,
Maurizio Fagnoni and Angelo Albini in Chapter 14.

Abbreviations

acac acetylacetonate
Ac acetyl

atm atmosphere
Bn benzyl

Bu butyl

cat catalytic

DIBAH diisobutylaluminum hydride

DMA N,N-dimethylacetamide

DMF N,N-dimethylformamide

dppe 1,2-bis(diphenylphosphino)ethane
Hex hexyl

HMPA  hexamethylphosphoramide

NICS nucleus-independent chemical shift

NMR nuclear magnetic resonance
Ph phenyl

Pr propyl

THF tetrahydrofuran

Tol tolyl
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Metal-Catalyzed Coupling Reactions with Aryl Chlorides,
Tosylates and Fluorides

Adam Littke

2.1
Introduction
Palladium- and nickel-catalyzed coupling reactions are recognized to be among

the most powerful carbon—carbon bond-forming reactions available to the syn-
thetic organic chemist (Equation 2.1) [1]:

Pd(0) or Ni(0) catalyst

RX + MR’ R-R’
(additive)
(2.1)
R,R'=aryl M=B  Suzuki
a|keny| Sn Stille
- Si  Hiyama
X=Br,LOTf 7 Negishi
Mg Kumada
etc.

where R, R'=aryl, alkenyl, X = Br, I, OTf, and M =B (Suzuki), Sn (Stille), Si
(Hiyama), Zn (Negishi) and Mg (Kumada).

Depending on the nature of the coupling partners, the conditions can be rela-
tively mild, with particularly reactive substrates (e.g. alkenyl iodides) often under-
going reactions at ambient temperature. With the notable exception of the Stille
reaction, which utilizes organotin compounds, the byproducts of many palladium-
and nickel-catalyzed coupling reactions are relatively benign. In addition, many of
these reactions exhibit high functional group tolerance. All of these factors have
led to coupling reactions becoming powerful tools in the areas of total synthesis,
materials and polymer chemistry, combinatorial and solid-phase chemistry,
medicinal chemistry, as well as more recently, process chemistry.

Until the late 1990s, one major limitation of all palladium-catalyzed coupling
reactions was represented by the poor reactivity of aryl chlorides and aryl tosylates
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compared to the more traditionally employed and more reactive aryl bromides,
iodides and triflates. At the time, it was well understood that if the reactivity issues
could be overcome, then aryl chlorides would become the substrates of choice for
large-scale pharmaceutical and industrial coupling processes, due to their lower
cost and ready availability as compared to their more reactive counterparts [2].
Although further success has been observed with nickel-based catalysts, there are
certain drawbacks associated with the use of nickel versus palladium complexes,
such as lower functional group tolerance [3], lower selectivity [4] and greater
toxicity [5].

Aryl tosylates, although less readily available than aryl chlorides, would be a
welcome substrate class addition due to their more easy handling (particularly
compared with aryl triflates) and access from phenols using relatively inexpensive
reagents. Finally, from a historic standpoint, aryl fluorides have been seen as a
challenging and underutilized class of compounds for palladium- and nickel-
catalyzed coupling reactions. Spurned by the success of activating less-reactive aryl
chlorides and tosylates, many new methods for activating aryl fluorides have also
been developed.

2.2
Coupling Reactions of Aryl Chlorides

The low reactivity of aryl chlorides is usually attributed to the strength of the C—Cl
bond (bond dissociation energies for Ph—X: Cl, 96kcalmol™; Br, 81kcalmol™; 1,
65kcalmol™), which leads to a reluctance by aryl chlorides to oxidatively add to
either Pd(0) or Ni(0), which is a critical initial step in palladium- and nickel-
catalyzed coupling reactions (Scheme 2.1) [6, 7].

In 2002, Littke and Fu produced a fairly comprehensive review of palladium-
catalyzed coupling reactions of aryl chlorides [8]. Although in this chapter we will
attempt to encompass many of the key and seminal developments that occurred

reductive oxidative
elimination L,M addition
R-R' R—X
M = Pd, Ni
R R
LM, L,M,
R' X
M'=B ><
Sn
Si 1- 1-R1
7n M'-X MR
Mg transmetallation

Scheme 2.1 Generalized mechanism for nickel- and
palladium-catalyzed cross-coupling reactions.
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prior to 2002, the focus will be on developments since 2002. Due to the amount
of material available, however, the chapter will be divided into sections relating to
nickel- and palladium-based reactions of aryl chlorides, with the palladium section
being further subdivided by the nucleophilic substrate.

2.2.1
Nickel-Catalyzed Cross-Couplings of Aryl Chlorides

As early as 1972, Kumada and coworkers reported that aryl chlorides could undergo
cross-couplings with Grignard reagents catalyzed by a nickel-1,2-bis(diphenylpho
sphino)ethane (dppe) complex (Equation 2.2) [9, 10].

Cl n-Bu
[NiCly(dppe)] (0.7 mol%
OQ + Brig—n-Bu L 2dPPON( ‘) G"’B“ (2.2)
Et,0, reflux
94%

More than 20 years later, Miyaura reported the first nickel-catalyzed Suzuki
coupling of aryl chlorides. Initially, n-BuLi was used to reduce nickel(II) to nickel(0)
(Equation 2.3) [11].

[NiCly(dppf)] (3 mol%)
OMe dppf (3 mol%) OMe

MeO Cl + (HO)B —mBull | meo O Q
KsPO,

HoN Me dioxane, 80 °C HoN Me
92%
(2.3)

Subsequent studies by Miyaura [12] and others [13] demonstrated that the pres-
ence of a strong reducing agent was not required (Equation 2.4).

[NiCly(PPhs),] (3 mol%)

PPhs (6 mol%
7\ C|+(HO)284©7Me#)> 7\ Q Me
—N K3PO4 _N

toluene, 100 °C

88%
(2.4)

Even water can be used as a cosolvent, as was shown by Genet using the water-
soluble phosphine ligand sodium triphenylphosphinotrimetasulfonate (TPPTS)
(Equation 2.5) [14].
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[NiCl(dppe)] (10 mol%)

Me Me TPPTS (50 mol% Me Me
3 w2 0O O
Cl + (HO)B e——————~ Me
Me K3POy4
Me dioxane/H,0, 50 °C
67%

(2.5)

Heterogeneous-based nickel on carbon may also be used for Suzuki couplings
of aryl chlorides (Equation 2.6) [15].

[Ni/C] (10 mol%)
PPh; (40 mol%)
= (HO)ZBO . nBubi 7 N (2.6)
=N K4PO,, LiBr =N\
FsC dioxane, 135 °C  F5C
89%

Hu has shown that Suzuki couplings can take place at ambient temperature.
Here, air-sensitive Ni(COD), can be used with either PPh; or PCy; (Equation 2.7).
Alternatively, air-stable [Ni(PPh;),Cl,] may be employed as catalyst, although the
use of n-Buli as reducing agent is required [16].

Me INi(COD),] (4 mol%) Me

PCys (16 mol%
MeO‘@*CI + (HO)@@ s ( 0) MeO
KsPO,, THF

ambient temperature
80%

(2.7)

A PPhj;-based nickel catalyst can be used for Stille couplings of aryl chlorides
with alkenyl-, alkynyl- and allyl-based tin reagents. The nickel(0) catalyst is gener-
ated from Ni(acac), and diisobutylaluminum hydride (DIBAL-H) (Equation 2.8)
[17].

[Ni(acac)s] (5 mol%)
PPh3 (20 mol%)

— DIBAL-H —
Cl + Bu3Sn———n-Bu —n-Bu
- ome w070 ()
81%

(2.8)
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Lipshutz has demonstrated heterogeneous nickel on charcoal as catalyst for
Negishi couplings of aryl chlorides, utilizing highly functionalized zinc reagents
(Equation 2.9) [18, 19].

[NVC] (5 mol%)
PPhs (20 mol%)
n-BuLi

THF, 67 °C
0) 89% 0

MeO Cl + 1Zn—(CH,),CN MeO (CH32)4CN

(2.9)

More recently, Schneider and coworkers have shown that a nickel/ N-heterocylic
carbene-based catalyst can be used for the coupling of aryl chlorides with
organomanganese reagents (Equation 2.10) although, unfortunately, electron-rich
aryl chlorides give low yields under these reaction conditions [20].

[Ni(acac),] (6 mol%)

IPrHCI (10 mol%)
Cl + CIMn OMe OMe
THF
ambient temperature
90%
Ar'N@N'Ar
Cl

Ar=2 ,6-(i—Pr)206H3
IPrHCI

(2.10)

2.2.2
Palladium-Catalyzed Cross-Coupling Reactions

2.2.2.1 Suzuki Reaction

One of the earliest examples of a Suzuki reaction of a heteroaryl chloride was
provided by Gronowitz, who examined the coupling of 2,4-dichloropyrimidine
with 2-thienylboronic acid and established that the 4-chloro group is more reactive
than the 2-chloro group (Equation 2.11) [21].

7\ @ [Pd(PPh3)4] (3 mol%) 2B\ S \
N Cl + (HO),B N

;:,}7 (HO), N aqg. Na,CO4 >=N X
cl DME, reflux cl

59%

(2.11)
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Caron has recently reported the use of a Suzuki reaction of a heteroaryl chloride
to produce 2-phenyl-3-aminopyridine, a key intermediate in the synthesis of
2-phenyl-3-aminopiperidine, an important pharmacophore present in potent
nonpeptidic NK1 receptor antagonists. Although the direct coupling of 2-chloro-
3-aminopyridine with phenylboronic acid was unsuccessful, a one-pot protec-
tion—Suzuki—deprotection sequence furnished the target compound in excellent
yield on a >100g scale (Equation 2.12) [22].

NH, PhCHO, PhB(OH), =/Ph ® NH,
Pd(PPh3)2Cl] (0.4 mol%
/ \ ol [ ( 3)2 2] ( 0) / \ H30 / \ Ph
toluene, 85 °C N

99% overall

Uemura has shown that aryl chlorides which are n®bound to Cr(CO); are
remarkably reactive coupling partners in Suzuki reactions [23, 24]. Even in the
presence of the electron-donating, deactivating ortho-methoxy substituent, the aryl
chloride couples with an arylboronic acid (Equation 2.13). Furthermore, no homo-
coupled 4’-bromobiphenylboronic acid is observed, establishing that highly selec-
tive activation of a C—Cl bond is occurring in the presence of a typically more
reactive C—Br bond.

OMe

@ [PA(PPh3),] (10 mol%)
cl o+ (HO)ﬁ‘@*Br Q O Br
| NaQCO3 7
Cr(CO); MeOH/H 0 Cr(CO)3
75°C
60%

homocoupled 4'-bromobiphenylboronic acid
(2.13)

An important observation regarding Suzuki couplings of aryl chlorides was
reported in 1997 by Shen, who established that palladium complexes that include
a bulky, electron-rich trialkylphosphine, such as tricyclohexylphosphine (PCys),
catalyze Suzuki couplings of activated aryl chlorides at 100°C (Equation 2.14)
[25].
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[Pd(PCy3),Cl,] (5 mol%)
o+ w0
NMP, 100 °C

02N 97% 02N

(2.14)

Bidentate 1,3-bis(diphenylphosphino)propane (dppp) is also useful in certain
cases, whereas 1,4-bis(diphenylphosphino)butane (dppb), PPhs;, P(2-furyl); and
AsPh; are generally ineffective. If, however, the aryl chloride is highly activated—
that is, it bears two electron-withdrawing groups—[Pd(PPhs),Cl,] can be employed
[26]. Shen speculated that the electron-rich nature of PCy, relative to PPh; might
facilitate oxidative addition of the C(sp?)—Cl bond to palladium(0), and that the
steric demand of PCy; might favor ligand dissociation to afford an active mono-
phosphine-palladium catalyst.

Subsequently, Littke and Fu demonstrated a versatile method for palladium-
catalyzed Suzuki cross-couplings of aryl chlorides, using the sterically demanding
and electron-rich trialkylphosphine, tri-tert-butylphosphine, P(t-Bu); (Equation
2.15) [27], with a P(t-Bu); to palladium ratio of between 1.0 and 1.5 being most
effective. Electronically deactivated and hindered aryl chlorides proved to be suit-
able substrates for this catalyst system. In this initial study, [Pd,(dba);] (dba =
dibenzylideneacetone), Cs,CO;, and 1,4-dioxane were employed as the palladium
source, activator and solvent, respectively. Although a variety of other commer-
cially available phosphines were probed, including PPh; and BINAP, the only
phosphine to show any useful reactivity was the similarly sterically demanding
and electron-rich PCy;.

[Pdy(dba)s] (1.5 mol%)
P(t-Bu)s (3.6 mol%)
Do+ oo, N

X = CSQCO3 X — — Y
dioxane
X =4-C(O)Me, Me, Y =4-CF3,H, 80-90 °C
OMe, NHz OMe 82-92% yield

2-Me 2-Me
(2.15)

Fu subsequently determined that KF is a more effective additive than Cs,CO;,
allowing Suzuki cross-couplings of activated aryl chlorides, including heteroaryl
chlorides, to proceed at ambient temperature (P(t-Bu);: Pd = 1:1) [28]. As this P(t-
Bu);-based palladium catalyst system exhibited a highly unusual reactivity profile,
an unprecedented selectivity for the coupling of an aryl chloride in preference to
that of an aryl triflate was observed (Equation 2.16).
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Me [Pd(dba)s] (1.5 mol%) Me

P(t-Bu)s (3 mol%)
TfO Cl + (HO),B TfO O Q
KF, THF

ambient temperature
95%

Alkylboronic acids, which are often less reactive in Suzuki reactions than aryl-
boronic acids, are suitable substrates for this catalyst, with turnover numbers
(TONSs) as high as 9700 being achieved with this system. In addition, Fu was able
to demonstrate that the air-stable and crystalline tetrafluoroborate salt, P(t-
Bu);HBF, was equally efficient as the low-melting and air-sensitive free phosphine
P(t-Bu); [29].

The observation that using a 1:1 ratio of P(t-Bu); to palladium is important to
obtain high reactivity in Suzuki reactions of aryl chlorides at ambient temperature,
in addition to mechanistic studies involving *'P NMR experiments, strongly sug-
gests that a monophosphine-palladium adduct may play a key role in Pd/P(t-Bu)s-
catalyzed couplings, as Shen had speculated for the similarly bulky and electron-rich
PCy; [30]. Thus, P(t-Bu); may be a particularly effective ligand for the couplings
of aryl chlorides, because the steric demand of P(t-Bu); facilitates dissociation to
a monophosphine adduct, to which the aryl chloride rapidly oxidatively adds, due
to the electron-rich nature of P(t-Bu);. Recent density functional theory (DFT)
studies conducted by Marder and coworkers support a monophosphine pathway
for oxidative addition of aryl chlorides to palladium(0) versus a bisphosphine
pathway, which is usually invoked for PPh; [31].

Ishiyama and Miyaura have disclosed that [Pd(dba),] and PCy; yields an effective
catalyst for the borylation of aryl chlorides using bis(pinacolato)diboron (Equation
2.17) [32).

[Pd(dba),] (3-6 mol%)
Me Me Me
/N ¢ . Me O\B_B,OIMQ PCys (7-14 mol%) @B,O Me
X = Me g o Me KOAc, dioxane, 80 °C  yX— o Me
Me Me 70-94% Me

X =4-CHO, CO,Me, NMe,
2-NO,, CN, Me, OMe

(2.17)

In addition, a broad spectrum of functional groups are tolerated. Highly elec-
tron-rich chlorides, such as 4-chloro-N,N-dimethylaniline, are suitable substrates,
as are heteroaryl chlorides, such as 3-chloropyridine and 2-chlorobenzo[b]furan.
PCys; is more efficient than dialkylarylphosphines, triarylphosphines and, interest-
ingly, P(t-Bu)s.
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PCyj; also proved to be the ligand of choice for a wide-ranging study of Suzuki
couplings of heteroaryl chlorides and heteroarylboronic acids (Equation 2.18)
where aryl boronate esters and aryl trifluoroborates could also be employed [33].

MeQ [Pdy(dba)s] (1 mol%)
N PCy5 (2.4 mol%)
7 N—g . (HO),B /N
— — K3PO,
NH, dioxane/H,0O

100 °C
97 %

Beller has demonstrated that a new bulky, electron-rich trialkylphosphine, di(1-
adamantyl)-n-butylphosphine, n-BuPAd,, can afford excellent TONs in palladium-
catalyzed Suzuki reactions of aryl chlorides [34]. For the coupling of 4-chlorotoluene,
this phosphine achieves a TON of 17400 (0.005mol% Pd, 87% yield) (Equation
2.19), compared with a TON of 9200 with commercially available P(t-Bu);
(0.01mol% Pd, 92% yield). High TONs (>10000) can also be obtained with chal-
lenging aryl chlorides, such as 2-chloro-m-xylene and 4-chloroanisole.

[Pd(OAc),] (0.005 mol%)

n-BuPAd, (0.01 mol%)
Me Cl + (HO).,B Me
K3PO,

toluene, 100 °C
87%

(2.19)

9-Fluorenyldialkylphosphines represent another interesting class of trialkyl-
phosphines that can be used for Suzuki couplings of aryl chlorides. Sulfonylation
of the aromatic moiety of the fluorenyl group results in a water-soluble ligand that
can be used for couplings in aqueous solvent (Equation 2.20) [35-37].

[Na,PdCl,] (0.5 mol%)

Q 1 (1 mol%) ?
HoN—S Cl + (HO)B O —————— HN-§
I K,CO4
0 o)
O H,0, 90 °C O

99%

® ©
t. P(Cy)H HSO,

E
HO3S

1
(2.20)
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Concurrent with Fu’s studies using P(t-Bu)s;, Buchwald reported that amino-
phosphine 2 is a very effective ligand for palladium-catalyzed Suzuki reactions of
aryl chlorides [38]. Remarkable at the time, this catalyst system couples a broad
spectrum of aryl chlorides, including electron-neutral and electron-rich substrates,
at ambient temperature. CsF was the base of choice, although at a temperature of
100°C the less-expensive K;PO, could be employed. Buchwald subsequently deter-
mined that biphenyl ligands 3 and 4 could be even more effective than 2 in palla-
dium-catalyzed Suzuki reactions of aryl chlorides, thereby establishing that the
amino group of 2 is not essential for high activity [39]. With ligand 4, Suzuki cou-
plings of a wide array of partners can be achieved with 0.5-1.5% Pd and KF as the
activator at ambient temperature (Equation 2.21).

[Pd(OAc),] (0.5-1.5 mol%)

7 N\ 7 N\ 4 (1-3 mol%) 7 N/ N\
X o - (HO)ZB@Y KF, THF X=/ \=*

X = X Y
ambient temperature
X =4-NO,, CN, CO,Me, Y = 3-C(O)Me, H 88-98%
Me, OMe 2-OMe

2-C(0)Me, CH2CN, OMe R
3,5-(0OMe), R=Cy,R'=NMe, 2
O FgRme
R=tBu, R'=H 4
PR,
(2.21)
A further improvement was the development of ligands 5 and 6, the use of which

allowed for the synthesis of tetra-ortho-substituted biaryls, as well as the use of het-
erocyclic aryl chlorides and heteroarylboronic acids and esters (Equation 2.22) [40]

[Pdx(dba);]
(1 mol%)
S s Y
+ (HO),B
i Cl (HO), NH KaPO, i NH
~ e~ = —
N n-BuOH M N
Me 1200c ¢
91%

(2.22)
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Ligands 5 and 6 are particularly efficacious for the borylation of aryl
chlorides to pinacol boronate esters, thus allowing the direct ‘one-pot’ synthesis
of unsymmetrical biaryls from two aryl chlorides (Equation 2.23) [41]. Due to
the wide breadth and scope that this family of biaryldialkylphosphine
ligands offers for palladium-catalyzed couplings of aryl chlorides, many are com-
mercially available and all are highly crystalline, air-stable solids, and hence easy
to use.

1. [Pdy(dba)s] (1 mol%)
5 (8 mol%)
KOAc

dioxane, 110 °C -
B B N\ /
D

KsPO, Hy
dioxane/H,0, 110 °C
92%

(2.23)

Subsequent to Buchwald’s initial communication in 1998, a number of other
groups have developed related variants of bulky, electron-rich aryldialkylphosphine
ligands for Suzuki (and related) cross-couplings of aryl chlorides [42]. Beller and
coworkers have developed readily synthesized and tunable N-aryl-2-(dialkylphosp
hino)imidazole and -benzimidazole as ligands for palladium-catalyzed Suzuki
couplings of aryl chlorides (Equation 2.24), and a number of these are now avail-
able commercially [43].

[Pd(OAC),] (0.05 mol%)

7 (0.5 mol%)
e0 Cl + (HO),B MeO
K3PO,

toluene, 100 °C
94%

(2.24)
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Triazole-based monophosphine ligands, ClickPhos, such as 8, are particularly
efficient for Suzuki couplings of highly hindered substrates (Equation 2.25) [44].

Me [Pd(dba),] (1 mol%)

Me
8 (2 mol%)
o o s aye
K3POy4

Me MeO toluene, 120 °C MeOMe
72% (2.25)

Guram and coworkers at Amgen have developed air-stable palladium-
phosphine complexes for the Suzuki coupling of heteroaryl chlorides with a diverse
array of aryl and heteroaryl boronic acids (Equation 2.26), with TONs of up to
10000 possible in certain cases [45].

9 (1 mol%) -
MeOﬂ*CI + (HO),B /N — MeO /N \ 7
N=N =N KOAc N=N
99%
IT(t—Bu)z
FI’dClg
/©/P(t-BU)2
MezN
9
(2.26)

Although traditional triarylphosphine-based palladium catalysts, such as
[Pd(PPhs),], are typically not sufficiently reactive for aryl chlorides, several groups
have identified novel triarylphosphine ligands that do allow couplings of aryl
chlorides. In 2001, both Richards [46] and Fu [47] demonstrated, independently,
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that ferrocenyl-based phosphines could be used for Suzuki cross-couplings
of aryl chlorides, including unactivated and deactivated aryl chlorides
(Equation 2.27).

Me [Pdy(dba)z)] (1.5 mol%) Me
10 (6 mol%)
Cl + (HO),B OMe OMe
K3PO4H,0

toluene, 70 °C
82%

SiMe3s

Cp*Fe@Pth

10

(2.27)

As PPh; is ineffective under these conditions, the unusual reactivity of the
diphenylferrocenylphosphine can be attributed to the greater electron-donating
ability [48] and the increased bulk of the ferrocenyl group, relative to a phenyl
substituent.

More recently, Kwong and Chan disclosed a very similar diphenylferrocene
ligand for Suzuki couplings of aryl chlorides. Activated aryl chlorides can undergo
reactions at ambient temperature, while alkylboronic acids can be used in addition
to arylboronic acids (Equation 2.28) [49, 50].

OMe

[Pdy(dba)s)] (0.5 mol%) OMe
11 (1.2 mol%)
Cl  + (HO),B—n-Bu n-Bu
K3POy4

toluene, 110 °C
88% (2.28)

CpFe@Pth

1"

Phosphinous acids represent a promising new class of phosphorus ligands for
Suzuki cross-couplings of unactivated aryl chlorides. The hydrolysis of diorgano-
phosphorus halides generates secondary phosphine oxides in an equilibrium with
their less-stable phosphinous acid tautomers (Equation 2.29).
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R\

RF7O

H
R [PdcoD)Cly] N, ~Ch
\ H,0 2 Pd / (2.29)
P—X T Rep' >,
R X =Cl, Br v R

OH

R\

P~OH

R

a phosphinous acid

The binding of a phosphinous acid to palladium can provide a phosphorus-
bound adduct, which may be deprotonated to yield an electron-rich, anionic palla-
dium-phosphine complex suitable as a catalyst for coupling processes. Li has
recently demonstrated the viability of this strategy, establishing that catalytic
systems consisting of [Pd,(dba);] and (-Bu),P(O)H, as well as [Pd,(dba);], (t-Bu),PCl
and H,0, effect Suzuki reactions of hindered and electron-rich aryl chlorides
(Equation 2.30) [51, 52].

OMe [Pdy(dba)s)] (2.5 mol%) OMe
@ @ (t-Bu),PCIH,0 (5 mol%) "
o o -0
CsF

dioxane, 100 °C
91%

(2.30)

Heteroatom-substituted secondary phosphine oxide (HASPO) preligands, such
as H-phosphonates and their derivatives, display significantly different steric and
electronic properties. These preligands (e.g. compound 12), as well as the corre-
sponding phosphine chlorides, were found to be highly effective for Suzuki reac-
tions of aryl chlorides (Equation 2.31) [53].

Me [Pd(dba),] (2 mol%) Me
12 (4 mol%)
Cl + (HO),B OB
0,
Ve THF, 60 °C Ve

95% (2.31)

o, H

t'BU\N/P\N/t-BU

12
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Bulky, electron-rich imino-proazaphosphatranes are another relatively new
and novel ligand class for coupling reactions of aryl chlorides (Equation 2.32)
[54, 55].

[Pd(OAC),] (2 mol%)

13 (4 mol%)

7 Y s (HO)ZBO : /N

N— C82C03 N_
toluene, 80 °C

93% (2.32)
(I;BBU)zp\N /t-Bu

-Bu
Y “N*/t-Bu

N-PS
C N

N
13

Carbon-based ligands, specifically, nucleophilic N-heterocyclic carbenes (NHCs),
are very promising alternatives to bulky, electron-rich phosphines for coupling
reactions of aryl chlorides, and other electrophiles [56]. Herrmann was the first to
apply this family of ligands to palladium-catalyzed coupling reactions, showing
that a first-generation catalyst can achieve the cross-coupling of the activated 4’-
chloroacetophenone with phenylboronic acid in 60% yield at 120°C [57]. He sub-
sequently determined that mixed complexes, bearing PCy; and NHCs, can couple
unactivated aryl chlorides at elevated temperature [58].

Trudell and Nolan have reported that palladium adducts of Arduengo’s carbene
ligand, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) [59], are active cata-
lysts for Suzuki cross-couplings of a wide variety of aryl chlorides with arylboronic
acids (Equation 2.33) [60].

[Pd,(dba)s] (1.5 mol%)

IMesHCI (3 mol%)
MeO Cl + (HO).,B MeO
CSQCOg

dioxane, 80 °C
93%

Ar'N/\_@\N'Ar
c
Ar = 2,4,6-(Me)3CgH,
IMesHCI

(2.33)
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Handling of the air- and moisture-sensitive carbene can be avoided through use
of the easier-to-handle, commercially available chloride salt (IMesHCI), which can
be deprotonated in situ to generate the free carbene ligand. Independent studies
conducted by Herrmann confirmed the observed high activity of IMes-based pal-
ladium complexes for the coupling of aryl chlorides [61].

Subsequently, Nolan has shown that NHC-bearing palladacycles are even more
active catalysts, allowing for the coupling of deactivated aryl chlorides at ambient
temperature, the synthesis of tri-substituted biaryls [62], and couplings of hetero-
aromatic substrates at catalyst loadings as low as 50 ppm palladium (Equation 2.34)
63].

/ - \
Ar-N— N-Ar
H H
N PdCl(allyl) (50 ppm) N
| N/>—C| + (HO)ZB@ oI B | N/>_©
i-PrOH, 80 °C
MeO 91% MeO
Ar = 2,6-(i-Pr)2C6H3
(2.34)

By employing 9-alkyl-9-BBN derivatives as coupling partners, Fiirstner has
expanded the scope of NHC-palladium catalysts in Suzuki reactions of aryl chlo-
rides (Equation 2.35) [64].

Ph Ph
Pd(OACc),] (2 mol%
EtO,C — = [Pd(OAC)] ( 0) Et0,C—
IPrHCI (4 mol%)
N Cl + R—9-BBN N R
Bn KOMe Bn
R = allyl, THF, 67 °C
n-C4H3, 83-84%

(2.35)

The most effective ligand for these processes is not IMes, but instead the more
bulky 2,6-diisopropylphenyl-substituted carbene, IPr, which was generated in situ
from commercially available IPrHCL. Use of the preformed carbene, rather than
in situ generation from the chloride salt, leads to significantly worse results. Both,
alkenyl- and alkynyl-9-BBN derivatives are also suitable partners in these
cross-couplings.

Other groups have followed the investigations of Nolan and Herrmann with
novel NHC-based palladium catalysts. Carbenes derived from bisoxazolines are
suitable for the synthesis of highly hindered tetra-ortho-substituted biaryls (Equa-
tion 2.36) [65].
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[Pd(OAC),] (3 mol%)
Me Et 14 (3.6 mol%) Me Et

KOt-Bu, KH
Cl + (HO),B
K3POg4

Me Et toluene/THF Me Et
100 °C
75% (2.36)

o___O
@
NN
g OTf 5
14

Bis-phenanthryl N-heterocyclic carbenes can also be used for the synthesis of
tetra-ortho-substituted biaryls. In addition, other coupling partners, such as pinac-
olboranates and alkenylboronic acids, may be used (Equation 2.37) [66, 67].

[Pd(OAC),] (2 mol%)

Ph 15 (4 mol% Ph
HQNOC' + (HO)2B—//_ ( ‘) HQNOJ
KF/18-crown 6

toluene, 50 °C
87%

15
(2.37)

Isolated examples of Suzuki couplings of aryl chlorides performed under
phosphine- and NHC-ligand-free or heterogeneous conditions have been reported,
although most of these are limited to activated, electron-deficient aryl chlorides
[68]. For example, Sun and Sowa have recently described the application of het-
erogeneous palladium on charcoal to Suzuki reactions of activated aryl chlorides
with phenylboronic (Equation 2.38) [69].
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+
3 2 KaCO3 3

DMA/H,0, 80 °C
95%

(2.38)

Couplings of electron-neutral and electron-rich aryl chlorides proceed in only
modest yields (32-54%). Here, the choice of solvent (DMA:H,0, 20:1) is impor-
tant, as additional water leads to a significant amount of homocoupling, while a
lower proportion of water results in severely retarded reaction rates. Separation of
the product from the catalyst can be achieved through simple filtration, which
leaves less than 1.0 ppm palladium in the product (<0.10% loss of Pd, based on
the initial quantity). It should be noted that coupling does not occur in the pres-
ence of an equivalent of PPh;, which is an interesting contrast to the analogous
nickel on charcoal-based catalyst for Suzuki reactions of aryl chlorides, for which
PPh; appears to be required for activity [70].

2.2.2.2 Stille Reaction

Stille cross-couplings of heteroaryl chlorides, mainly nitrogen-containing hetero-
cycles, have often employed traditional triarylphosphine-based palladium catalysts.
In one of the earliest examples, Yamanaka showed that 2- and 4-chloro-3-nitro-
pyridines react with (Z)-1-ethoxy-2-tributylstannylethylene in good yield, with the
products possibly being converted to 1H-pyrrolopyridines (Equation 2.39) [71].

NO, s NO,
usSN—\  [Pd(PPh3),Cly] (4 mol%)
N/ \ Cl + _\> Et,NCI N/ ) \
— EtO 4 = Ot
MeCN, 80 °C
83%
’ 1 (2.39)
H
i
7
N \

For halopyrimidines, the 4-position is the most activated, followed by the 2-
position, and then the 5-position. One can therefore achieve selective couplings of
the 4-chloro group of 2,4- [72] and 4,5-dichloropyrimidines [73], as well as the 2-
chloro substituent of 2,5-dichloropyrimidines [74]. Interestingly, a 4-chloro group
can react in preference to a 5-bromo group, allowing the stepwise functionalization
of 2,4-dichloro-5-bromopyrimidine (Scheme 2.2) [70].

The first example of a palladium-catalyzed Stille couplings of a nonheteroaryl
chloride was provided by Migita, who established that [Pd(PPh;),] catalyzes the
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Br Ph Br
7 \ BU3SH/\/ 74 \
N cl N \
)=N [PA(PPhs);Clp] (2 mol%) )= Ph
cl DMF, 70 °C cl
73%
[PA(PPh2),Cl5] (2 mol%)
DMF, 80 °C
70% BusSn
SnBU3
—_—
S
N/ \ \ =~ N/ \
=N ph [PAPPhs),CEI (2 mol%) =y \
= DMF, 100 °C ol
S 82%
S

Scheme 2.2 Stepwise coupling of 2,4-dichloro-5-bromopyrimidine.

cross-coupling of allyltributyltin with a highly activated aryl chloride, 1-chloro-4-
nitrobenzene, in moderate yield (Equation 2.40) [75, 76].

—_ [PA(PPh3)4] (1 mol%) =
SnBuz + CI‘@*N% benzene _\_Q’NOZ

120 °C
59%

(2.40)

In 1999, Fu reported the first general method for achieving Stille cross-couplings
of unactivated aryl chlorides using a palladium precursor and P(t-Bu);, along with
CsF as base [77]. This catalyst works well for electron-deficient, electron-rich and
hindered aryl chlorides (Equation 2.41).

[Pdy(dba)s] (1.5 mol%)

P(t-Bu)z (6 mol%)
// Yl +  BusnR : // N o
X CsF, dioxane X =
80-100 °C (2.41)
X = 4-C(O)Me, n-Bu, R = Ph, vinyl, 61-98%
OMe, NH; 1-ethoxyvinyl,

2,5-Me, allyl, n-Bu
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A variety of substituents R can be transferred from tin, including typically unre-
active alkyl substituents. The coupling proceeds much more slowly in the absence
of fluoride, which appears to play at least two useful roles in this chemistry: (i) it
activates the organotin reagent for transmetallation; and (ii) it produces insoluble
Bu;SnF, which can be easily separated from the product. Difficulties in eliminat-
ing tin impurities are commonly encountered during purifications of Stille reac-
tions [78].

Fu subsequently demonstrated that commercially available, crystalline [Pd(P(t-
Bu)s),], can be employed as a preformed catalyst for the Stille couplings of aryl
chlorides [79]. This method is effective even for very hindered substrates, as evi-
denced by the synthesis of a tetra-ortho-substituted biaryl (Equation 2.42).

Me Me Me Me
[PA(P(t-Bu)s)] (3 mol%)
e Y O
CsF, dioxane
Me Me 100 °C Ne Me
89%

(2.42)

In addition, [Pd(P(t-Bu);),] accomplishes the selective coupling of a chloride in
the presence of a triflate and, for certain activated aryl chlorides, the reactions can
be carried out at ambient temperature. A TON as high as 920 was achieved for
the Stille cross-coupling of an unactivated aryl chloride. The air-stable tetrafluo-
roborate salt P(t-Bu); HBF, may also be used for many of these couplings (Equation
2.43) [29].

[Pd(dba)s] (1.5 mol%)

Me, OEt  p(t-Bu)HBF, (3mol%)  Me OFEt
Cl + BU3Sn—< -
o CsF, dioxane 0

ambient temperature
89%

(2.43)

In 2001, Nolan reported that NHC—palladium complexes, in combination with
a fluoride additive, catalyze the Stille cross-coupling of electron-deficient aryl chlo-
rides (Equation 2.44) [80].

[PA(OAC),] (3 mol%)

Me, IPrHCI (3 mol%) Me
Cl + Me3Sn
g n-BuyNF K

dioxane/THF
100 °C
91%

(2.44)
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2,6-Diisopropylphenyl-substituted carbene IPr and N,N’-di(l-adamantyl)-
substituted carbene IAd were found to be superior to other carbenes, including
mesityl-substituted IMes. Poor to moderate yields (15-54%) were obtained for the
reactions of unactivated aryl chlorides.

Palladium—phosphinous acid complexes can be used for Stille couplings of aryl
chlorides in water. In the case of 4,7-dichloroquinoline, a highly selective coupling
at the 4-position is observed, with no products from coupling at the 7-position
being detected (Equation 2.45) [81, 82].

7\ [(t-BusP(OH)),PdCl,] (6 mol%)
N Cl + Me;;Sn@

Cy,NMe
H,0, 135-140 °C
76%

Cl

(2.45)

Verkade has performed a very thorough study on the use of bulky proazaphos-
phatrane ligands for Stille couplings of aryl chlorides. The scope and mildness of
the reaction conditions are quite impressive, with a wide range of aryl and het-
eroaryl chlorides participating with an assortment of tin reagents (Equation 2.46)
[83].

[Pd,(dba)s] (1.5 mol%)

16 (6 mol%) S
Do+ s ) — g — OO

dioxane, 110°C
69%

Bn (2.46)

2.2.2.3 Hiyama Coupling

The first examples of aryl chlorides participating in this type of process were pro-
vided by Matsumoto, who observed that [Pd(PPhs),] catalyzed the cross-coupling
of nitro-substituted aryl chlorides with hexamethyldisilane to furnish arylsilanes
[84]. In the case of 2,5-dichloronitrobenzene, a high level of selectivity for substitu-
tion at the ortho-position to the nitro functionality can be obtained (Equation 2.47)
(85, 86].
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N02 N02
[Pd(PPh3)a] (1 mol%)
cl Cl + MesSi—SiMes cl SiMes
HMPA, reflux
62%
(2.47)

In 1996, Hatanaka considerably expanded the scope of this process with [Pd(Pi-
P1;),Cl,] as the catalyst in the presence of KF, establishing that a wide variety of
electron-deficient aryl chlorides cross-couple with arylchlorosilanes (Equation
2.48) [87).

[Pd(Pi-Pr3),Cly]

) (0.5 mol%)
Cl + CIL,EtSi OMe —’KF OMe

DMF, 120 °C Me

o) 62% o)

(2.48)

The bulky, electron-rich bidentate ligand 1,2-bis(dicyclohexylphosphino)ethane
is also effective in certain instances, whereas PPh;-based catalysts are ineffective.
Unfortunately, unactivated aryl chlorides do not couple in satisfactory yields under
these reaction conditions. However, with [Pd(PEt;),Cl,] as the catalyst and n-Bu,NF
as the fluoride source, alkenylchlorosilanes also participate in Hiyama cross-
couplings with activated aryl chlorides. Subsequently it was determined that inex-
pensive NaOH could also be used as a promoter [88].

In 2007, Buchwald reported that biaryl ligand 3 was effective for the
silylation of both electron-neutral and electron-rich aryl chlorides with hexameth-
yldisilane (Equation 2.49). Interestingly, the use of electron-deficient aryl
chlorides requires slightly modified conditions and a different biaryl ligand
(Equation 2.50) [89].

= [Pdy(dbag)] (1 mol%) =
3 (6 mol)?
HN Cl  + MesSi—SiMe; (6 mol)% HN SiMeg
KF

dioxane/H,0
100 °C
86%

(2.49)
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- [Pd,(dbag)] (1.5 mol%) /~
o 17 (9 mol%) \ .
Cl + MesSi—SiMes N SiMes
LiOAc

DMF/H,0
100 °C
82%

=7

MezN

Pt—BUZ
17
(2.50)

Siloxanes also serve as useful partners in Hiyama cross-couplings of aryl chlo-
rides. DeShong has shown that palladium-catalyzed reactions of phenyltrimethyl-
siloxane with a range of substrates, including challenging electron-neutral
and electron-rich aryl chlorides, can be achieved in the presence of Buchwald’s
2-(dicyclohexylphosphino)biphenyl ligand (3), albeit using 20mol% palladium
(Equation 2.51) [90].

[sz(dba al (10 mol%)

(15 mol%)
eO Cl + (MeO)sSi MeO
n-Bu4NF

DMF, 85 °C
71%
(2.51)

In addition, Nolan has determined that use of the NHC IPrHCI allows for cou-
plings of phenyl- and vinyltrimethylsiloxane with activated aryl chlorides (Equation
2.52) [91].

[PA(OAC),] (3 mol%)

IPrHCI (3 mol%)
o+ weons ava
n-Buy;NF

dioxane/THF
80 °C
100% conversion

(2.52)

Ackermann has shown that palladium complexes derived from heteroatom-
substituted secondary phosphine oxides are efficient for couplings of siloxanes and
activated aryl chlorides (Equation 2.53) [53].



48 | 2 Metal-Catalyzed Coupling Reactions with Aryl Chlorides, Tosylates and Fluorides
[Pd(dba),] (5 mol%)

18 (10 mol%)
@CI + (MeOhSi@ 7\
= n-BugNF =

N
dioxane, 80 °C
63%

ph. Ph (2.53)
Me_ O fe)

Murata has shown that a bulky dialkylarylbisphosphine, i-Pr-DPEphos, allows
for Hiyama couplings of a wide variety of aryl chlorides, including unactivated and
deactivated aryl chlorides (Equation 2.54) [92]. Interestingly, replacing the iso-
propyl group with a tert-butyl or phenyl group results in lower yields and signifi-
cant amounts of the hydrodehalogenated byproducts.

[Pd(dba)s] (3 mol%)

i-Pr-DPEphos (4 mol%)
Me Cl + (MeO)3Si Me
n-BuyNF

toluene, 110 °C
89%

P(i-Pr)2  P(i-Pr)2
O

i-Pr-DPEphos
(2.54)

Diastereospecific couplings of both (E)- and (Z)-alkenylsilanolates with a wide
range of aryl chlorides can be accomplished using Buchwald dialkylbiarylphos-
phine ligand 5. Hence, even tri- and tetra-substituted alkenylsilanols can be used
allowing access to sterodefined tri- and tetra-substituted olefins (Equation 2.55)
93, 94].
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) e
O [Pd(PPhy),] (4 mol%) O
cl

DMF _
BrZn 60 °C N )

+ 52% W_N

Cl
Pd(PPh 7 mol%
N,N>_>ﬁ0| [Pd(PPh3)] (7 mol%)
k/)_N N82003
toluene, reflux
B(OH), 77%

o)

Scheme 2.3 Selective Negishi cross-coupling of a heteroaryl dichloride.

Et [(allylPdCl),] (2.5 mol%) Et

J Me 5 (5 mol%) /) Me
Cl  +  KO(Me),Si
Me n-BugNF Me
OMe THF, 66 °C OMe

95%, E/IZ = < 1:99

(2.55)

2.2.2.4 Negishi Coupling

Similar to the above-mentioned cross-coupling reactions, nitrogen-containing het-
eroaryl chlorides can often undergo reactions using more traditional PPh;-based
palladium catalysts. One particularly interesting example was provided by Shiota
and Yamamori during the course of a synthesis of a family of angiotensin II recep-
tor antagonists. Their strategy relied upon a regioselective Negishi coupling of
5,7-dichloropyrazolo[1,5-a]pyrimidine, which proceeds as desired when the reac-
tion is performed in dimethylformamide (DMF), in which only 7% of the unwanted
isomer is produced (Scheme 2.3) [95]. In contrast, no selectivity is observed when
tetrahydrofuran (THF) is used as the solvent. A second palladium-catalyzed cross-
coupling, namely a Suzuki reaction, then furnishes the target compound in good
yield. Interestingly, a direct nucleophilic substitution of the starting dichloride by
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the benzylzinc reagent in the presence of LiCl, but in the absence of a palladium
catalyst, leads to a preferential substitution of the chloride at 7-position.

The first example of a palladium-catalyzed Negishi coupling of an unactivated
aryl chloride, chlorobenzene, was reported by Herrmann, with a palladacycle as
the catalyst (Equation 2.56), although the scope of this method with respect to aryl
chlorides was not discussed [96, 97].

OAc
©i\/F’d\/ (2 mol%)
B 2
(o-Tol),
ety
THF, 90 °C

88%

(2.56)
The first general protocol for accomplishing Negishi couplings of unactivated,

including electron-rich, aryl chlorides, was provided by Fu in 2001, using com-
mercially available [Pd{P(t-Bu);},] as the catalyst (Equation 2.57) [98].

7\ @ [Pd(Pt-Bug)p] 2 mol%) 7N\ /7 \
XQCI v cln —7y THF/NMP x = — v

100 °C
X = 4-COzMe, NO2, Y =4-OMe 87-97%
B(OR),, nBu, 2-Me
OMe 2,6-Me;,
2-Me
2,6-M62

(2.57)

Functionalities, such as nitro and ester groups, are tolerated, and heteroaryl
chlorides, such as chlorothiophenes and chloropyridines, are suitable substrates.
Hindered compounds can be cross-coupled effectively, allowing the synthesis of
a tetra-ortho-substituted biaryl, and TONs as high as 3000 also being achieved.
Finally, primary and secondary alkylzinc reagents can be employed; in the case of
s-BuZnCl, coupling with 2-chlorotoluene generates predominantly the desired
compound, 2-s-butyltoluene, along with 8% of the isomerized product, 2-n-
butyltoluene (Equation 2.58).

Me Me
Pd(Pt-Bu 2 mol%
@ o v ognr [PAPEBu ( 6) @R (2.58)
THF/NMP
R = n-Bu, s-Bu 100 °C

70-83%
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In 2004, Buchwald reported that biaryldialkyl phosphine ligand 19 is an extremely
effective supporting ligand for palladium-catalyzed Negishi couplings of aryl chlo-
rides. Hindered di-, tri- and tetra-ortho-substituted biaryls can be generated using
only 0.1-1.0mol% palladium, while a variety of heteroaryl chlorides may also be
efficiently coupled with arylzinc reagents (Equation 2.59) [99].

MeQ, [Pd,(dba)s] (0.5 mol%) MeQ,
-N -N
NS s cm@ 19 (2 mol%) E \>_©
N-N THF, 70 °C N
Ph 29 Ph
92% (2.59)
PCy2
i-Pro ‘ 0i-Pr
19

Preformed air-stable palladium(II) complexes featuring phosphinous acid
ligands are also reasonably effective catalysts for Negishi couplings of aryl chlo-
rides (Equation 2.60) [100].

Me [(t-Bu,P(OH)),PdCl,] Me
Dol ) e
MeO Cl + Cizn
THENMP, reflux €0
57%
(2.60)

2.2.2.5 Kumada Coupling

A few palladium-catalyzed Kumada cross-couplings of heteroaryl chlorides have
been reported [101]. Knochel has recently determined that certain 2-chloropyridine
derivatives react with functionalized aryl Grignard reagents under mild conditions
(Equation 2.61) [102].

[Pd(dba),] (5 mol%)

dppf (5 mol%)
Etozc—@cn + CIMg—Ph EtOzc@Ph
=N THF, 40 °C =\

92%

(2.61)

51
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Because of the low temperature employed, the presence of normally incompat-
ible esters is tolerated.

Katayama described the first examples of palladium-catalyzed Kumada cross-
couplings of (activated) nonheteroaryl chlorides. Thus, the selective mono-
coupling of dichlorobenzenes with aryl and alkyl Grignard reagents can be achieved
with [Pd(dppf)Cl,] as the catalyst (Equation 2.62) with, in all cases, less than 5%
of the dialkylated product being observed [103].

[Pd(dppf)Cl] (0.1 mol%)

dppf (0.1mol%)
é\ Cl + CIMg—n-Pr 5\ n-Pr
68-84%

X =2-Cl, 3-Cl, 4-Cl

The first report of a palladium-catalyzed Kumada cross-coupling of an unacti-
vated aryl chloride was provided by Herrmann, who showed that palladacycles
accomplish the coupling of chlorobenzene with MeMgBr and PhMgCl [104].
Electron-rich aryl chlorides react with arylmagnesium bromides in the presence
of [Pd,(dba);] and imidazolium salt IPrHCl. Here, a slight excess of Grignard
reagent is used to deprotonate the salt and generate the free carbene ligand in situ
(Equation 2.63) [105].

[Pd,(dba)s] (1 mol%)

// \ . . Bng@Y IPrHCI (4 mol%) // N\ /_\\

X \= dioxane/THF X = Y
80 °C
X = 4-Me, OMe, OH Y =H, 4-Me 83-99%
2,5-Me, 3-Me, 2-F
2,6-|\/|82 2,4,6-M63

(2.63)

Hindered substrates, such as 2-chloro-m-xylene, can also be coupled efficiently,
although the utility of this Kumada cross-coupling process is limited by its rela-
tively low functional-group tolerance. Thus, for example the reaction of methyl 4-
chlorobenzoate results in the formation of significant amounts of undesired side
products.

The PEPPSI (pyridine-enhanced, precatalyst, preparation, stabilization and
initiation) precatalyst 20 is a very versatile catalyst for Kumada couplings of
highly hindered substrates and heterocycles at ambient temperature (Equation
2.64) [106).
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N S 20 (2 mol%) @:N S
\>_C| \)
©:s ’ CIMQAO THF s>_@

ambient temperature
85%

/\

cl
Ar = 2 6-(i-Pr),CeHg
20
(2.64)

Trialkylphosphines have also been used for Kumada couplings of aryl
chlorides. Notably, the air-stable phosphine salt P(¢-Bu);HBF, has been used for
microwave-assisted couplings of aryl chlorides with Grignard reagents (Equation
2.65) [107].

Me [Pdy(dba)s] (1 mol%)
P(t-Bu)sHBF4 (4 mol%)
Cl + BrMg OMe OMe
THF, microwaves
175 °C
94%

(2.65)

23
Coupling Reactions of Aryl Fluorides

Aryl fluorides are more expensive than aryl chlorides, and thus less attractive
substrates for many industrial applications. However, activation of C—F bonds
contributes to the understanding of the reactivity of very stable bonds and is,
therefore, of key importance in organometallic chemistry. In 1999, Widdowson
demonstrated the first example of an aryl fluoride participating in a palladium-
catalyzed coupling reaction, albeit as an electronically activated tricarbonyl-
chromium complex (Equation 2.66) [108].
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Me [Pd,(dba)s] (5 mol%) Me,
PMe 3 (20 mol%)
MeO F + (HO),B MeO
| Cs,CO3, DME :
Cr(CO), 85 °C Cr(CO);
77%
(2.66)

Sterically small (yet still basic) trimethylphosphine proved to be a superior
ligand compared to the bulky tricyclohexylphosphine, presumably due to steric
hindrance from the chromiumtricarbonyl moiety. Subsequently, it was shown that
uncomplexed aryl fluorides could participate in Suzuki couplings, although the
presence of a strongly electron-withdrawing nitro group in the ortho-position,
which can coordinate an incoming palladium species, along with a second
electron-withdrawing group in the para-position, was required [109]. Concurrently,
a research group at Pfizer was also able to demonstrate both Suzuki and Stille
couplings of aryl fluorides that contained an ortho-nitro group as well as a second
electron-withdrawing group using [Pd(PPhs),] as the catalyst (Equation 2.67)
[110].

NO, NO,

( j [Pd(PPh3)4] (10 mol%) Q Q
OHC F + BusSn DMF, 65 °C OHC
65%
(2.67)

Substrate scope was further enhanced in 2005 to aryl fluorides bearing an ortho-
carboxylate group and a para-electron-withdrawing group. Computational studies
revealed that coordination from the oxygen of the ortho-group to palladium plays
an important role through transition-state stabilization, thereby lowering the acti-
vation energy barrier (Equation 2.68) [111, 112].

CO2H C-0

PdL, !
RGF S RGEd—F (2.68)

Recently, nickel-based catalysts have featured more prominently in coupling
reactions of aryl fluorides. In 2001, Herrmann was able to demonstrate Kumada
couplings of aryl fluorides, including electron-rich aryl fluorides, using the tetra-
fluoroborate salt of the N-heterocyclic carbene IPr as the supporting ligand for
nickel (Equation 2.69) [113].
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Me [Ni(acac),] (5 mol%)

Me,
IPrBF 4 (6 mol%)
Me F + BrMg Me ——  — Me Me
THF
Me

Me ambient temperature
65%
(2.69)

A ligand:nickel ratio of 1:1 performed better than a 2:1 mixture, suggesting
that the catalytically active species is a zero-valent nickel species coordinated by a
single carbene ligand. Hammett studies and the low amounts of terphenyl byprod-
ucts observed (which could arise through radical intermediates) suggested a polar
mechanism, most likely through oxidative addition, similar to palladium-catalyzed
couplings.

The use of phosphines, rather than carbene ligands, for the nickel-catalyzed
coupling of aryl fluorides was first demonstrated using heteroaryl fluorides as
substrates and organomagnesium reagents as the coupling partners [114]. The
bidentate ligands dppe, dppf and dppp were all found to be effective to varying
degrees; however, unactivated 4-fluorotoluene could undergo couplings in only
moderate yields (59-61%) under similar reaction conditions (Equation 2.70).

[NiCl(dppe)]

5 mol%
PhﬂF + BngOOMe ( ) Phﬂ—QOMe
N=N THE =N

ambient temperature N
59%

(2.70)

The use of air-stable heteroatom-substituted secondary phosphine oxides as
preligands for nickel results in a highly active system for Kumada couplings of
aryl fluorides at ambient temperature (Equation 2.71) [115]. Most likely, the active
nickel catalyst is generated through coordination of a neutral HASPO preligand
through phosphorus, and its subsequent deprotonation, yielding a highly reactive
electron-rich nickel species for oxidative addition.

[Ni(acac),] (3 mol%)
0,
Ore oD Eom ()
THF, 20 °C
G w0

i-Pr i-Pr
Oy H (2.71)
AN
N N
/
i-Pr i-Pr
21
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A study of both nickel- and palladium-catalyzed coupling reactions of polyfluo-
rinated arenes and Grignard reagents revealed that palladium-based catalysts were
more effective for the synthesis of monosubstituted products, while nickel com-
plexes could be used for the generation of di- and trisubstituted products (Equation
2.72) [116, 117].

catalyst

(1 mol%)
F + BM @
Q 9 TTHF Me Me
O
E . 67 °C
1.5 equivs. Q

Me
catalyst = [NiCl,(dppp)] 38 40
[PdCl,(dppf)] 91 0

(2.72)

Almost all of the examples of nickel-catalyzed coupling reactions of aryl fluorides
have focused on the use of organomagnesium reagents. In 2006, Radius and
coworkers demonstrated highly selective Suzuki couplings of perfluorinated
arenes using a nickel-carbene based catalyst system (Equation 2.73). However, no
products arising from coupling at the ortho- or meta-positions were observed in
the crude reaction mixtures [118, 119].

R FR F [Ni,(IPr),COD]
(2 mol%)
F F o+ (HORB
K,COj3, THF
F FF F 60 °C
66%
(2.73)
24

Coupling Reactions of Aryl Tosylates

Although coupling reactions of aryl triflates are well established, the high cost of
triflating agents and the higher hydrolytic stability and crystallinity of aryl tosyl-
ates compared to those of the corresponding triflates, makes aryl tosylates a very
attractive class of substrates for both nickel- and palladium-catalyzed coupling
reactions. Although the lower reactivity of aryl tosylates versus aryl triflates has
precluded their wide application, significant progress has recently been made in
this area.
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As early as 1995, Sasaki and coworkers noted that [Pd(PPh;),] could be used as
the catalyst for Stille couplings of guanosine-based tosylates and vinyltributyltin.
Interestingly, the analogue’s triflate afforded slightly lower yields (Equation 2.74)
(120, 121].

TBDMSO TBDMSO

TBDMSO\/Z_>\ TBDMSO\/Z_>\ PN
o NN o NN
[Pd(PPha)] (cat.) 7 /
V—ots + Busan/ — N>_\$—/

/

>_N Licl )=N

H,N dioxane, 100 °C H,N
94%

(2.74)

In 2003, Buchwald reported the first general method for the palladium-catalyzed
Suzuki coupling of aryl tosylates using biaryldialkylphosphine ligand 6 as the
ligand. A variety of other tested ligands, including NHCs and P(t-Bu);, were mostly
ineffective [122]. Electronically diverse aryl tosylates and aryl boronic acids can be
used, as can highly hindered boronic acids (Equation 2.75).

[Pd(OAc),]
Me\( (3 mol%) Me
Yo - wone %} e
TKPOLHO
t-BuOH, 80 °C
89%

(2.75)

In contrast, significant steric bulk on the aryl tosylate is not well tolerated, which
suggests that the transmetallation step is not rate-determining.

Concurrently, Roy and Hartwig were able to demonstrate Kumada couplings of
aryl tosylates at ambient temperature using P(o-Tol); and a sterically hindered
version of the commercially available Josiphos ligand [123, 124]. Interestingly, for
4-chlorophenyltosylate, reaction occurs at the tosylate (Equation 2.76), in contrast
to the palladium-catalyzed Suzuki couplings of 4-chlorophenyltosylates using
ligand 6, where the reaction occurs with the chloride as leaving group [122]. Both,
alkyl and alkenylmagnesium halides can be used, which further expands the scope
of this chemistry.
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[Pd(P(o-tol)3)2]
(1 mol%)

22 (1 mol%)
cl OTs + BrMg Me Cl Me
toluene

ambient temperature
78%

P(t-BU)z

CpFe’ PPh;

22
(2.76)

More recently, Ackermann has expanded on the use of air-stable H-
phosphonates as preligands for palladium-catalyzed processes by demonstrating
their effectiveness for Kumada couplings of aryl tosylates. Both, chlorides and fluo-
rides are tolerated, and heteroaryl tosylates proved also to be excellent substrates
when using commercially available preligand 23 (Equation 2.77) [125].

MeQ [Pd(dba),] (2.5 mol%) MeQ
23 (5 mol%)
N= OTs + BrMg N=
dioxane, 80 °C
\_/ 98% \_/
o, H
P
o o
Me Me
Me Me
23

2.77)

Nickel-based catalysts have also been used to activate aryl tosylates. In 1996,
Kobayshi reported that the activated para-methoxycarbonylphenyl tosylate under-
went Suzuki coupling with a lithium organoborate using [NiCl,(PPhs),] as the
catalyst (Equation 2.78) [126].

OL®
Me [NiCly(PPh3),]
(10 mol%)
MeO,C OTs + —— > MeO,C
THF, 20 °C

83%
(2.78)



2.5 Conclusions

Monteiro reported a more general method in 2001 for Suzuki couplings of aryl
tosylates using a nickel catalyst derived from PCy; (Equation 2.79). Mechanistic
studies suggest that transmetallation, and not reductive elimination or oxidative
addition, is rate-determining [127].

[NiClo(PCy3),] (3 mol%)

PCy; (12 mol%)
e0 OTs + (HO),B MeO
K3PO4

dioxane, 130 °C
89%

(2.79)

The first examples of Suzuki couplings of aryl tosylates at ambient temperature
were reported in 2004 by Hu, using a similar PCy;-based nickel catalyst (Equation
2.80). A variety of ligands were probed, including other bulky and electron-rich trial-
kylphosphines, such as P(t-Bu); and P(i-Pr);, triarylphosphines and dialkylbi-
arylphosphine ligands, although PCy; proved to be the superior ligand [128, 129].

CH,4 [Ni(COD),] (3 mol%) CHj

PCys (12 mol%)
OTs + (HO).,B
K3POy4, THF

ambient temperature
93%

(2.80)

Lipshutz recently reported a Negishi coupling of a highly substituted aryl
tosylate utilizing heterogeneous nickel on charcoal as catalyst with PPh; as ligand
under microwave irradiation (Equation 2.81) [130].

MeQ, OMe Ni/C (8 mol%) MeO,
_PPhy (30 mol%)
OTs + Clzn Me O O Me
dloxane
microwaves
Me CHO 150 °C Me
96%
(2.81)
2.5
Conclusions

A remarkable amount of progress has been reported during the past few years
towards solving the longstanding challenge of bringing aryl chlorides, fluorides
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and tosylates into the family of generally useful substrates for palladium-catalyzed
coupling reactions. Through the appropriate choice of ligand, a number of surpris-
ingly mild and general catalyst systems have been developed, with bulky, electron-
rich phosphines or phosphine oxides, as well as carbenes, having proved thus far
to be the most versatile. The traditional view has been that oxidative addition is
the problematic step in the catalytic cycle for these less-reactive substrates. Hence,
the facilitation of this step is certainly a necessary—Dbut not necessarily a sufficient—
condition for achieving effective catalysis. Consequently, the developed ligands
will also have steric and electronic properties appropriate to the subsequent steps
in the catalytic cycle.

With regards to aryl chlorides, their lower cost and greater availability, combined
with the commercial availability of many of the more versatile ligands discussed
herein, has already spurned extensive interest and increased industrial applica-
tions of palladium-catalyzed coupling reactions, notably in medicinal and process
chemistry. In the case of aryl fluorides and tosylates, considerably less develop-
ment has been undertaken than for aryl chlorides. However, given the multitude
of reported catalytic systems used to activate aryl chlorides with both palladium or
nickel complexes, it is simply a matter of time before similar promising and excit-
ing developments concerning fluorides and tosylates are disclosed.

Abbreviations

acac acetylacetonate

Ac acetyl

Ad adamantyl

aq aqueous

Bn benzyl

Bu butyl

BBN borabicyclo[3.3.1]nonane

COD 1,5-cyclo-octadiene

Cp cyclopentadienyl

Cp* 1,2,3,4,5-pentamethylcyclopentadienyl
Cy cyclohexyl

dba dibenzylideneacetone

DIBAL-H diisobutylaluminum hydride
DMA N,N-dimethylacetamide

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide
DPEphos 1,1’-bis(diphenylphosphino)ether
dppb 1,4-bis(diphenylphosphino)butane
dppe 1,2-bis(dipenylphosphino)ethane
dppf 1,1"-bis(dipenylphosphino)ferrocene
dppp 1,3-bis(dipenylphosphino)propane

Et ethyl
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Et,0 diethyl ether
HMPA hexamethylphosphoramide
IAd 1,3-bis(adamantyl)imidazol-2-ylidene
IMes 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
Me methyl
NHC N-heterocyclic carbene
NMP 1-methyl-2-pyrrolidinone
Ph phenyl
Pr propyl
TBDMS  tert-butyldimethylsilyl
Tf triflate (trifluoromethanesulfonyl)
THF tetrahydrofuran
tol tolyl
TPPTS sodium triphenylphosphinotrimetasulfonate
Ts tosyl (para-toluenesulfonyl)
References
1 (a) de Meijere, A. and Diedrich, F.

w

v

(2004) Metal-Catalyzed Cross-Coupling
Reactions, Vol. 1 and 2, 2nd edn, Wiley-
VCH Verlag GmbH, Weinheim;

(b) Tsuji, J. (2004) Palladium Reagents
and Catalysts, 2nd edn, John Wiley &
Sons, Ltd, Chichester.

For a discussion, see: (a) Grushin, V.V.
and Alper, H. (1999) Activation of
Unreactive Bonds and Organic Synthesis
(ed. S. Murai), Springer-Verlag, Berlin,
pp. 193-226;

(b) Grushin, V.V. and Alper, H. (1994)
Chem. Rev., 94, 1047-62.

Brandsma, L., Vasilevsky, S.F. and
Verkruijsse, H.D. (1998) Application of
Transition Metal Catalysts in Organic
Synthesis, Vol. 150, Springer-Verlag,
New York, pp. 228-9.

Geissler, H. (1998) Transition Metals for
Organic Synthesis, Vol. 1 (eds M. Beller
and C. Bolm), Wiley-VCH Verlag
GmbH, New York, p. 177.

(a) Sunderman, F.W., Jr (1988)
Handbook on Toxicity of Inorganic
Compounds (eds H.G. Seiler and H.
Sigel), Marcel Dekker, New York, Chap.
37;

(b) Bradford, C.W. and Chase, B.].
(1988) Handbook on Toxicity of Inorganic

10

Compounds (eds H.G. Seiler and H.
Sigel), Marcel Dekker, New York, Chap.
43;

(c) Carson, B.L. (1986) Toxicology and
Biological Monitoring of Metals in Humans,
Lewis Publishers, Chelsea, MI.

Fitton, P. and Rick, E.A. (1971) J.
Organomet. Chem., 28, 287-91.

(a) In reality, this is an oversimplification
of the problem; see Grushin, V.V. and
Alper, H. (1999) in Activation of
Unreactive Bonds and Organic Synthesis
(ed. S. Murai), Springer-Verlag, Berlin,
p. 203;

(b) Herrmann, W.A. (1996) Applied
Homogeneous Catalysis with Organometallic
Compounds. A Comprehensive Handbook,
Vol. 1 (eds B. Cornils and W.A.
Herrmann), Wiley-VCH Verlag GmbH,
New York, p. 722.

Littke, A.F. and Fu, G.C. (2002) Angew.
Chem. Int. Ed., 41, 4176-211.

(a) Tamao, K., Sumitani, K. and Kumada,
M. (1972) J. Am. Chem. Soc., 94, 4374—6;
(b) Kumada, M. (1980) Pure Appl. Chem.,
52, 669-79.

For more recent examples of nickel-
catalyzed Kumada couplings of aryl
chlorides, see: (a) Li, G.Y. (2001) Angew.
Chem. Int. Ed., 40, 1513-16;

61



62| 2 Metal-Catalyzed Coupling Reactions with Aryl Chlorides, Tosylates and Fluorides

1

12

13

14

15

16

17

(b) Li, G.Y. and Marshall, W.]. (2002)
Organometallics, 21, 590-1;

(c) Yoshikai, N., Mashima, H. and
Nakamura, E. (2005) J. Am. Chem. Soc.,
127, 17978-9;

(d) Ackermann, L., Born, R., Spatz, J.H.
and Meyer, D. (2005) Angew. Chem. Int.
Ed., 44, 7216-19;

(e) Schneider, S.K., Rentzsch, C.F.,
Kruger, A., Raubenheimer, H.G. and
Herrmann, W.A. (2007) J. Mol. Cat. A,
265, 50-8;

(f) Lau, S.Y.W., Hughes, G., O’Shea,
P.D. and Davies, .W. (2007) Org. Lett.,
9, 2239-42.

(a) Saito, S., Sakai, M. and Miyaura, N.
(1996) Tetrahedron Lett., 37, 2993-6;

(b) Saito, S., Oh-tani, S. and Miyaura,
N. (1997) J. Org. Chem., 62, 8024-30.
Inada, K. and Miyaura, N. (2000)
Tetrahedron, 56, 8657—60.

(a) Indolese, A.F. (1997) Tetrahedron
Lett., 38, 3513-16;

(b) Percec, V., Golding, G.M., Smidrkal,
J. and Weichold, O. (2004) J. Org.
Chem., 69, 3447-52.

Galland, J.C., Savignac, M. and Genet,
J.P. (1999) Tetrahedron Lett., 40,
2323-6.

(a) Lipshutz, B.H., Sclafini, J.A. and
Blomgren, P.A. (2000) Tetrahedron, 56,
2139-44;

(b) Frieman, B.A., Taft, B.R., Lee, C.T.,
Butler, T. and Lipshutz, B.H. (2005)
Synthesis, 2989-93;

(c) Lipshutz, B.H., Frieman, B.A,,

Lee, C., Lower, A., Nihan, D.M. and
Taft, B.R. (2006) Chem. Asian J., 1,
417-29.

For other recent examples of nickel-
catalyzed Suzuki couplings of aryl
chlorides, see: (a) Lu, Y., Plocher, E.
and Hu, Q.S. (2006) Adv. Synth. Catal.,
348, 841-5;

(b) Chen, C. and Yang, L.M. (2007)
Tetrahedron Lett., 48, 2427-30;

(c) Lee, C.C., Ke, W.C., Chan, K.T., Lai,
C.L., Hu, C.H. and Lee, H.M. (2007)
Chem. Eur. J., 13, 582-91.

(a) Shirakawa, E., Yamasaki, K. and
Hiyama, T. (1997) J. Chem. Soc., Perkin
Trans., 1, 2449-50;

(b) Shirakawa, E., Yamasaki, K. and
Hiyama, T. (1998) Synthesis, 1544-9.

18

19

20

2

-

22

23

24

25

26

(a) Lipshutz, B.H. and Blomgren, P.A.
(1999) J. Am. Chem. Soc., 121, 5819-20;
(b) Lipshutz, B.H. and Frieman, B. (2004)
Tetrahedron, 60, 1309-16;

(c) Lipshutz, B.H., Frieman, B.A., Lee, C,,
Lower, A., Nihan, D.M. and Taft, B.R.
(2006) Chem. Asian J., 1, 417-29.

For another example of a nickel-catalyzed
Negishi coupling of an aryl chloride, see:
Walla, P. and Kappe, C.O. (2004) Chem.
Commun., 564-5.

Leleu, A., Fort, Y. and Schneider, R.
(2006) Adv. Synth. Catal, 348, 1086-92.
(a) Gronowitz, S., Hornfeldt, A.-B.,
Kristjansson, V. and Musil, T. (1986)
Chem. Scr., 26, 305-9;

For more recent examples of this
selectivity, see:

(b) Cocuzza, A.]., Hobbs, F.W., Arnold,
C.R., Chidester, D.R., Yarem, J.A., Culp,
S., Fitzgerald, L. and Gilligan, P.J. (1999)
Bioorg. Med. Chem. Lett., 9, 1057-62;

(c) Jiang, B. and Yang, C.-G. (2000)
Heterocycles, 53, 1489-98;

(d) Schomaker, J.M. and Delia, T.J. (2001)
J. Org. Chem., 66, 7125-8;

(e) Gong, Y. and Pauls, H.W. (2000)
Synlett, 829-31.

Caron, S., Massett, S.S., Bogle, D.E.,
Castaldi, M.]. and Braish, T.F. (2001) Org.
Proc. Res. Dev., 5, 254—6.

(a) Uemura, M., Nishimura, H.,
Kamikawa, K., Nakayama, K. and
Hayashi, Y. (1994) Tetrahedron Lett., 35,
1909-12;

(b) Uemura, M., Nishimura, H. and
Hayashi, T. (1994) J. Organomet. Chem.,
473, 129-37;

(c) Prim, D., Tranchier, J.-P., Rose-
Munch, F., Rose, E. and Vaissermann, J.
(2000) Eur. J. Inorg. Chem., 901-5.

For a review of palladium-catalyzed
carbon—carbon bond formation using
tricarbonyl(n®-chloroarene)chromium
complexes, see: Carpentier, J.F., Petit, F.,
Mortreux, A., Dufand, V., Basset, ].-M.
and Thivolle-Cazat, J. (1993) J. Mol. Cat.,
81, 1-15.

Shen, W. (1997) Tetrahedron Lett., 38,
5575-8.

Shen, W., Fakhoury, S., Donner, G.,
Henry, K., Lee, J., Zhang, H., Cohen, J.,
Warner, R., Saeed, B., Cherian, S., Tahir,
S., Kovar, P., Bauch, S.-C., Ng, J., Marsh,



27

28

29

30

31

32

33

34

35

36

37

38

39

K., Sham, H. and Rosenberg, S. (1999)
Bioorg. Med. Chem. Lett., 9, 703-8.
Littke, A.F. and Fu, G.C. (1998) Angew.
Chem. Int. Ed., 37, 3387-8.

Littke, A.F., Dai, C. and Fu, G.C. (2000)
J. Am. Chem. Soc., 122, 4020-8.
Netherton, M.R. and Fu, G.C. (2001)
Org. Lett., 3, 4295-8.

For early studies of P(o-Tol)3-based
monophosphine-palladium complexes,
see: (a) Hartwig, J.F. and Paul, F. (1995)
J. Am. Chem. Soc., 117, 5373—4;

(b) Hartwig, J.F. (1997) Synlett,

329-40.

Lam, K.C., Marder, T.B. and Lin, Z.
(2007) Organometallics, 26, 758-60.
Ishiyama, T., Ishida, K. and Miyaura, N.
(2001) Tetrahedron, 57, 9813-16.

Kudo, N., Perseghini, M. and Fu, G.C.
(2006) Angew. Chem. Int. Ed., 45,
1282-4.

(a) Zapf, A., Ehrentraut, A. and Beller,
M. (2000) Angew. Chem. Int. Ed., 39,
4153-5;

(b) Tewari, A., Hein, M., Zapf, A. and
Beller, M. (2004) Synthesis, 935—41.
Fleckenstein, C.A. and Plenio, H. (2007)
Chem. Eur. J., 2701-16.

For related work utilizing 1-
indenyldialkylphosphines and
cyclopentadienyldialkylphopshines for
palladium-catalyzed Suzuki coupling of
aryl chlorides, see: Fleckenstein, C.A.
and Plenio, H. (2007) Organometallics,
26, 2758-67.

(a) For other recent examples of Suzuki
couplings of aryl chlorides utilizing
trialkyl phosphines, see: Bedford, R.B.,
Hazelwood, S.L., Limmert, M.E.,
Albisson, D.A., Draper, S.M., Scully,
P.N., Coles, S.J. and Hursthouse, M.B.
(2003) Chem. Eur. J., 3216-27;

(b) Bedford, R.B., Butts, C.P., Hurst,
T.E. and Lidstrom, P. (2004) Adv. Synth.
Catal., 346, 1627-30;

(c) Moreno-Manas, M., Pleixats, R. and
Serra-Muns, A. (2006) Synlett, 3001—4;
(d) Li, J., Deng, C. and Xie, Y. (2007)
Synth. Commun., 2433-48.

Old, D.W., Wolfe, J.P. and Buchwald,
S.L. (1998) J. Am. Chem. Soc., 120,
9722-3.

(a) Wolfe, J.P. and Buchwald, S.L. (1999)
Angew. Chem. Int. Ed., 38, 2413-16;

40

41

42

References

(b) Wolfe, J.P., Singer, R.A., Yang, B.H.
and Buchwald, S.L. (1999) J. Am. Chem.
Soc., 121, 9550-61.

(a) Yin, J., Rainka, M.P., Zhang, X.X. and
Buchwald, S.L. (2002) J. Am. Chem. Soc.,
124, 1162-3;

(b) Walker, S.D., Barder, T.E., Martinelli,
J-R. and Buchwald, S.L. (2004) Angew.
Chem. Int. Ed., 43, 1871-6;

(c) Barder, T.E., Walker, S.D., Martinelli,
J.R. and Buchwald, S.L. (2005) J. Am.
Chem. Soc., 127, 4685-96;

(d) Billingsly, K.L., Anderson, K.W. and
Buchwald, S.L. (2006) Angew. Chem. Int.
Ed., 45, 3484-8;

(e) Billingsly, K. and Buchwald, S.L.
(2007) J. Am. Chem. Soc., 129, 3358-66;
(f) Barder, T.E. and Buchwald, S.L. (2007)
Org. Lett., 9, 137-9.

Billingsly, K.L., Barder, T.E. and
Buchwald, S.L. (2007) Angew. Chem. Int.
Ed., 46, 5539-363.

(a) Bei, X., Crevier, T., Guram, A.S.,
Jandeleit, B., Powers, T.S., Turner, H.W.,
Uno, T. and Weinberg, W.H. (1999)
Tetrahedron Lett., 40, 3855-8;

(b) Bei, X., Turner, H.W., Weinberg,
W.H., Guram, A.S. and Petersen, J.L.
(1999) J. Org. Chem., 64, 6797-803;

(c) Roca, F.X. and Richards, C.J. (2003)
Chem. Commun., 3002-3;

(d) Adjabeng, G., Brenstrum, T., Wilson,
J., Frampton, C., Robertson, A.,
Hillhouse, J., McNulty, J. and Capretta,
A. (2003) Org. Lett., 5, 953-5;

(e) Jensen, J.F. and Johannsen, M. (2003)
Org. Lett., 5, 3025-8;

(f) Colacot, T.J. and Shea, H.A. (2004)
Org. Lett., 6, 3731-4;

(g) Baillie, C., Zhang, L. and Xiao, J.
(2004) J. Org. Chem., 69, 7779-82;

(h) Smith, R.C., Woloszynek, R.A., Chen,
W., Ren, T. and Protasiewicz, ].D. (2004)
Tetrahedron Lett., 45, 8327-30;

(i) Weng, Z., Teo, S., Koh, L.L. and

Hor, T.S.A. (2004) Organometallics, 23,
4342-5;

(j) Dai, W. and Zhang, Y. (2005)
Tetrahedron Lett., 46, 1377-81;

(k) Konovets, A., Penciu, A., Framery, E.,
Percina, N., Goux-Henry, C. and Sinou,
D. (2005) Tetrahedron Lett., 46, 3205-8;
(1) Teo, S., Weng, Z. and Hor, T.S.A.
(2006) Organometallics, 25, 1199-205;

63



64 | 2 Metal-Catalyzed Coupling Reactions with Aryl Chlorides, Tosylates and Fluorides

43

44

45

46

47

48

49

50

5

—

52

53

(m) Demchuk, O.M., Yoruk, B.,
Blackburn, T. and Snieckus, V. (2006)
Synlett, 2908-13;

(n) So, C.M., Lau, C.P. and Kwong, F.Y.
(2007) Org. Lett., 9, 2795-8;

(0) Thimmaiah, M. and Fang, S. (2007)
Tetrahedron, 63, 6879-86.

Harkal, S., Rataboul, F., Zapf, A.,
Fuhrmann, C., Riermeier, T., Monsees,
A. and Beller, M. (2004) Adv. Synth.
Catal., 346, 1742-8.

Dai, Q., Gao, W., Liu, D., Kapes, L.M.
and Zhang, X. (2006) J. Org. Chem., 71,
3928-34.

(@) Guram, A.S., King, A.O., Allen, ].G.,
Wang, X., Schenkel, L.B., Chan, J.,
Bunel, E.E., Faul, M.M., Larsen, R.D.,
Martinelli, M.J. and Reider, P.J. (2006)
Org. Lett., 8, 1787-9;

(b) Guram, A.S., Wang, X., Bunel, E.E,,
Faul, M.M., Larsen, R.D. and Martinelli,
M.J. (2007) J. Org. Chem., 72, 5104-12.
Pickett, T.E. and Richards, C.J. (2001)
Tetrahedron Lett., 42, 3767-9.

Liu, S.-Y., Choi, M.]. and Fu, G.C.
(2001) Chem. Commun., 2408-9.

For example, see: Allenmark, S. (1974)
Tetrahedron Lett., 15, 371—4.

Kwong, F.Y., Chan, K.S., Yeung, C.H.
and Chan, A.S.C. (2004) Chem.
Commun., 2336-7.

For other examples of triarylphosphine-
based palladium catalysts for Suzuki
couplings of aryl chlorides, see: (a)
Kocovsky, P., Vyskocil, S., Cisarova, I.,
Sejbal, J., Tislerova, 1., Smrcina, M.,
Lloyd-Jones, G.C., Stephen, S.C., Butts,
C.P., Murray, M. and Langer, V. (1999)
J. Am. Chem. Soc., 121, 7714-15;

(b) Ohta, H., Tokunaga, M., Obora, Y.,
Iwai, T., Iwasawa, T., Fujihara, T. and
Tsuji, Y. (2007) Org. Lett., 9, 89-92.

(a) Li, G.Y. (2001) Angew. Chem. Int.
Ed., 40, 1513-16;

(b) Li, G.Y., Zheng, G. and Noonan,
AF. (2001) J. Org. Chem., 66, 8677-81;
(¢) Li, G.Y. (2002) J. Org. Chem., 67,
3643-50.

See also: Miao, G., Ye, P., Yu, L. and
Baldino, C.M. (2005) J. Org. Chem., 70,
2332-4.

(a) Ackermann, L. and Born, R. (2005)
Angew. Chem. Int. Ed., 44, 2444-7,

54

55

56

57

58

59

60

(b) Ackermann, L., Gschrei, C.J.,
Althammer, A. and Riederer, M. (2006)
Chem. Commun., 1419-21;

() Ackermann, L., Born, R., Spatz, J.H.,
Althammer, A. and Gschrei, C.J. (2006)
Pure Appl. Chem., 78, 209-14.

Kingston, J.V. and Verkade, J.G. (2007) J.
Org. Chem., 72, 2816-22.

For some related Suzuki couplings of aryl
chlorides utilizing P,N-type ligands, see:
(a) Clarke, M.L., Cole-Hamilton, D.J. and
Woollins, J.D. (2001) J. Chem. Soc. Dalton
Trans., 2721-3;

(b) Cho, S., Kim, H., Yim, H., Kim, M.,
Lee, J., Kim, J. and Yoon, Y. (2007)
Tetrahedron Lett., 63, 1345-52.

For reviews of carbene ligands and their
applications in homogenous catalysis,
see: (a) Herrmann, W.A. and Kocher, C.
(1997) Angew. Chem. Int. Ed. Engl., 36,
2162-87;

(b) Bourissou, D., Guerret, O., Gabbai, F.
P. and Bertrand, G. (2000) Chem. Rev.,
100, 39-91.

(c) Jafarpour, L. and Nolan, S.P. (2001)
Adv. Organomet. Chem., 46, 181-222;

(d) Kantchev, E.A.B., O’Brien, C.J. and
Organ, M.G. (2007) Angew. Chem. Int.
Ed., 46, 2768-813;

(e) Diez-Gonzalez, S. and Nolan, S.P.
(2007) Top. Organomet. Chem., 21, 47-82.
Herrmann, W.A., Reisinger, C.-P. and
Spiegler, M. (1998) . Organomet. Chem.,
557, 93-6.

(a) Weskamp, T., Bohm, V.P.W. and
Herrmann, W.A. (1999) J. Organomet.
Chem., 585, 348-52;

(b) Herrmann, W.A., Bohm, V.P.W.,
Gstottmayr, C.W.K., Grosche, M.,
Reisinger, C.-P. and Weskamp, T. (2001)
J. Organomet. Chem., 617618, 616-28.
(a) Arduengo, A.J.ITI, , Dias, HV.R,,
Harlow, R.L. and Kline, M. (1992) J. Am.
Chem. Soc., 114, 5530—4;

(b) Arduengo, A.J.I1I, , Krafczyk, R.,
Schmutzler, R., Craig, H.A., Goerlich,
J.R., Marshall, W.]. and Unverzagt, M.
(1999) Tetrahedron, 55, 14523-34;

(c) Arduengo, A.J., III (1999) Acc. Chem.
Res., 32, 913-21.

Zhang, C., Huang, J., Trudell, M.L. and
Nolan, S.P. (1999) J. Org. Chem., 64,
3804-5.



61 Bohm, V.P.W., Gstottmayr, C.W.K.,
Weskamp, T. and Herrmann, W.A.
(2000) J. Organomet. Chem., 595,
186-90.

62 (a) Navarro, O., Kelly, R.A., IIT and
Nolan, S.P. (2003) J. Am. Chem. Soc.,
125, 16194-5;

(b) Navarro, O., Oonishi, Y., Kelly, R.A.,
Stevens, E.D., Briel, O. and Nolan, S.P.
(2004) J. Organomet. Chem., 689, 3722—
7;

(c) Marion, N., Navarro, O., Mei, J.,
Stevens, E.D., Scott, N.M. and Nolan,
S.P. (2006) J. Am. Chem. Soc., 128,
4101-11.

63 Navarro, O., Marion, N., Mei, J. and
Nolan, S.P. (2006) Chem. Eur. J., 13,
5142-8.

64 Furstner, A. and Leitner, A. (2001)
Synlett, 290-2.

65 Altenhoff, G., Goddard, R., Lehmann,
C.W. and Glorius, F. (2004) J. Am.
Chem. Soc., 126, 15195-201.

66 Song, C., Ma, Y., Chai, Q., Ma, C.,
Jiang, W. and Andrus, M.B. (2005)
Tetrahedron, 61, 7438—46.

67 For other recent examples of Pd/N-
heterocyclic carbene-catalyzed Suzuki
couplings of aryl chlorides, see:

(a) Zhang, C. and Trudell, M.L.

(2000) Tetrahedron Lett., 41, 595-8;

(b) Ding, S., Gray, N.S., Ding, Q. and
Schultz, P.G. (2001) Tetrahedron Lett.,
42, 8751-5;

(c) Arentsen, K., Caddick, S. and Cloke,
F.G.N. (2005) Tetrahedron, 61, 9710-15;
(d) Huang, W., Guo, J., Xiao, Y., Zhu,
M., Zou, G. and Tang, J. (2005)
Tetrahedron, 61, 9783-90;

(e) Ozdemir, I., Demir, S. and
Cetinkaya, B. (2005) Tetrahedron, 61,
9791-8;

(f) Brendgen, T., Frank, M. and Schatz,
J. (2006) Eur. J. Org. Chem., 2378-83;
(g) Fleckenstein, C., Roy, S.,
Leuthauser, S. and Plenio, H. (2007)
Chem. Commun., 2870-2.

68 For some representative examples, see:
(a) Reetz, M.T., Breinbauer, R. and
Wanninger, K. (1996) Tetrahedron Lett.,
37, 4499-502;

(b) Bumagin, N.A. and Bykov, V.V.
(1997) Tetrahedron, 53, 14437-50;

69

70

71

72

73

74

75

76

77

References

(c) Zim, D., Monteiro, A.L. and Dupont,
J. (2000) Tetrahedron Lett., 41, 8199-202;
(d) Villemin, D., Gomez-Escalonilla, M.].
and Saint-Clair, J.-F. (2001) Tetrahedron
Lett., 42, 635-7;

(e) Grasa, G.A., Hillier, A.C. and Nolan,
S.P. (2001) Org. Lett., 3, 1077-80.
LeBlond, C.R., Andrews, A.T., Sun, Y. and
Sowa, J.R., Jr (2001) Org. Lett., 3, 1555-7.
Lipshutz, B.H., Sclafani, J.A. and
Blomgren, P.A. (2000) Tetrahedron, 56,
2139-44.

Sakamoto, T., Satoh, C., Kondo, Y. and
Yamanaka, H. (1992) Heterocycles, 34,
2379-84.

(a) Solberg, J. and Undheim, K. (1989)
Acta Chem. Scand., 43, 62-8;

(b) Benneche, T. (1990) Acta Chem.
Scand., 44, 927-31.

(a) Kondo, Y., Watanabe, R., Sakamoto,
T. and Yamanaka, H. (1989) Chem.
Pharm. Bull., 37, 2814-16;

(b) Majeed, A.J., Antonsen, O., Benneche,
T. and Undheim, K. (1989) Tetrahedron,
45, 993-1006.

Solberg, J. and Undheim, K. (1989) Acta
Chem. Scand., 43, 62-8.

(a) Kosugi, M., Sasazawa, K., Shimizu, Y.
and Migita, T. (1977) Chem. Lett., 301-2;
See also: (b) Kashin, A.N., Bumagina,
I.G., Bumagin, N.A. and Beletskaya, I.P.
(1981) Zh. Org. Khim., 17, 21-8.

For examples of (‘-
chloroarene)chromium tricarbonyl
complexes participating in palladium-
catalyzed Stille couplings, see: (a) Scott,
W.J. (1987) J. Chem. Soc. Chem.
Commun., 1755-6;

(b) Clough, J.M., Mann, LS. and
Widdowson, D.A. (1987) Tetrahedron Lett.,
28, 2645-8;

(c) Mitchell, T.N., Kwekat, K., Rutschow,
D. and Schneider, U. (1989) Tetrahedron,
45, 969-78;

(d) Wright, M.E. (1989) Organometallics,
8, 407-11;

(e) Wright, M.E. (1989) Macromolecules,
22, 3256-9;

(f) Prim, D., Tranchier, J.-P., Rose-
Munch, F., Rose, E. and Vaissermann,
J- (2000) Eur. J. Inorg. Chem., 901-5.
Littke, A.F. and Fu, G.C. (1999) Angew.
Chem. Int. Ed., 38, 2411-13.

65



2 Metal-Catalyzed Coupling Reactions with Aryl Chlorides, Tosylates and Fluorides

78 (a) Farina, V. and Rothin, G.P. (1996)
Advances in Metal-Organic Chemistry,
Vol. 5 (ed. L.S. Liebeskind), JAI,
London, pp. 45-6;

(b) Brandsma, L., Vasilevsky, S.F. and
Verkruijsse, H.D. (1998) Application of
Transition Metal Catalysts in Organic
Synthesis, Springer-Verlag, New York,
P. 246;

(c) Farina, V., Krishnamurthy, V.

and Scott, W.]. (1997) Org. React.,

50, 54-5.

Littke, A.F., Schwarz, L. and Fu, G.C.
(2002) J. Am. Chem. Soc., 124, 6343-8.
Grasa, G.A. and Nolan, S.P. (2001) Org.
Lett., 3, 119-22.

(a) Wolf, C. and Lerebours, R. (2003)
J. Org. Chem., 68, 7077-84;

(b) Wolf, C. and Lerebours, R. (2003)
J. Org. Chem., 68, 7551—4.

For a Stille coupling of 4-
chloronitrobenzene using a heteroatom
substituted secondary phosphine oxide,
see: Ackermann, L., Gschrei, C.J.,
Althammer, A. and Riederer, M. (2006)
Chem. Commun., 1419-21.

(@) Su, W., Urgaonkar, S. and Verkade,
]J.G. (2004) Org. Lett., 6, 1421—4;

(b) Su, W., Urgaonkar, S., McLaughlin,
P.A. and Verkade, J.G. (2004) J. Am.
Chem. Soc., 126, 16433-9.

(a) Matsumoto, H., Nagashima, S.,
Yoshihiro, K. and Nagai, Y. (1975)

J. Organomet. Chem., 85, C1-3;

(b) Matsumoto, H., Yoshihiro, K.,
Nagashima, S., Watanabe, H. and
Nagai, Y. (1977) J. Organomet. Chem.,
128, 409-13.

Matsumoto, H., Shono, K. and Nagai,
Y. (1981) J. Organomet. Chem., 208,
145-52.

For other examples of couplings of aryl
chlorides with organodisilanes, see: (a)
Azarian, D., Dua, S.S., Eaborn, C. and
Walton, D.R.M. (1976) J. Organomet.
Chem., 117, C55-7;

79

80

81

82

83

84

85

86

(b) Babin, P., Bennetau, B., Theurig, M.

and Dunogues, J. (1993) J. Organomet.
Chem., 446, 135-8;
(c) Lachance, N. and Gallant, M. (1998)
Tetrahedron Lett., 39, 171-4.

87
and Hiyama, T. (1996) J. Org. Chem.,
61, 7232-3.

Hagiwara, K.-i., Gouda, E., Hatanaka, Y.

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Hagiwara, E., Hatanaka, K.-i. Gouda, Y.
and Hiyama, T. (1997) Tetrahedron Lett.,
38, 439-42.

McNeill, E., Barder, T.E. and Buchwald,
S.L. (2007) Org. Lett., 9, 3785-8.
Mowery, M.E. and DeShong, P. (1999)
Org. Lett., 1, 2137-40.

Lee, H.M. and Nolan, S.P. (2000) Org.
Lett., 2, 2053-5.

Murata, M., Yoshida, S., Nirei, S.,
Watanabe, S. and Masuda, Y. (2006)
Synlett, 118-20.

Denmark, S.E. and Kallemeyn, ].M.
(2006) J. Am. Chem. Soc., 128, 15958-9.
For other recent examples of Hiyama
couplings of aryl/alkenyl siloxanes with
aryl chlorides, see: (a) Wolf, C.,
Lerebours, R. and Tanzani, E.H. (2003)
Synthesis, 2069-73;

(b) Ju, J., Nam, H., Jung, H.M. and Lee,
S. (2006) Tetrahedron Lett., 47, 8673-8;
(c) Alacid, E. and Najera, C. (2006) Adv.
Synth. Catal., 348, 2085-91.

Shiota, T. and Yamamori, T. (1999)

J. Org. Chem., 64, 453-7.

Herrmann, W.A., Bohm, V.P.W. and
Reisinger, C.-P. (1999) J. Organomet.
Chem., 576, 23—41.

For some representative examples of
Negishi couplings of activated aryl
chlorides, see: (a) Uemura, M.,
Nishimura, H., Kamikawa, K., Nakayama,
K. and Hayashi, Y. (1994) Tetrahedron
Lett., 35, 1909-12;

(b) Uemura, M., Nishimura, H. and
Hayashi, T. (1994) J. Organomet. Chem.,
473, 129-37;

(c) Miller, J.A. and Farrell, R.P. (1998)
Tetrahedron Lett., 39, 6441—4;

(d) Miller, J.A. and Farrell, R.P. (1998)
Tetrahedron Lett., 39, 7275-8;

(e) Sonoda, M., Inaba, A., Itahashi, K.
and Tobe, Y. (2001) Org. Lett., 3, 2419-21.
Dai, C. and Fu, G.C. (2001) J. Am. Chem.
Soc., 123, 2719-24.

Milne, J.E. and Buchwald, S.L. (2004)

J. Am. Chem. Soc., 126, 13028-32.

(a) Li, G.Y. (2002) J. Org. Chem., 67,
3643-50;

(b) Li, G.Y. (2002) J. Organomet. Chem.,
653, 63-8.

For example, see: (a) Isobe, K. and
Kawaguchi, S. (1981) Heterocycles, 16,
1603-12;



102

103

104

105

106

107

108

109

110

m

112

113

114

115

116

117

(b) Minato, A., Suzuki, K., Tamao, K.
and Kumada, M. (1984) J. Chem. Soc.
Chem. Commun., 511-13.

Bonnet, V., Mongin, F., Trecourt, F.,
Queguiner, G. and Knochel, P. (2001)
Tetrahedron Lett., 42, 5717-19.
Katayama, T. and Umeno, M. (1991)
Chem. Lett., 2073—6.

Herrmann, W.A., Bohm, V.P.W. and
Reisinger, C.-P. (1999) J. Organomet.
Chem., 576, 23—41.

Huang, J. and Nolan, S.P. (1999) J. Am.
Chem. Soc., 121, 9889-90.

Organ, M.G., Abdel-Hadi, M., Avola, S.,
Hadei, N., Nasielski, J., O’Brien, C.J.
and Valente, C. (2007) Chem. Eur. J.,
150-7.

Walla, P. and Kappe, C.O. (2004) Chem.
Commun., 564-5.

Widdowson, D.A. and Wilhelm, R.
(1999) Chem. Commun., 2211-12.
Widdowson, D.A. and Wilhelm, R.
(2003) Chem. Commun., 578-9.

Kim, Y.M. and Yu, S. (2003) J. Am.
Chem. Soc., 125, 1696—7.

Bahmanyar, S., Borer, B.C,, Kim, Y.M.,
Kurtz, D.M. and Yu, S. (2005) Org. Lett.,
7, 1011-14.

For other examples of palladium-
catalyzed coupling reactions of aryl
fluorides, see: (a) Mikami, K.,
Miyamoto, T. and Hatano, M. (2004)
Chem. Commun., 2082-3;

(b) Dankwardt, J.W. (2005) J.
Organomet. Chem., 690, 932-8.

Bohm, V.P.W., Gstottmayr, C.W.K.,
Weskamp, T. and Herrmann, W.A.
(2001) Angew. Chem. Int. Ed., 40,
3387-9.

Mongin, F., Mojovic, L., Guillamet, B.,
Trecourt, F. and Queguiner, G. (2002)
J. Org. Chem., 67, 8991—4.

Ackermann, L., Born, R., Spatz, J.H.
and Meyer, D. (2005) Angew. Chem. Int.
Ed., 44, 7216-19.

Saeki, T., Takashima, Y. and Tamao, K.
(2005) Synlett, 1771—4.

For other examples of nickel-catalyzed
Kumada couplings of aryl fluorides, see:
(a) Dankwardt, J.W. (2005) J.
Organomet. Chem., 690, 932-8;

(b) Steffen, A., Sladek, M.I., Braun, T.,
Neumann, B. and Stammler, H.G.
(2005) Organometallics, 24, 4057-64;

118

119

120

12

—_

122

123

124

125

126

127

128

129

130

References

(c) Yoshikai, N., Mashima, H. and
Nakamura, E. (2005) J. Am. Chem. Soc.,
127, 17978-9;

(d) Lu, Y., Plocher, E. and Hu, Q.-S.
(2006) Adv. Synth. Catal., 348, 841-5;

(e) Inamoto, K., Sakamoto, J.-i., Kuroda,
T. and Hiroya, K. (2007) Synthesis,
2853-61.

Schaub, T., Backes, M. and Radius, U.
(2006) J. Am. Chem. Soc., 128,

15964-5.

For an example of a nickel-catalyzed
Suzuki coupling of a heteroaryl fluoride,
see: Liu, J. and Robins, M.J. (2005) Org.
Lett., 7, 1149-51.

Nagatsugi, F., Uemura, K., Nakashima,
S., Maeda, M. and Sasaki, S. (1995)
Tetrahedron Lett., 36, 421-4.

For a related example, see: Lakshman,
M.K., Thomson, P.F., Nuqui, M.A.,
Hilmer, J.H., Sevova, N. and Boggess, B.
(2002) Org. Lett., 4, 1479-82.

Nguyen, H.N., Huang, X. and Buchwald,
S.L. (2003) J. Am. Chem. Soc., 125,
11818-19.

(a) Roy, A.H. and Hartwig, J.F. (2003)

J. Am. Chem. Soc., 125, 8704-5;

(b) Limmert, M.E., Roy, A.H. and
Hartwig, J.F. (2005) J. Org. Chem., 70,
9364-70.

For a related mechanistic study of the
oxidative addition of aryl sulfonates to
palladium(0), see: Roy, A.H. and
Hartwig, J.F. (2004) Organometallics, 23,
194-202.

Ackermann, L. and Althammer, A. (2006)
Org. Lett., 8, 3457-60.

Kobayashi, Y. and Mizojiri, R. (1996)
Tetrahedron Lett., 37, 8531-4.

Zim, D., Lando, V.R., Dupont, J. and
Monteiro, A.L. (2001) Org. Lett., 3,
3049-51.

Tang, Z.Y. and Hu, Q.S. (2004) J. Am.
Chem. Soc., 126, 3059.

For other examples of nickel-catalyzed
Suzuki couplings of aryl tosylates, see:
(a) Percec, V., Golding, G.M., Smidrkal, J.
and Weichold, O. (2004) J. Org. Chem.,
69, 3447-52;

(b) Tang, Z.Y., Spinella, S. and Hu, Q.S.
(2006) Tetrahedron Lett., 47, 2427-30.
Lipshutz, B.H., Frieman, B.A., Lee, C.,
Lower, A., Nihan, D.M. and Taft, B.R.
(2006) Chem. Asian J., 1, 417-29.

67



3

Palladium-Catalyzed Arylations of Amines and o-C—H
Acidic Compounds

Bjorn Schlummer and Ulrich Scholz

3.1
Introduction

The development of palladium catalysis as a standard synthetic tool in all areas of
organic chemistry over the past decades has been impressive [1]. Indeed, the pal-
ladium-catalyzed arylation of amines represents one of the prime examples of an
extremely fast transition, from an early research phase into an industrially viable
and broadly applied technical process, in only 10 years. This reaction—which was
dubbed the Buchwald—Hartwig amination after two key players in the field—can
today be considered as a standard established method in the synthesis of aryl-
amines, and has been widely reviewed [2]. In addition to allowing access to impor-
tant target structures that are of biological or technical relevance in synthetic
laboratories in industry or academia, the procedure has also overcome the prob-
lems of implementation in large-scale processes in chemical industry, where the
demands for a new technology are often even higher and usually governed by
substantially different parameters such as costs, space-time efficiency and techni-
cal feasibility [3].

During the period that the arylation of amines was being developed, another
powerful methodology was discovered via a byproduct identified when carbonyl-
containing substrates were employed. In the case of ketones bearing an acidic
proton in the o-position, an arylation reaction at that position was observed, and
this in turn gave rise to the development of arylations of a-C—H acidic com-
pounds. Subsequently, this methodology matured significantly such that today a
wide variety of substrates—including nitriles, esters and amides—can be arylated
in the a-position using state-of-the-art catalytic systems [4].
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Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2
Palladium-Catalyzed Arylations of Amines

3.2.1
Historical Development

The general concept of forming arylamines by the reaction of aryl halides with
amines or their derivatives, can be traced back to the early days of organic chem-
istry, in the late nineteenth century. The easiest approach to these targets consists
of a nucleophilic aromatic substitution reaction [5] using aryl halides and, although
this dates back to 1891, it remains an effective and industrially relevant synthetic
methodology to this day. Unfortunately, however, the method is limited to a small
number of electrophile-nucleophile combinations, usually comprising electron-
rich amines and heteroaryl or electron-deficient aryl halides, bearing one or more
electron-withdrawing substituents, such as the nitro group [6]. Since, due to the
harsh reaction conditions required, isomers can be formed through aryne inter-
mediates [7], several other approaches have reported, including the substitution of
nitro groups [8], direct aminations (such as the NASH reaction [9]) or radical pro-
cesses, as in the Minisci reaction [10].

In 1901, when Ullmann introduced copper as an aid to C—N bond formations,
he observed that copper in fact facilitated the substitution of halides at arenes [11].
The same principle was then applied to improve the synthesis of aryl ethers, and
in 1903 Ullmann reported the synthesis of diphenyl amine derivatives with
the aid of copper [12]. The important milestone publication from Ullmann and
Irma Goldberg, who at the time were collaborating closely, was a report on the
synthesis of arylanthranilic acid in 1905, whereby anthranilic acid was reacted with
bromobenzene [13]. Surprisingly, the reaction conditions (catalyst [Cu], K,COs,
210°C, Ph-NO,) still define the general principle that is applied today in modern,
copper-catalyzed couplings. The tremendous development which followed, espe-
cially during the past decade, has led to significant improvements [14], with copper
catalysis now having matured to become a standard technology. There remain,
however, several drawbacks associated with its use, including limitations in sub-
strate scope and the need for relatively high reaction temperatures. Perhaps most
importantly, there are also environmental aspects such as the toxicity of copper in
wastewater streams in industrial processes.

It is one of the many curiosities in the history of organic chemistry that the
general approach to producing arylamines by catalytic C—N bond formation
entered the arena of palladium-catalyzed transformations only during the late
twentieth century. Previously, the major breakthroughs in palladium-catalyzed
C—C cross-coupling chemistry had been achieved by key players such as Heck [15],
Suzuki [16], Stille [17], Negishi [18] and others. This was accompanied by the
mechanistic understanding that palladium is a key transition metal in the oxidative
addition of C(sp?)-halogen bonds, allowing coupling of the resultant intermediates
with nucleophiles. Despite this, it was not until 1983 that palladium catalysis was
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Scheme 3.1 Catalytic synthesis of N,N-diethylaniline by Migita (1983).
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Scheme 3.2 Boger’s intramolecular palladium-mediated amination from 1984.

first applied to the synthesis of arylamines, and when Kosugi and Migita first
reported the synthesis of N,N-diethylaniline (Scheme 3.1) [19].

Of special note was the use of the electronically nonactivated bromobenzene as
electrophile, combined with [{P(0-Tol);},PdCl,] as catalyst for the transformation.
A clear disadvantage here was the fact that the nucleophile, a tin amide, was not
only toxic but also notoriously difficult to prepare [20].

During the following ten years a scattering of examples was reported which
applied this concept. In 1984, Boger described an intramolecular palladium-medi-
ated aryl amination using stoichiometric amounts of [Pd(PPhs),] [21]. Although
the reaction was accomplished by employing a free amine as nucleophile, this
transformation was not developed further into an intermolecular variant (Scheme
3.2). Another example was described by Dhzemilev in 1987, in which the tin amide
was substituted with a magnesium amide using Pd(OAc), with PPh; in tetrahy-
drofuran (THF) as the reaction system [22].

Subsequently, this area of research lay almost dormant until Buchwald reported
the in situ preparation of tin amides in 1994. Here, Bu;Sn-NEt, was used as a relay
for the formation of tin amides derived from the amine starting materials, through
the removal of HNEt, [23].

The annus mirabilis of the palladium-catalyzed C—N bond formation was 1995,
when Buchwald and Hartwig reported, independently, two milestone events —
Buchwald the amination of aryl bromides with different amines using [{P(o-
Tol);},PdCl,] and NaOt-Bu as base [24], and Hartwig a similar procedure using
LHMDS as base (Scheme 3.3) [25].

Based on these contributions and subsequent reports, the reaction is today often
referred to as the Buchwald-Hartwig amination, and is considered as a standard
fundamental organic reaction. Although a review of the myriad of exciting develop-
ments occurring since 1995 is beyond the scope of this chapter, we will nonethe-
less attempt to provide details of the current state of the art.

7
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Scheme 3.3 Buchwald’s and Hartwig’'s aminations.

3.2.2
Catalytic Systems

In principle, the main components of the reaction system have not changed sig-
nificantly since 1995, with palladium(0) or palladium(II) compounds continuing
to constitute the main component of the catalytic systems. Although heteroge-
neous catalytic approaches have been reported [26], the vast majority of aminations
are carried out using a suitable palladium precursor that dissolves during the
course of the reaction.

The ligand, arguably, has the biggest influence on the reactivity of the catalyst,
and the ease of modification of either the ligand backbone or the nature of the
coordinating atom leads to the parameter matrix for the ligand being particularly
important. Thus, the emphasis of most modern research activities is placed on the
development of new or optimized ligand sets.

The base is a necessary component in the current reaction systems since, during
palladium-catalyzed aminations an acid is formed that must be trapped by a suit-
able base. As most bases used in these reactions are commercially available sub-
stances (e.g. metal salts of basic anions), the latest developments have focused on
tuning the catalytic system in order to allow the use of milder, but readily available,
bases.

A solvent, which is usually selected from the standard organic solvent repertoire,
is not a necessary prerequisite for the reaction itself, as shown in examples of sol-
ventless couplings. Apart from interactions with the palladium complexes, the
solvent fulfils the usual role of dissolving all of the reaction components, dissipat-
ing the heat of reaction, and facilitating the work-up. A careful approach is sug-
gested when encountering commonly dubbed ‘green chemistry approaches’ [27]
which claim to avoid the use of solvents, or to substitute these with water. Rather,
such methods should be judged on the basis of the overall flow of materials over
the entire process, including waste streams and solvent usage in work-up. In fact,
in most industrial processes the largest solvent and waste streams are normally
generated during the work-up, and not during the reaction itself.
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3.2.2.1 Palladium Sources
The palladium precursors for the catalytically active complexes can be classified
as palladium(0) and palladium(II) compounds.

The most often used palladium(0) precursors are Pd,(dba); or Pd(dba), (dba =
dibenzylidenacetone; this is released during the formation of the active complex).
In a study conducted by Fairlamb [28], it was shown that substituents on the arene
of dba have a significant effect on the overall catalytic activity, destabilizing the
N*interaction between palladium(0) and the dba derivative. Nevertheless, this
effect is reported to be of minor importance in palladium-catalyzed aminations
using P(#-Bu); as ligand, possibly owing to the fact that dba in general is prone to
react with amines, thus reducing the interference of dba itself with the catalyst
[29]. The otherwise very popular Pd(PPh;), is less attractive in amination technol-
ogy, as its activity is usually insufficient for efficient couplings of demanding
substrates. Therefore, the use of an additional ligand is necessary, although this
potentially creates difficulties with regards to ligand exchange rates and slowing
down the catalytic reaction.

Palladium(II) precursors are more abundant as catalysts due to the larger variety
of available metal salts. The most prominent palladium(II) precursor is Pd(OAc),,
but in some cases the use of [(n>-C;H;)PdCl], or Pd(acac), is beneficial. Neverthe-
less, it must be evaluated —based on the nature of the published application —if the
use of a specific palladium precursor resulted from a catalyst screening with a
reasonable parameter base, or if more pragmatic or subjective reasons were the
basis for its choice. All palladium(II) precursors must be reduced to palladium(0)
to enable oxidative addition of the carbon-halogen bond. As the ease of reduction
of the palladium(II) starting material can depend on many reaction components—
such as the amine, the base, the ligand, the solvent or the functionalized aryl
halide—a variety of reaction pathways exists for the formation of the required pal-
ladium(0) species. In very challenging cases the use of reducing agents, such as
phenylboronic acid [30], water [31] or sodium formate [32], is beneficial.

The application of immobilized palladium sources has also been reported recently.
For example, Kobayashi described the use of polymer-incarcerated palladium cata-
lysts for the synthesis of acridones [33]. Here, the catalyst was prepared from
Pd(PPh;), and a polystyrene-based copolymer. Although the amination yields and
scope using additional stabilizing ligands are not comparable to those obtained in
homogeneous reaction, the use of this palladium precursor may have its advan-
tages in the area of combinatorial catalysis [34]. The applications of preformed
palladium complexes will be discussed in Section 3.2.2.2.6. The recovery or removal
of palladium after the reaction is driven by two factors: (i) the minimization of
costs; and (ii) the reduction of heavy-metal contamination of the products. A
variety of strategies used for this purpose, most of which are based on scavenging
reagents, have been described in a review [35].

3.2.2.2 Ligands
A plethora of ligands is available for palladium-catalyzed C—N bond formations,
using a seemingly unlimited variety of combinations of amines and organic
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electrophiles. In general, the vast majority of problems posed by very challenging
combinations of coupling partners has been solved. After an initial phase of ligand
development, which has resulted in the synthesis and application of today’s privi-
leged highly active catalytic systems, ligand design is currently governed by ease
of preparation (which mostly determines the costs of ligand production), stability
and minimal catalyst loading, as well as nonchemical aspects such as patent
protection.

As in many areas of transition-metal catalysis, it is difficult to classify the activity
and versatility of ligands objectively, as most of the available data are derived from
research groups that are also originators of the respective ligand class. Neverthe-
less, in the present authors’ view, the field has matured to a state in which some
privileged ligands have emerged over the past years in a number of independent
applications reported by a large variety of different academic, as well as industrial,
groups (36, 37].

3.2.2.2.1 Bisphosphine Ligands This ligand class was among the first to be used
in palladium-catalyzed aminations, with BINAP being the most prominent example
(Figure 3.1). Even today, a large number of reactions are accomplished using this
privileged ligand, possibly owing to its good commercial availability as well as only
slightly limited patent protection. Most reported examples refer to the racemic
ligand, which shows a slightly better solubility in organic solvents than its enan-
tiomerically enriched versions. Apart from being the center of various mechanistic
studies [38], including a recent re-evaluation of the mechanism [39], this ligand
has proven to be broadly applicable. Thus, it was found useful in combination with
NaOMe as base [40], transformations of primary [41, 38] and acylic secondary
amines [42], of aryl iodides at ambient temperature [43], of chiral amines [44], of
aryl triflates [45], selective arylations of primary amines versus secondary amines
[46] and also polymerization reactions [47]. The combination of BINAP with inex-
pensive PdCl, [48] was reported, as well as special applications to the synthesis of
benzothiophenes [49].

Both, XantPhos and DPEPhos are remarkable ligands which were developed
by van Leeuwen and coworkers [50]. These ligands are especially useful in the
couplings of various amine derivatives, such as amides [51, 52], hydrazines [53],
oxazolidinones [54] and ureas [55]. Furthermore, applications of XantPhos to
the diphenylamine synthesis [48], and couplings of alkylarylamines [56], as well as

OO O PPh, PPh, PPh, PPh,
PPh, PPh, o} (e}
oo L0

BINAP DPBP XantPhos DPEPhos
Figure 3.1 Bidentate phosphine ligands.
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N-heterocycles [57]. Buchwald used XantPhos as a model ligand for mechanistic
studies [51], thereby elucidating its ability to act in a trans-chelating mode [58].
DPEPhos was employed relatively early in the development of palladium-
catalyzed aminations [59] and constitutes a viable ligand for the use of PdCl, [48].
DPBP was applied by Hayashi for the amination of aryl bromides [60], but no
further applications of this ligand have been reported.

3.2.2.2.2 Biphenyl-Based Monodentate Phosphine Ligands This ligand class was
used for the palladium-catalyzed amination of organic electrophiles by Buchwald
in 1998 (Figure 3.2) [61]. Generally speaking, this privileged ligand set constitutes
one of the most active ligand classes in the majority of aryl aminations.

DavePhos showed very high reactivity, in combination with mild bases, in the
coupling of secondary amines [61, 62], aryl chlorides [63], even at ambient tem-
perature, as well as in the preparation of aza crown ethers [64], and can be prepared
in a surprisingly straightforward manner (Figure 3.2) [65]. Further, it was used for
example in the arylation of 3-aminopentyl nitrile with aryl chlorides [66].

JohnPhos was employed for reactions of cyclic amines at ambient temperature
[67], couplings of acyclic secondary amines [61] and for triarylamine synthesis
[61, 67].

Cy-JohnPhos displayed wide applicability for aminations of aryl chlorides
61, 68].

X-Phos is probably the most active and versatile ligand of the biphenyl mono-
phosphines for C—N bond formations [30]. It is one of the very few ligands that
was found applicable to the conversion of nonfluorinated sulfonic esters [30].
These substrates are very attractive from an economical point of view [30].

Recently, the susceptibility of this ligand class to oxidation was the topic of a
comprehensive study [69]. Despite their fairly electron-rich nature, these phos-
phines were found to be only moderately prone to oxidation, a property explained
mainly by the unfavorable conformations in a transition-state model due to the
interactions between an arene and the lone pair on the phosphorus. The synthesis
of this ligand class was successfully scaled up to multi-hundred kilogram level,
illustrating the importance of these ligands in chemical industry [70].

3.2.2.2.3 Non-Biphenyl-Based Monophosphine Ligands Among monophosphine
ligands, P(t-Bu); is one of the privileged (Figure 3.3). This compound was patented

., O C.,. .. O (P
PCy, Pt-Bu, PCy, PCy, PEBU; i pr i-Pr
l NMe, I ] l Me O NMe, O

i-Pr

DavePhos JohnPhos Cy-JohnPhos  Me-Cy-JohnPhos  #-Bu-DavePhos X-Phos
Figure 3.2 Buchwald’s biphenyl-based monodentate phosphines.
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P(t-Bu); P(z-Bu);-HBF, P(o-Tol);
Figure 3.3 Non-biphenyl-based monophosphine ligands.

by the Japanese company Tosoh at a very early stage, in 1997 [71]. Due to its very
electron-rich nature and its major steric hindrance, P(t-Bu); is among the most
active ligands today for arylations of amines, and has been used extensively by the
Hartwig research group [2]. Unfortunately, its high activity is accompanied by
drawbacks in its handling, such as a high susceptibility to oxidation contributing
to its pyrophoric nature, as well as its low melting point (30-36°C). Nevertheless,
P(t-Bu); is commercially available even on a technical scale, and can be handled
safely using a glovebox or Schlenk techniques, especially as a solution, for example
in toluene [72].

Particularly for small-scale applications, Fu’s report on the use of the tetrafluo-
roborate salt of P(t-Bu); constitutes a viable alternative [73]. P(t-Bu); has been used
in many areas of palladium-catalyzed amination, such as the arylations of pipera-
zines [74], couplings of secondary amines at ambient temperature [75] and triaryl-
amine syntheses [75, 76]. PCy; was used for the palladium-catalyzed amination of
aryl chlorides [77].

P(o-Tol); was among the first ligands to be employed in palladium-catalyzed
aminations, and has found applications in the field of triarylamine syntheses [76,
78] and couplings of aryl iodides [79]. However, it is not used extensively today.

MAP, a ligand designed by Kocosvky in 1997 [80], was among the first ligands
for C—N bond formations, but is no longer used to any large extent.

3.2.2.2.4 Ferrocene-Based Phosphine Ligands Ferrocene-based ligands were
among the first to be applied to palladium-catalyzed aminations, with dppf being
the most prominent example (Figure 3.4). This is partly due to the early mecha-
nistic assumptions that chelating ligands accelerate the product-forming reductive
elimination [2]. Thus, DPPF was used as a viable alternative to BINAP, with com-
parable results [81]. Several applications in triarylamine syntheses were reported
[76, 78], as well as couplings of aryl triflate [82], of nonaflates [76], and of primary
amines [78]. Furthermore, selective monoarylations of primary diamines were also
disclosed [83].

JosiPhos-type ligands, such as PPF-OMe (R = OMe, Figure 3.4), were particu-
larly effective in promoting the conversion of acyclic secondary amines [84] and
allowing the use of mild base Cs,CO; [85]. With PPF-A (R = NMe,, Figure 3.4)
certain couplings of dibutylamine are accompanied by very little dehalogenation
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Figure 3.4 Ferrocene-based ligands.

of the aryl halide and enable conversion of electron-rich aryl halides at ambient
temperature [84]. Recently, Josiphos was used extensively by the Hartwig research
group to couple heteroaryl and functionalized aryl chlorides with primary amines
[86].

1-(N,N-Dimethylaminomethyl)-2-(di-tert-butylphosphino)ferrocene
((CH,NMe,)DtBPF, Figure 3.4) was used extensively for the coupling of haloge-
nated indoles with cyclic amines [87].

Hartwig’s Q-Phos is the ligand of choice for C—O bond formations, however
performing also well in C—N bond formations [88]. The DtBPF ligand (Figure 3.4)
is also effective in the coupling of cyclic amines with aryl chlorides [89].

3.2.2.2.5 N-Heterocyclic Carbenes The rapid development of N-heterocyclic car-
benes (NHCs) as highly active ligands for transition metal-catalyzed processes
during the past 10 years has been impressive [90]. Arguably triggered by their
application in the rapid evolution of olefin metathesis [91], research on carbene
chemistry led to the early recognition that these nonphosphine ligands combine
a high electron density with considerable steric bulk—two factors that significantly
influence the performance of transition-metal catalysts. Furthermore, the synthe-
sis of NHCs is rather straightforward, starting from inexpensive raw materials
[92, 93]. In most cases, the imidazolium salt is used as precursor for the carbene
ligand [94].

Nolan reported several examples of palladium-catalyzed aminations using imid-
azolium salts as precursors to an unsaturated NHC ligand (Figure 3.5). Applica-
tions include arylations of piperidine [63] and couplings of aryl chlorides with
additional secondary amines.

The corresponding saturated NHC ligands (Figure 3.5) were used by Hartwig
in the coupling of aryl chlorides at ambient temperature [95]. In a recent study,
NHC ligands were used with LHMDS as base to achieve couplings of aryl bro-
mides and iodides under mild reaction conditions [96] although, unfortunately,
the yields for challenging substrate combinations were found unsatisfactory.

Fort used carbene ligands for intramolecular aminations, yielding five-, six- and
seven-membered nitrogen heterocycles [97].
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Figure 3.5 Carbene ligands.
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Figure 3.6 Verkade’s-TAP ligands.

Due to the air-sensitivity of the free carbenes, catalysts derived thereof are often
employed as preformed palladium-carbene complexes (these are discussed in
Section 3.2.2.2.0).

3.2.2.2.6 Recent Ligand Developments Owing to the rapidly growing importance
of palladium-catalyzed C—N bond formations in all areas of synthetic chemistry,
a variety of different research groups have initiated programs in the quest for new
ligands. The key drivers in such programs include the development of simpler and
more easily accessible ligands, the identification of more active ligands for chal-
lenging substrate combinations, as well as possible nonproprietary ligand systems
(this being one of the main motivations for industrial groups), and the discovery
of completely new ligand classes.

Verkade: TAP Ligands Verkade introduced a new class of ligands for C—N bond
formations, namely bicyclic tri-amino-phosphine (TAP) ligands (Figure 3.6) [98,
99]. The obvious advantage of the TAP ligands is their simple preparation. These
ligands possess wide scope in the general coupling of halogenated arenes with
various amines, with their catalytic activity in combination with the inexpensive
base NaOH in couplings of aryl chlorides [99] being of particular note. Recently,
these phosphines were used in a one-pot synthesis of unsymmetrically substituted
trans-4-N,N-diarylaminostilbenes in a sequential coupling procedure [100]. The
functional group tolerance could be extended to include alcohols, phenols, acet-
anilides, amides and enolizable ketones when employing LHMDS as base [101].

Singer: Arylpyrazole- and Arylpyrrole-Based Phosphine Ligands Singer introduced
heterocyclic analogues of biphenyl monophosphine ligands (Figure 3.7). Singer’s
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studies work is a prime example of an industrial contribution in the quest for
nonproprietary phosphines, with a clear focus on practicality. This ligand system
is simple to prepare, and complexes derived thereof show interesting catalytic
activity in a variety of applications [102]. Recently, a pyrazolylphosphine and a
bipyrazole-based ligand were synthesized and applied to palladium-catalyzed ami-
nations [103] although, interestingly, the latter ligand showed a much higher
activity than the former. Thus, the bipyrazole-based ligand was prepared on a 2kg
scale as a crystalline solid [103]. A research group at Pfizer also reported the syn-
thesis of other ligand families, including sulfone-containing phosphines and
imidazole-substituted phosphines [104].

Beller: Adamantyl-, Arylpyrrole- and Arylindol-Based Phosphine Ligands The ada-
mantly-, arylpyrrole-/imidazole- and indole-derived ligands [105] (Figure 3.8)
presented by Beller are related to P(t-Bu); and Singer’s heterocyclic ligands, respec-
tively. They were applied to aminations of aryl chlorides under mild reaction condi-
tions [105].

Guram: P-O Ligands Guram’s P-O ligands (Figure 3.9) were used for example
for the coupling of bromoacetophenones with piperidine [106].
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Figure 3.11 Ackermann’s ligands.

Ackermann: HASPO Ligands Ackermann presented two new ligand families,
named heteroatom-substituted secondary phosphine oxides (HASPO) and the
corresponding phosphine chlorides. The development of the former ligand class
is related to studies of Li (DuPont), who described the use of dialkylphosphine
oxides with electronically distinct properties as active and easily accessible ligands
for palladium-catalyzed aminations (Figure 3.10) [107].

Ackermann’s diaminochlorophosphines and diamino-oxophosphines (daop)
(Figure 3.11) show broad catalytic activity in the functionalization of electronically
deactivated aryl chlorides, bromides and iodides [108], especially when using steri-
cally hindered anilines bearing ortho-substituents [109]. The attractiveness of this
ligand class is found in the modular character of the diaminophosphine deriva-
tives, which are easily accessible and stable compounds [110].

Miscellaneous ~ Several other research groups have presented the development of
new ligands (Figure 3.12), the scope and limitations of which are still largely under
investigation.

X. Zhang presented a triazole-based monophosphine dubbed Click-Phos [111].
This ligand can be obtained in two steps using a [3+2] cycloaddition as the key
step, and used to functionalize aryl chlorides. Nevertheless, NaOt-Bu was employed
as strong base and only a limited number of examples are available thus far.

Z. Zhang reported the synthesis and application of electron-rich MOP-type
ligands in a comprehensive study [112]. The reported scope of these binaphthyl-
based ligands is quite impressive, and matches those observed for of the biphenyl
analogues. Nevertheless, their synthesis starting from BINOL includes several
demanding synthetic transformations.

Shaughnessy presented bulky alkylphosphines (DTBNpP) bearing neopentyl
substituents [113]. While being similar to P(t-Bu)s, their larger cone angle renders
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Figure 3.12 Recently developed ligands.

these ligands even more active. They can be synthesized on a bulk scale and are
claimed not to be encumbered by licensing issues, although their air-sensitivity
seems to be comparable to that of P(t-Bu);. The scope of this ligand family is rather
broad, and includes the coupling of deactivated aryl chlorides at elevated tempera-
tures [113].

Hong reported the use of a cobalt-containing phosphine ligand in palladium-
catalyzed aminations [114]. Unfortunately, this system does not offer any improved
reactivity, and in addition its complex structure—containing two cobalt atoms—
renders the ligand less attractive. Nonetheless, a very interesting palladium
complex featuring this coordinated ligand could be isolated and characterized.

McNulty and Capretta disclosed the synthesis and use of phosphorinane ligands
[115], and demonstrated catalytic activity in the amination of deactivated aryl chlo-
rides. However, the use of NaOt-Bu as a strong base at elevated temperatures
limits the scope of these compounds. The ligand scaffold is readily accessed by
double conjugate additions of monosubstituted phosphines to phorone, followed
by Wolf-Kishner reduction of the remaining ketone.

The same authors reported the use of a phospha-adamantane as a suitable ligand
for catalytic aminations [116]. This ligand was found useful for the aminations of
aryl iodides, bromides and chlorides in high yields, using NaOt-Bu as base. The
ligand is crystalline, air-stable and can be recovered using chromatographic
procedures.

Baceiredo and Bertrand combined the two privileged coordination moieties
to an (amino)(phosphino)carbene ligand [117], after which the palladium
complex formed by reaction of this ligand and PdCl,(cod) was isolated and struc-
turally characterized. Whilst the results of the amination experiments were not
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particularly impressive, they may lead to the development of cyclic versions of
aminophosphinocarbenes that should show improved catalytic performance.

Hii reported an aminophosphine ligand similar to Amphos [118]. This ligand is
prepared in four steps, starting from N-methylaniline and bromoacetic acid ethyl
ester. An elevated temperature of 110°C was required to achieve aminations of
aryl bromides with secondary amines. Surprisingly, the order of reactivity is
reported to be reversed to that usually encountered for palladium-catalyzed cou-
plings, and consequently electron-deficient aryl bromides were aminated in lower
yields than the corresponding electron-rich electrophiles. The ligand: metal ratio
was identified as one of the key parameters for the reaction.

Preformed Palladium Complexes Preformed palladium complexes have been uti-
lized by several research groups and are also produced on a commercial basis by
a variety of companies (Figure 3.13). Occasionally, these complexes are more stable
towards air or moisture than the isolated ligands, and often no premixing of pre-
cursors or initiation periods to form the active complex are necessary. However,
as they lack the flexibility for tuning the ligand: metal ratios, they make variation
of the catalyst more difficult.
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One of the earliest preformed complexes was the palladacycle, as reported by
Herrmann and Beller. This complex was shown to be stable at high reaction tem-
peratures, and used in the amination of aryl chlorides with secondary amines
(119].

Buchwald proposed a preformed palladium complex of his JohnPhos ligand
[120]. Solvias even went a step further and used a palladacycle with a similar
structure as precatalyst [121], newer variants of which were also reported [34, 122].
Hartwig showed the superior properties of a dimeric palladium complex derived
from P(t-Bu); in C-N bond formation at low temperature [123]; this complex is
now marketed by Johnson Matthey.

Nolan presented a preformed version of a NHC-based catalyst which showed a
high activity foraminations[124], as well as the synthesisand use of (NHC)Pd (allyl)Cl
complexes and a structural study thereof elucidating a structure—activity relation-
ship [125]. Nolan extended this concept more recently within a comprehensive
study of (NHC)Pd(allyl)Cl complexes [126], a catalyst which allowed for the amina-
tion of aryl chlorides at ambient temperature and with (reported) comparably short
reaction times. At higher reaction temperatures, a catalyst loading as low as 10
ppm palladium was claimed to be sufficient. A variant of this preformed NHC
complex with coordinated acetylacetonate was also reported by Nolan [127],
employing Pd(acac), and the imidazolium salt precursor of the NHC as starting
materials. Consequently, both aryl- and heteroaryl chlorides were coupled effi-
ciently with secondary amines. GoofRen described a group of preformed naphtho-
quinone-bridged palladium-NHC complexes which are now marketed by Umicore
[128], while Ozdemir described the synthesis of a palladium-NHC complex and
it application to aminations of aryl chlorides with primary aryl and alkyl amines
in ionic liquids [129].

Bedford used a palladacycle complex [130], while Vilar investigated a variety of
homobimetallic palladium complexes [131]. These species are based on Buch-
wald’s biphenyl-type ligands and were found to be excellent precatalysts for amina-
tions of aryl chlorides.

Beletskaya disclosed the details of metallocene-bridged bidentate phosphine
ligands [132], which can be considered as variations of the well-known dppf-
derived palladium complexes, but with additional alkoxy substituents. The same
group prepared a series of palladium complexes based on the monoxides of dppf,
but their performance in catalytic aminations was lower than that of the corre-
sponding diphosphine complexes [133].

Yoshifuji developed a diphosphinidenecyclobutene ligand [134] and used its
preformed palladium complex in solventless aminations in the presence of KOt-Bu
as base.

3.2.2.3 Bases

The addition of at least stoichiometric amounts of a suitable base remains a neces-
sary prerequisite for palladium-catalyzed aminations. Initially, palladium-catalyzed
aminations required the use of strong bases, and even today many examples are
reported which use strong alkoxide bases, such as NaOt-Bu, which limits the
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functional group tolerance. Thus, the main motivations for the optimization of
bases were to improve functional group compatibility through the use of milder
bases, and to identify further examples of soluble bases, as these are not accom-
panied by physical parameters, such as the mixing of heterogeneous systems. The
use of inexpensive bases, such as alkali metal hydroxides, was another objective.

Bases commonly used in palladium-catalyzed aminations can be categorized as:
(i) soluble alkoxide bases, such as NaOt-Bu, KOt-Bu, NaOt-Am or NaOMe; (ii) spar-
ingly soluble metal carbonates and phosphates, such as Cs,CO; and K;PO, [52, 135],
or in some cases K,COs, silyl amides, such as LHMDS or NaHMDS; and (iii)
inexpensive hydroxides, such as NaOH or KOH [30, 136]. Interestingly, the genera-
tion of phenols via C—O bond formations did not constitute a significant problem.
It should be noted, however, that a viable method for a halide-OH exchange was
reported recently by Buchwald [137].

In detailed recent studies, Maes investigated the influence of the amount and
physical form of the weak base Cs,CO; on the aminations of aryl iodides [118].
In particularly, Maes probed the different particle sizes that always come into
play when using sparingly soluble bases. This holds especially true for Cs,CO;
[138], for which various commercially available specifications were previously
employed.

Although the molar price of the base is more important for larger-scale applica-
tions [2], the absolute amounts of the required bases can also be of significance,
especially for the high-molecular-weight base Cs,CO;. This can have a distinct
effect on the practicality of the reaction, as the masses of the bases or alkali halide
byproducts may exceed those of the desired coupling products, thus rendering the
overall transformation rather inefficient in both economical and environmental
terms.

For the coupling of ureas, McLaughlin reported on the use of the weak bases
K,CO; and NaHCO;. It should be noted that although the latter was rarely used
in palladium-catalyzed amination, it definitely represents an attractive alternative
[139]

KF on alumina was reported by Basu as base in solventless mono- or poly-
aminations [140].

Apart from bisarylations and dehalogenations, most side reactions of palladium-
catalyzed aminations did not result from the catalyst itself, but were caused by
interactions of the base with functional groups of the substrates.

3.2.2.4 Solvents
Although solvents are not a necessary prerequisite for palladium-catalyzed amina-
tions, the vast majority of these couplings was performed in organic solvent
systems [2] or even in aqueous systems [136]. During recent years, mixed solvent
systems have also been investigated in more detail [141-143].

The solvents most often used in catalytic aminations include toluene, THF,
1,4-dioxane, DME, DMF, NMP and DMSO, as well as their aqueous solutions
[2, 30, 144].
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Recently, the use of supercritical CO, as a reaction medium was reported by
Holmes and Smith [145]. Here, the formation of carbamic acid from the corre-
sponding amine with CO, could be avoided by the use of silyl amines. With X-Phos
as ligand and Cs,CO; as base, a range of couplings was accomplished, including
the conversion of deactivated aryl chlorides, pyrroles, indoles and sulfonamides.

Solvent-free catalytic reactions were investigated by Yoshifuji [134] and Basu
[140]. Yoshifuji used his preformed palladium complex (see Section 3.2.2.2.6) with
KOt-Bu as base, while Basu reported solvent-free aminations using KF on alumina
as base and BINAP as ligand. The advantages of these procedures are not always
obvious, as mixing of the viscous or heterogeneous reaction mixture is more dif-
ficult in the absence of any solvent. Further, organic solvents are still required
during the work-up of the reactions, either for extraction or for chromatography
to isolate the desired products [146, 147].

Stauffer investigated the effect of polar solvents on palladium-catalyzed amina-
tions using preformed [{P(t-Bu);},Pd] as catalyst, and found a significant increase
in reaction rates when using N,N-dimethylacetamide (DMA) or DMF as solvents.
[148].

The sensitivity of palladium-catalyzed amination reactions towards air is heavily
dependent on the properties of the phosphine ligand. The degassing of solvents
is of utmost importance when employing electron-rich phosphines, such as Pt-
Bus, although for some other ligands the reactions can even be conducted under
air, without any significant loss of efficacy. The presence of water is detrimental
for only a few selected applications, as evidenced by several reports on C—N bond
formation in aqueous media.

3.23
Aryl Halides

The aminations of aryl halides were the first to be studied in palladium-catalyzed
C—N bond formations, and are thus well developed nowadays. As the oxidative
addition of the C—X bond of the aryl halide often constitutes the rate-limiting step
in catalytic aminations, a relative reactivity is usually observed that is comparable
to that obtained in most transition metal-catalyzed cross-couplings. Thus, due to
the decreasing bond dissociation energies, the reactivity order for halides is as
follows: Ph-Cl > Ph-Br > Ph-I [149].

Arguably, protocols for aminations of aryl bromides are the best developed thus
far, and the coupling of these electrophiles with the majority of amine nucleophiles
has been reported [2]. Here, further developments mostly addressed the functional
group compatibility, particularly when using milder bases [101, 150].

As in other transition metal-catalyzed cross-coupling reactions (see Chapter 2),
the quest for efficient catalytic systems for the coupling of aryl chlorides has been
one of the key motivations for further ligand development. Nowadays, different
protocols exist for the aminations of aryl chlorides, even for reactions at ambient
temperature. In general, highly active electron-rich phosphines, such as P(t-Bu);
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or the biphenyl monophosphine ligand family, as well as NHC-ligands, are privi-
leged ligands for these transformations. However, these challenging reactions
were also achieved recently with novel ligand systems [62, 63, 67, 95, 123]. For
example, Maes reported the amination of aryl chlorides with Buchwald’s ligands
under microwave irradiation [151].

Aryl iodides have not been used extensively in palladium-catalyzed aminations,
mainly because they are unattractive from an economical point of view, and do
not perform exceptionally well in amination reactions, with dehalogenation often
being a significant competing side reaction [98, 101, 118, 152, 153]. Rather, a recent
report indicated that the greater proportion of aminations performed thus far has
used aryl bromides and aryl chlorides as electrophiles [3].

324
Arylsulfonic Acid Esters

In recent years, significant efforts have been made to extend the scope of palla-
dium-catalyzed aminations with respect to the leaving group on the electrophile,
with particularly attention being focused on the esters of various acids [2, 3]. The
main motivations for these developments were the good availability of the phenols
as precursors, along with their usually low cost when compared to aryl halides.
Further, the substitution pattern of the phenols is often complementary to that of
available aryl halides.

Here, aryl triflates were most often employed as electrophiles. By using BINAP
or dppf as ligands and strong bases (e.g. NaOt-Bu), both Buchwald and Hartwig
were able to couple aryl triflates in early examples [45, 82]. Although a variety of
ligands was found to be capable of coupling aryl triflates efficiently, the number
of successful examples remained significantly lower than when using aryl halides.
Subsequently, Skjaerbaek and coworkers studied several ligands in the aminations
of aryl triflates, and found X-Phos to be the most efficient [143].

Recently, Buchwald reported the coupling of aryl nonaflates [154] with soluble
bases under microwave irradiation. With a catalytic system comprising Pd,(dba)s,
and either XantPhos, X-Phos or an X-Phos derivative as ligand, Buchwald effi-
ciently coupled electron-rich and electron-neutral aryl nonaflates in the presence
of DBU or MTBD as base, even when bearing functional groups, such as carbonyl-
containing groups [155].

W. Zhang published details of the amination of aryl perfluorooctyl sulfonates
[156], the system consisting of Pd(OAc),, BINAP and Cs,CO;, using either micro-
wave irradiation or conventional heating. However, the reaction times were rela-
tively long and the catalyst loading was rather high (10mol%). Although it may be
argued that the use of fluorinated leaving groups is less attractive because of their
high costs and potential corrosivity, they continue to attract significant synthetic
interest.

Much more appealing is the use of inexpensive aryl tosylates, and their use as
electrophiles has also been reported. In 1998, Hartwig disclosed details of the
amination of aryl tosylates employing DtBPF or JosiPhos as ligands [89]. The scope
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of JosiPhos-type ligands [157] was extended by Hartwig more recently with amina-
tions of aryl tosylates at ambient temperature [158].

Buchwald investigated aminations of aryl tosylates in a detailed study [30].
Among a variety of ligands, X-Phos proved to be superior for a variety of coupling
partners, while furthermore a catalytic system generated from Pd(OAc),, X-Phos
and Cs,CO; in a toluene/t-BuOH solvent mixture allowed for the efficient coupling
of benzenesulfonates. In addition to commonly employed amine nucleophiles,
amides could be arylated efficiently.

However, in their study on the amination of aryl tosylates with X-Phos as ligand
and Cs,CO; or NaOt-Bu as base, Skjaerbaek and colleagues obtained low yields.

3.25
Heteroaromatic Electrophiles

Arylations of heteroaryl electrophiles are often complicated by the fact that the
heterocycle (e.g. a pyridine) coordinates to palladium and is, therefore, capable of
replacing weakly coordinating ligands [159, 160]. However, the substitution pat-
terns of electrophiles play a significant role with regards to the pathway of the
reaction. For example, the 2-position in a pyridine nucleus is usually strongly
activated for a standard nucleophilic aromatic substitution; in fact, this reaction
can become the dominant transformation, especially in polar solvents using strong
bases.

Consequently, a significant research effort has focused on the aminations of
heterocyclic halides. Most prominent here are the pyridyl halides, for which several
catalytically active systems based on ligands, such as biphenyl monophosphines,
carbenes, TAPs or Josiphos-type phosphines, have been reported [52, 98, 62, 67,
99, 161].

Recently, Buchwald investigated the aminations of a variety of heteroaryl halides
using his biphenyl-based ligand system [162]. Interestingly, for couplings with
halothiophenes, S-Phos and i-Pr-S-Phos were the most effective ligands (Figure
3.14). Within this study, X-Phos proved to be the ligand of choice for the coupling
of 5-bromopyrimidines [162], whereas benzoxazoles and benzothiazoles could be
aminated using X-Phos, S-Phos or i-Pr-S-Phos. The haloindoles functioned best
when using X-Phos or Dave-Phos [162].

XantPhos was also used in the coupling of various heteroaromatic halides [57,
98, 163]. Hartwig investigated not only the amination of halothiophenes and a

I PCy, ‘ PCy,
S-Phos i~Pr-S-Phos
Figure 3.14 S-Phos and i-Pr-S-Phos.
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Figure 3.15 Selected recent examples of couplings of
heteroaryl halides with electron-rich phosphines.

variety of other heteroaryl halides using P(t-Bu); as ligand [164] (Figure 3.15), but
also the use of JosiPhos for various couplings of heteroaryl halides [86].

Alami reported the use of XantPhos, along with Cs,CO;, for the coupling of 3-
bromoquinolin-2-(1H)-ones with amines and their derivatives [165].

H. Q. Zhang disclosed aminations of chloropyrimidines using XantPhos as
ligand and Cs,CO; as base under microwave irradiation [166].

The functionalizations of nucleosides are also of continuous interest when using
amination technology, and Lakshman reported several interesting applications in
this research area [167].

Beller disclosed details of the coupling of piperazines with various heteroaryl
chlorides such as pyridine, pyridazine, quinoline or isoquinoline derivatives,
where both adamantyl-based ligands and biphenyl-derived monophosphines
proved to be successful [168].
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3.2.6
Amines as Nucleophiles

Today, the arylation of aliphatic and aromatic amines is a very mature area of
organic chemistry, and both cyclic and acyclic nucleophiles can be coupled effi-
ciently with a variety of electrophiles [2, 3]. As a general rule, the coupling of elec-
tron-rich aniline derivatives and of cyclic aliphatic amines are usually the most
efficient substrates, and the reactions can be performed under a wide variety of
conditions. The transformation of highly electron-deficient aromatic or heteroaro-
matic amines is more demanding, although more active, electron-rich ligands also
offer a wide range of options to achieve these couplings. The coupling of branched
aliphatic primary or secondary amines is sometimes hampered by steric effects as
well as by competing B-hydride eliminations (the conversion of N-heterocycles as
nucleophiles will be discussed separately; vide infra.) With these substrates, as well
as with heteroaryl amines, coordination to palladium may be detrimental for the
efficiency of the catalytic system, and consequently only recently significantly
improved applications will be discussed at this point.

Recently, the arylation of ammonia as the simplest amine was accomplished by
Hartwig [169] (Scheme 3.4). In the same publication, the use of lithium amide for
the synthesis of anilines under similar reaction conditions was described; this
constitutes a user-friendly protocol for small-scale settings, whereas the direct use
of ammonia is attractive within an industrial environment. Subsequently, Buch-
wald also reported the arylation of ammonia using biphenyl-based ligands [170].

A variety of protocols exists for the coupling of ammonia equivalents that can
be converted to the corresponding primary anilines. Hartwig described the use of
LHMDS as a potent ammonia surrogate with P(t-Bu); as ligand [171, 172], where
the silyl groups could be cleaved off easily during the work-up. Buchwald also used
this reagent, but in combination with aminotriphenylsilane and biphenyl-based
ligands [150].

More recently, Hartwig reported on the use of a zinc variant of LHMDS, namely
Zn(HMDS),, as a mild ammonia equivalent in combination with LiCl or R,NX as
additives and P(t-Bu); as ligand [173]. This protocol has the advantage of extended
functional group tolerance, allowing the use of substrates with, for example, eno-
lizable groups. Hence, when (S)-naproxen methyl ester was deliberately added to
the amination reactions no racemization occurred, yet addition of the stronger
base LHMDS led to almost complete racemization.

Benzophenone imine was used extensively as an ammonia equivalent by various
research groups [49, 174], mostly with BINAP or dppf as ligands [2]. Diallylamine

LPdCI, (1.0 mol%)
QX + NH, NH,
R NaOt-Bu, DME, 90 °C R 69-94%
X=Cl, Br, I, OTf, OTs L=CyPFt-Bu (JosiPhos)

Scheme 3.4 Palladium-catalyzed arylation of ammonia.
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‘ Pt-Bu, l Pt-Bu,

Figure 3.16 t-Butyl-X-Phos and permethylated t-Butyl-X-Phos.

Ph 1) Pd(OAc),, X-Phos, K,PO, NH,+
F COCI + )—ph FacON
H.N—N anisole, 110 °C, 88% H Cl-
2
2) HCI/EtOH (90/10), 92%

Scheme 3.5 Coupling of benzophenone hydrazone on an 18 liter scale.

[175], benzyl- and diphenylmethylamine [176] were each also used to achieve such
transformations. A fluorous analogue of benzophenone imine was presented by
Herr [177] which facilitated purification by the use of fluorous chromatographic
techniques.

The coupling of heteroarylamines and the N-arylation of N-heterocycles remains
a field of intensive research. For example, Buchwald reported the arylation of
indazoles and pyrazoles, as well as imidazoles and benzimidazoles [178]. Interest-
ingly, the t-Butyl-X-Phos and a permethylated derivative (Figure 3.16) proved to be
highly active ligands in these transformations, while NaOt-Bu and K;PO, were
used as bases in these couplings, in toluene as solvent and at elevated reaction
temperatures. However, for many couplings of N-heterocycles, the use of copper
still represents a viable, often favorable, alternative to palladium-catalyzed
processes.

3.2.7
Amine Derivatives as Nucleophiles

The coupling of less-electron-rich N-nucleophiles, such as amides, ureas, carba-
mates, sulfonamides, guanidines and sulfoximines, can often be accomplished
today [2, 3]. The coupling of electron-rich amine derivatives, such as hydrazine,
has also been reported, while arylhydrazones were investigated by two industrial
groups [65] (Scheme 3.5). However, most research effort was directed to the use
of amides that were arylated in intramolecular reactions using ligands, such as
MOP, DPEPhos or XantPhos, along with weak bases, such as Cs,CO; or K,CO;
[52]. Buchwald reported the coupling of amides using XantPhos as ligand with
aryl triflates as electrophiles [52]. In contrast, X-Phos proved to be a good ligand
for the amidation of arenesulfonates [30, 144].

Legraverend reported the coupling of a variety of amides with 2,6-dihalopurines
[179]; for this, he employed XantPhos as ligand and Cs,CO; as base for arylations,



3.2 Palladium-Catalyzed Arylations of Amines

o}
0 1

R 7 R A

r. L NN

R? NH, 0~ TNH, Lo Re

R3

Amides Carbamates Ureas

MOP, DPEPhos [52b] P(t-Bu), [75] BINAP [183]
X-Phos [30b] XantPhos [52a] Buchwald ligands [183]

XantPhos [52a]

XantPhos [184]

R1
O, NH, AN
i ¥ NN,
R—8—NH, R1”°>R2 R2
O
Sulfonamides Sulfoximines Hydrazines

XantPhos [52a]

BINAP, dppf,
DPEPhos [185]

DPEPhos [186]

R1
R4
1 N—NH ~ - _NH
R \(/ 2 [}] [Tj R)J\N 2
R2 RS H
R2
Hydrazones Guanidines Hydrazides
Me-Phos, X-Phos PPh, [187] dppf [188]
[65b]

DPEPhos [186]

Figure 3.17 Selected examples of amine derivatives and
ligands used for their palladium-catalyzed arylations.

and compared its regioselectivity to that of the nucleophilic substitutions using
NaH in DMF.

Furuta and Kan reported the cyclization of bromosubstituted amides, yielding
phenanthridinone derivatives, using their (phenyl)(naphthyl)phosphine ligands
together with Cs,CO; as base [180].

Klapars reported the synthesis of enamides by the coupling of enol tosylates
with amides [181]. Here, an i-propyl-derivative of dppf was used as ligand together
with the weak bases K;PO, or K,CO; in +-AmOH as solvent. Previously, XantPhos
and Cs,CO; were used for the same purpose in 1,4-dioxane as solvent by Wallace
[182].

Carbamates were converted by Hartwig, using P(t-Bu); as ligand [75]. XantPhos
is also a viable ligand for couplings of these substrates [52] (Figure 3.17).

Details of the coupling of closely related ureas and cyclic carbamates were
reported using BINAP or biphenyl-based phosphine ligands with weak bases,
such as Cs,CO; or K;PO, [183]. McLaughlin reported a palladium-catalyzed urea
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cyclization with XantPhos as ligand and weak bases, such as Cs,CO;, K;PO,, K,CO;
or NaHCO, [184].

Sulfoximines were used as coupling partners by Bolm [185], who employed a
variety of ligands for this transformation, such as BINAP, dppf or DPEPhos.

The coupling of hydrazones was the focus of a comprehensive investigation by
Scholz, Mignani and Buchwald [65] in which both Me-Phos and X-Phos turned
out to be the ligands of choice for these amine derivatives (Figure 3.17). With a
catalytic system comprising Pd(OAc),, X-Phos and the inexpensive base K;PO,,
the coupling of benzophenone hydrazone with 4-chlorobenzotrifluoride could be
scaled-up to an 18 liter level, providing the arylhydrazone with 88% yield. More-
over, after treatment with HCI the free hydrazine was obtained in 92% yield
(Scheme 3.5).

3.2.8
Applications

Due to an abundance of the arylamine substructure in almost all areas of synthetic
organic chemistry—including pharmacological ingredients, crop protection prod-
ucts, natural products or functional materials, such as polyamines—it is not too
surprising that the amination technology has been used extensively in a host of
research areas.

Interestingly, apart from the plethora of contributions from academic groups, a
large number of reports on the application of palladium-catalyzed C—N bond for-
mations have originated from industrial groups, and this is reflected by the rather
impressive number of patent applied for. A selection of the most recent examples
is provided in Figure 3.18 [2, 3].

The synthesis of Clausine P and its analogues was described by Bedford using
P(t-Bu); as ligand and NaOt-Bu as base in toluene, with either conventional heating
or microwave irradiation [189]. Pujol reported the synthesis of aryl piperazines as
scaffolds of biologically active compounds [190], having used [{P(o-Tol);},PdCl,]
as catalyst, along with either no additional ligand, PPh;, or BINAP, and Cs,CO; as
base to couple aryl bromides with piperazines.

Chattopadhyay reported intramolecular aminations, yielding cis-fused furoben-
zoxazocines as sugar derivatives [191], using a catalytic system composed of
Pd,dbas;, BINAP and a mixture of KOt-Bu and K,CO; as base in toluene as solvent.
Likewise, Ila described the preparation of benzimidazo[1,2-a]quinolines via an
intramolecular arylation of an amine, employing Pd(PPh;), as catalyst with K,CO;
in DMF [192].

Azacalix[n]arenes were prepared by Yamamoto [193], using Pd,dba; and Xant-
Phos with NaOt-Bu as base. Thereby, new azacalix[n]arenes were formed from
meta-phenylendiamines and aryl dibromides, albeit in low yields.

Trans-4-N,N-diaryl aminostilbenes were synthesized by Verkade in a one-pot
sequential procedure, consisting of sequential C—N and C—N bond formations
[194]. Today, these compounds are widely used as electrophotographic photocon-
ductors and receptors. By using 4-aminostyrene and bromobenzene derivatives as
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Figure 3.18 Selected applications of aminations for the synthesis of active compounds.

coupling partners, the desired triarylaminostilbenes were formed using a TAP
ligand and NaOt-Bu as base. Aminostilbenes were also prepared by Yang, using
BINAP or DPPF as ligand and NaOt-Bu as base [195].

Ackermann reported a multicatalytic one-pot indole synthesis starting from
ortho-chloro-iodobenzenes and terminal acetylenes. By employing a mixed catalyst
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system composed of Cul, Cs,COs;, Pd(OAc), and HIPrCl as carbene ligand, a
Sonogashira coupling, an intermolecular amination and an intramolecular
hydroamination sequence was accomplished [196].

Sulfonates derived from nucleosides were coupled with aryl amines by Laksh-
man [197], who used Pd(OAc), and Dave-Phos as the catalytic system, along with
K;PO, as base, giving rise to a wide range of aryl amines in 1,4-dioxane/t-BuOH
as solvent mixture.

Dipyrido[1,2-a:3’,2’-d]imidazole was prepared by Maes using a tandem double
palladium-catalyzed amination. Here, Pd(OAc), was used as the palladium source,
BINAP or XantPhos as ligands, and Cs,CO; as base [198].

Queiroz employed BINAP or XantPhos as ligands in the synthesis of
benzo[b]thiophenes [199]. One of the most important drugs based on this struc-
tural motif is raloxifene, which is used in the treatment of osteoporosis, and
potentially also for Alzheimer’s disease.

Sakamoto prepared 3-substituted indazoles with P(o-Tol); dppf or dppp as ligand
[200]. Here, NaOt-Bu, Cs,COj; as well as LHMDS were suitable bases for the intra-
molecular coupling of arylhydrazone precursors.

A research group from Pfizer reported an extensive process development in the
synthesis of their former development candidate torcetrapib [66, 201-203]. An
interesting coupling of a primary alkyl amine, which displayed a sterogenic posi-
tion in the a-position, and with p-benzotrifluoride as the electrophile, was described
using biphenyl-based phosphine ligands.

3.29
Mechanistic Aspects

Since the early days of palladium-catalyzed aminations, the mechanism of the
reaction has been the focus of many investigations. In particular, the research
group of Hartwig has made seminal contributions during the past decade [2].
Buchwald has also investigated the mechanism of this transformation, focusing
on the biphenyl-based ligand system as well as chelating ligands, such as
XantPhos.

In a generalized and simplified mechanism, the reaction usually follows the
standard catalytic cycle of metal-catalyzed cross-coupling reactions: oxidative addi-
tion of the C(sp’) =X bond to palladium(0), followed by coordination of the amine
to the resulting palladium complex, occurring with extrusion of HX that is cap-
tured by the base. Finally, reductive elimination yields the coupling product,
regenerating the catalytically active palladium(0) species.

In order to elucidate the mechanism involved, a variety of spectroscopic tech-
niques as well as reaction calorimetry have been used for kinetic investigations,
along with crystallographic and computational methods [30, 50, 62, 67, 95, 204,
205].

In a recent study, when the mechanism of reactions catalyzed by BINAP-ligated
palladium complexes was revisited [39], it was shown that the bromoarene under-
goes oxidative addition prior to a reaction of the palladium complex with the
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Scheme 3.6 Reaction mechanism with BINAP as ligand.

amine, and not through an initial coordination by the amine coordination (Scheme
3.6).

Subsequently, Green investigated the oxidative addition of aryl chlorides to pal-
ladium complexes derived from NHCs and their role in catalytic aminations [206],
by using density functional theory (DFT) methods. Here, the most likely transi-
tion-state model for oxidative addition is the monocarbene-palladium complex
(NHC)Pd(ArCl). For the amination of chlorobenzene, coordination of the T-shaped
oxidative addition product by the amine occurs with a rearrangement, placing the
amine in a cis-position to the aryl group, a prerequisite for reductive elimination

(2]

3.2.10
Chirality

The arylations of amines usually do not create a new sterogenic center, except for
few cases of hindered rotation in trisubstituted amines. In the past, therefore,
chirality has played a minor role in transition metal-catalyzed aminations, and the
vast majority of developed ligands were either achiral or were used in racemic
form-with the exception of BINAP, for which both enantiomers are easily
available.

Nevertheless, in a few selected examples stereochemical considerations do come
into play. One very interesting case is that of the kinetic resolution of a-chiral alkyl
amines. Ohta reported the use of (R)-Tol-BINAP for the reaction of 2-bromotolu-
ene with 1-(2-naphthyl)-ethyl amine with NaOMe as base in the presence of 18-
crown-6 [207]. The coupling product could be obtained in 85% yield with an
enantiomeric excess (ee) of 74% (Scheme 3.7).

A set of chiral ligands was tested for the conversion of 4-bromobiphenyl with
racemic 1-phenylethylamine, including (R,R)-ChiraPHOS (no product), (S,S)-

95
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Pd,dba,, (R)-Tol-BINAP NH
Br OO NaOMe, 18-crown-6
+
85%, 74% ee N Oo

Scheme 3.7 Kinetic resolution of an a-chiral amine using (R)-Tol-BINAP [207].

NH, Pd,dba,, WalPhos
NaOt-Bu, toluene
+ *
75°C
55% yield
Br ﬂ *

86% de (S)

Scheme 3.8 Kinetic resolution of (rac)-paracyclophane with chiral ligands [208].

BPPM (no product), (S,R)-BPPFA (racemic product), (S)-i-Pr-MOP (racemic
product), (R,R)-MOD-DIOP, (S,S)-BDPP, (R)-MOP and (S)-BINAP, the last four of
which gave an optically active product.

Brise reported the kinetic resolution of (rac)-4-bromo-[2,2]paracyclophane with
(S)-phenylethylamine using various chiral ligands, thereby evaluating the effect of
matched and mismatched combinations in diastereoselective aminations [208]. A
variety of ligands was tested, including enantiomerically-pure or -enriched BINAP,
Josiphos, Phanephos, WalPhos-, Mandyphos- and Taniaphos-type ligands. Here,
the best results were obtained using the WalPhos ligand class (Scheme 3.8).

In general, the coupling of o-chiral primary alkyl amines is a demanding task
due to the facile B-hydride elimination of the corresponding palladium-amide
complex, which potentially leads to a loss of stereochemical information. The
research group at Pfizer reported the racemization-free coupling of (R)-3-amino
pentane nitrile with 4-chlorobenzotrifluoride and, after extensive optimization of
the reaction conditions, Dave-Phos as ligand and Cs,CO; as base were identified
as being the most effective (Scheme 3.9) [66, 201-203].

33
Palladium-Catalyzed Arylations of a-C—H Acidic Compounds

3.3.1
Historical Development

The alkylation of 0-C—H acidic compounds is, historically, one of the most inves-
tigated reactions in organic chemistry. Thus, the results from a plethora of studies
on this transformation are available, focusing on the enolate nucleophile or the
alkyl electrophile, with asymmetric variants being described in detail. In contrast,
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Scheme 3.9 Racemization-free coupling of (R)-3-amino pentane nitrile [66, 201-203].
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Hartwig:  Pd(dba),, dppf or dtpf, KHMDS or NaOt-Bu, THF, reflux
Buchwald: Pd,(dba),;, BINAP or Tol-BINAP, NaOt-Bu, THF, 70 °C
Miura: PdCI,-4LiCl, Cs,CO;, (Arl instead of ArBr)

Scheme 3.10 Palladium-catalyzed ketone arylations.

it is somewhat surprising that investigations of the complementary arylation of
0-C—H acidic compounds were started rather late [4, 209].

The first attempts to use transition metal-catalyzed cross-coupling methodology
to couple enolates with aryl halides were far from being broadly applicable, and
involved less-attractive preformed zinc- or tin-enolates [210]. In addition, only
ketones or acetates could be employed as enolate precursors. At that time, nickel
was the predominant transition metal to mediate these couplings [211]. In an early
contribution, Ciufolini arylated soft enolates in an intramolecular fashion with aryl
halides using Pd(PPhy;),, along with NaH, in DMF at elevated temperatures [212].
This represented one of the first palladium-catalyzed arylations of enolates.

The challenges to be met in developing palladium-catalyzed arylations of o.-C—H
acidic compounds are significant. First, the pK.-values of the pronucleophile vary
over a large range, with the corresponding alkali metal enolates usually being
reacted at low temperatures while the cross-couplings are generally performed at
elevated reaction temperatures. Condensations of the enolates are to be expected
as background reactions. Finally, the nature of the generated arylpalladium-enolate
intermediates depend heavily on the substrate used.

During the early stages of development of this new method in 1997, the situation
was strikingly similar to that for the palladium-catalyzed arylations of amines.
Thus, it is not too surprising that major contributions to this research area origi-
nated again not only from the research groups of Buchwald and Hartwig, but also
from the group of Miura. These three protagonists and their colleagues reported
independently on the palladium-catalyzed couplings of aryl bromides with ketones
(Scheme 3.10) [213].

For example, Hartwig used chelating ferrocene-based ligands, such as dppf or
dtpf (1,1”-bis(di-o-tolylphosphino)ferrocene), while Buchwald employed chelating
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binaphthyl ligands, such as BINAP or Tol-BINAP. Relatively strong bases were
used by both groups, including KHMDS or NaOt-Bu.

Miura, in contrast, presented an example of the coupling of iodobenzene with
1,3-diphenyl-2-propanone with PdCl,-4LiCl as catalyst. Initially, it was speculated
that chelating ligands were necessary to avoid B-hydride elimination by forming a
four-coordinate palladium complex without open coordination sites, which are
needed for such an elimination to occur. Later, however, it was found that the
coordination of the potentially chelating ligand D#-BPF occurred in a n'-fashion
[214].

Consequently, sterically hindered monophosphines, such as P(t-Bu);, were
tested and provided excellent yields in the a-arylation of C—H-acidic compounds
[214]. Today, monodentate phosphine ligands are broadly employed for this palla-
dium-catalyzed arylation technology.

332
Catalytic Systems

The components of the catalytic systems for these C—C-bond formations are very
similar to those used for the corresponding aminations. A palladium precursor in
conjunction with a stabilizing and activating ligand define the two key components
of the active catalyst. Whilst the focus of palladium-catalyzed amination lies in
ligand development, in o-arylation the choice of base plays an equally important
role, due mainly to the fact that the base has a decisive influence on the type and
reactivity of the enolate formed from the carbonyl compound.

Intensive investigations were performed by Hartwig with regards to the choice
of base, which is strongly influenced by the pK,-values of the employed carbonyl
compounds. Among the plethora of bases probed, both strong and sterically hin-
dered bases—such as NaOt-Bu, LHMDS, NaHMDS or LiNCy,-produced very
good results. However, the very attractive bases K;PO, and Na;PO, could also be
used successfully in the arylation of more acidic substrates, such as malonates,
o-cyano esters or protected amino acids [4].

As the catalytic system is heavily dependent on the type of C—H-acidic com-
pound, a general discussion on the catalytic system is not relevant at this point.
Rather, in the following sections the reaction systems will be described based on
the type of substrate employed.

333
o-Arylations of Esters

Due to their relatively high acidity, the challenges in the arylation of esters are
represented by the disposition of the ester enolates to uncatalyzed condensation
reactions, or thermal decompositions. In order to suppress any undesired self-
condensation reactions, t-butyl-substituted esters are often used as substrates.
For example, Hartwig used Pd(dba), in combination with P(t-Bu); or carbene-
type ligands as catalysts, whilst LHMDS, NaHMDS or LiNCy, proved to be effec-
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Scheme 3.11 o-Arylation of esters.

tive as bases. Moreover, the reactions could be conducted at ambient temperature
and delivered the coupling products in excellent yields (Scheme 3.11) [215].

In 2003, Hartwig developed the o-arylation of esters under more neutral reaction
conditions [216], and with Q-Phos or its palladium(I) dimer was able to success-
fully arylate zinc enolates. In contrast, P(t-Bu); enabled arylations with silicon-
based enolates, bearing potentially reactive functional groups (Scheme 3.12).

In 2001, Buchwald reported the a-arylation of esters using not only biphenyl-
type ligands but also t-Bu-MAP [217]. The t-butyl acetates could be successfully
arylated using DavePhos as ligand and LHMDS as base, and the same system was
employed for the formation of o-aryl propionic esters and for the a-arylation of
ethyl phenyl acetates. Aryl chlorides could also be used as coupling partners for

Ot-Bu

72%

OMe
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Scheme 3.12 o-Arylation of zinc- or silicon-based enolates.

the first time in the arylation of ethyl phenyl acetates, using a t-butyl variant
of Dave-Phos. In this methodology, t-butyl propionates gave only moderate
yields, presumably due to a Claisen condensation occurring as a side reaction
(Scheme 3.13).

A synthetically attractive approach is found in the arylation of amino acid esters,
because this leads to o-aryl amino acids in a simple, yet modular fashion. This
was realized using protected amino acid esters, most often the corresponding
imines. Hartwig reported this reaction using P(t-Bu); as active ligand with K;PO,
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as a mild base [215], while Buchwald employed Dave-Phos or its biphenyl variant
to arylate amino acid esters in an intramolecular fashion, thereby generating
dihydroisoindoles or tetrahydroisoquinolines [218].

334
o-Arylations of Malonates and a-Cyano Esters

In comparison to the other carbonyl compounds discussed herein, malonates
usually have a relatively lower pK,, thus allowing the use of milder bases for their
arylation. Nevertheless, with these nucleophiles, strong binding to palladium (e.g.
in a N*-0,0-coordination mode) might be detrimental for reductive elimination.

Hartwig was able successfully to couple di-t-butyl and diethyl malonates with a
broad variety of aryl bromides and chlorides [4, 209], the catalytic system being
composed of P(t-Bu)s, Q-Phos or (1-Ad)P(t-Bu), as ligands, NaH, Na;PO, or K;PO,
as bases, and Pd(dba), as palladium precursor [219] in THF or toluene as solvent.
Interestingly, the arylation of alkyl-substituted malonates, potentially to yield ary-
lalkylmalonates, was not possible with any of these systems, although synthetically
this problem could be overcome quite simply by reversing the order of reactions—
that is, palladium-catalyzed arylation prior to alkylation of the resulting malonates
(Scheme 3.14).

Buchwald also reported details of the arylation of malonates using monodentate
biaryl phosphine ligands [220]. Here, with Pd(OAc),, t-Bu-DavePhos and the inex-
pensive base K;PO, diethyl malonate could be arylated successfully. Later, Buch-
wald also reported on the arylation of malonates employing the attractive aryl
benzene sulfonates [221] when, by using Pd(OAc), and X-Phos as the catalytic
system, together with Cs,CO; as base in toluene, diethyl malonate could be suc-
cessfully arylated (Scheme 3.15).

o o
Y o Q Pd(dba),, ligand
o v AR pswonn
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Scheme 3.14 o-Arylations of malonates [219].
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Scheme 3.15 o-Arylations of diethyl malonates [221].

Djakovitch reported the arylation of malonates using Pd-exchanged NaY zeolites
with para-substituted aryl bromides, and compared the heterogeneous with the
homogeneous reaction. Obviously, the major advantage of the heterogeneous
variant is the easily removable precious metal [222].

A closely related reactivity has been observed for the arylations of cyano esters.
For example, with P(t-Bu);, Q-Phos or (1-Ad)P(t-Bu), as ligand, Hartwig was able
successfully to arylate ethyl cyanoacetates using Na;PO, or K;PO, as mild bases
[219, 223], while with Q-Phos the selectivity for monoarylation was observed to be
higher. Nevertheless, the diarylation of cyano esters could also be developed, using
two equivalents of aryl halide with P(t-Bu); as ligand.

3.35
o-Arylations of Ketones

Since the development of palladium-catalyzed o-arylations began using ketones
as substrates, this area of research can be considered as having the highest degree
of maturity. Whereas, during the early days of ketone arylation, it was speculated
that chelating bidentate phosphine ligands were a prerequisite for reductive elimi-
nation, it was found later that only one phosphine would bind to the palladium
[214]. Consequently, Hartwig developed the palladium-catalyzed arylation of
ketones with P(t-Bu); as ligand, along with NaO#-Bu as base (Scheme 3.16) [214].
Buchwald disclosed arylations of a variety of ketones using biphenyl-based
ligand systems [220], and also examined phosphine ligand-free reactions, although
these proved applicable to only a limited number of substrate combinations.
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Scheme 3.16 o-Arylations of ketones using P(t-Bu); [214].

By using NaOt-Bu as base in combination with Pd(OAc), and a biphenylphos-
phine ligand in toluene, both aliphatic and aromatic ketones could be arylated.
Furthermore, K;PO, could be used as base in the arylation of cyclic ketones
(Schemes 3.17 and 3.18).

Beller reported details of the arylation of acetophenones with Pd(OAc), and n-
BuPAd, as catalytic system using NaOt-Bu as base (Scheme 3.19) [224].

Later, Miura discovered the arylation of o,-unsaturated carbonyl compounds,
and in 1998 reported the arylation of o, B-unsaturated aldehydes and ketones using
Pd(OAc), together with the inexpensive ligand PPh; and the weak base Cs,CO; in
DMF as solvent [225]. In 2001, Miura also investigated the multiple arylation of
alkyl aryl ketones and o,B-unsaturated carbonyl compounds in the presence of
Pd(OAc),, Cs,CO; and monodentate phosphine ligands, such as PPh;, P(o-Tol);
and P(t-Bu); (Scheme 3.20) [226].

Muratake and Natsume reported intramolecular a-arylations of aliphatic ketones
using PdCl,(PPh;), and Cs,CO;, forming a variety of carbocyclic compounds
(Scheme 3.21) [227].

Ackermann reported on the arylation of ketones using his diaminochlorophos-
phine ligands [228]. Here, with Pd(dba), as palladium precursor and NaOt-Bu as
base, a broad variety of aryl chlorides, bromides and iodides could be employed
in the arylation of propiophenones (Scheme 3.22).

3.3.6
o-Arylations of Amides

As the intermolecular arylation of amides is hampered by their relatively high
pK,-values, the double arylation becomes more relevant, since the pK, of the
monoarylated amide is significantly lower than that of the starting material.
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Scheme 3.17 o-Arylations of ketones [220].

Initially, in 1998, Hartwig reported an intermolecular version using BINAP as
ligand and KHMDS as base [229], but later reported milder reaction conditions,
using zinc enolates as substrates in conjunction with Q-Phos as ligand in 1,4-
dioxane as solvent (Scheme 3.23) [216].

Hartwig investigated the intramolecular variant intensively for the synthesis of
oxindoles [230], and even succeeded in developing an asymmetric variant using
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Scheme 3.19 o-Arylation of acetophenones by Beller [224].

chiral NHC-ligands [231]. For the cyclization reaction, both PCy; and the carbene
ligand SIPr proved to be effective. For the asymmetric transformation, a wide
range of enantiomerically pure phosphines was tested, but with unsatisfactory
results. Finally, carbene ligands derived from (-)-isopinocampheylamine or (+)-
bornylamine constituted the best systems (Scheme 3.24).

3.37
o-Arylations of Nitriles

Alkyl nitriles have a relatively high pK, value compared with that of ketones, for
example, and therefore stronger bases are required for their deprotonation. As a
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Scheme 3.20 (Multiple) Arylations of ketones [226].
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Scheme 3.21 Intramolecular a-arylation of aliphatic ketones by Muratake and Natsume [227].
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Scheme 3.22 o-Arylations of propiophenones [228].

result, examples of arylation of nitriles were first reported using more acidic sub-
strates such as phenylacetonitrile. In 1998, Miura reported arylations of this sub-
strate with PdCl,, PPh; and Cs,CO;3, although the yields provided were rather low
232].

In 2002, Hartwig reported the arylations of 2-phenylbutyronitrile and butyroni-
trile using P(t-Bu)s;, but unfortunately this system could not be extended to aryla-
tions of other nitriles. BINAP as a potential chelating ligand was used for the
arylations of secondary and benzyl-substituted nitriles, whereas when primary
nitriles were used diarylation was observed [233]. In 2005, Hartwig reported a mild
and selective monoarylation of nitriles [234] when, by using o-silyl nitriles, he was
able to perform arylations using XantPhos or P(t-Bu); as ligands together with a
half-equivalent of ZnF, in DMF at 90°C. This methodology later proved to be
especially useful in the synthesis of verapamil (not shown) (Scheme 3.25).

In 2003, Verkade disclosed details of the arylation of nitriles using his TAP
ligands and NaHMDS as base in toluene, and also observed diarylations when
using acetonitrile [235].

Klapars and Waldman, of the Merck research group, reported a transition metal-
free o-arylation of aliphatic nitriles with heteroaryl halides using KHMDS or
NaHMDS as bases in a toluene/THF mixture at 0-25°C. However, this protocol
was strictly limited to the conversion of electronically activated heteroaryl halides
236)].
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Scheme 3.23 Intermolecular a-arylation of amides [216].

3.4
Summary and Conclusions

Today, the palladium-catalyzed arylation of amines, which often is referred to as
the Buchwald-Hartwig reaction, has reached a mature state such that a plethora
of protocols is available for the arylation of almost any given amine. Yet, perhaps
the most impressive point has been the rapid development of this technology,
from a niche application using unattractive tin reagents to becoming one of the
basic organic reactions in amine synthesis that is found in every modern organic
chemistry textbook. Moreover, this rapid development has been accompanied in
parallel by an early implementation of the process into the chemical industry,
leading to the first commercially available pharmaceuticals to be synthesized using
this reaction as a key step.
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Scheme 3.24 Intramolecular a-arylation yielding oxindoles [230, 231].

Based on the observation that a-arylated ketones were obtained as byproducts
in the arylation of amines containing carbonyl functionalities, the main potential
of this methodology was soon acknowledged and, consequently, it was developed
into a very powerful synthetic tool.

Perhaps the most encouraging factor regarding the processes described in this
chapter is that, even after more than 100 years of synthetic organic chemistry,
fundamental organic methodologies can still be discovered and developed into
synthetic tools with far-reaching impact!
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DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DPEPhos bis(2-diphenylphosphinophenyl)ether

dppf 1,1”-bis(diphenylphosphino)ferrocene

dppp 1,3-bis(diphenylphosphino)propane

D'BPF 1,1’-bis(di-tert-butylphosphino)ferrocene

HASPO Heteroatom-substituted secondary phosphine oxide
preligands

HMDS hexamethyldisilazane

LHMDS lithium hexamethyldisilazide

MAP 2-amino-2’-diphenylphosphino-1,1’-binaphthyl

(R,R)-MOD-DIOP

(4R,5R)-(1)-4,5-bis[bis(4"-methoxy-3’,5"-dimethylphenyl)-
phosphinomethyl]-2,2-dimethyl-1,3-dioxolane

MTBD 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene

MOP 2-(diphenylphosphino)-2’-methoxy-1,1"-binaphthyl
NaHMDS sodium hexamethyldisilazide

NHC N-heterocyclic carbene

NMP N-methyl pyrrolidone

SIPr N,N’-bis(2,6-diisopropylphenyl)4,5-dihydroimidazol-2-ylidene
TAP bicyclic tri-amino-phosphine

THF tetrahydrofuran

Tol tolyl

XantPhos 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene
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