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1. Introduction

Transition metal-catalyzed cross-coupling reactions of
alkyl metals and aryl halides or pseudohalides have emerged
as a powerful methodology for the formation of Csp*—Csp?
bonds over the past decades.! However, significant attention
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has also been focused on Pd- and Ni-catalyzed Csp*—Csp?
bond-forming reactions that involve aryl metals and haloalkyl
compounds lacking f-hydrogen atoms as cross-coupling
partners.? In contrast, until a few years ago, few examples
were reported in the literature concerning transition metal-
catalyzed reactions of aryl metals with functionalized alkyl
halides including a-halocarbonyl compounds and o-bromo-
sulfones bearing $-hydrogen atoms,’ and a single example
of Pd-catalyzed cross-coupling reaction of aryl metals and
unfunctionalized alkyl halides bearing $-hydrogen atoms had
been described. Only in recent years, successful procedures
for the Pd-,> Ni-,® Rh-,” Fe-,8 V-,° Co-,!° and Cu-catalyzed'!
cross-coupling reactions of aryl metals and unfunctionalized
alkyl halides bearing S-hydrogen atoms have been devel-
oped.'? Nevertheless, new, effective, and more environmen-
tally benign methodologies for the formation of (cyclo)alkyl—aryl
bonds, which require a reduced number of synthetic opera-
tions, have emerged as valuable alternatives to the conven-
tional cross-coupling reactions.

These methodologies (Scheme 1) are based on transition
metal-catalyzed simple or 2-fold C—H bond functionalization
according to the following approaches: (a) highly regiose-
lective Pd-catalyzed direct arylation reactions of unactivated
sp>-hybridized C—H bonds with aryl halides (eq a, Scheme
1);'3 (b) Pd-catalyzed direct alkylation reactions of aryl C—H
bonds with alkyl metals (eq b, Scheme 1);'* Au-'> or Pd-
catalyzed'® direct alkylation reactions of aryl C—H bonds
with alkyl halides or pseudohalides (eq c, Scheme 1); (d)
Pd-catalyzed arylations of unactivated sp*-hybridized C—H
bonds with aryl metals (eq d, Scheme 1);'“ (¢) Pd-, Ru-, or
Cu-catalyzed cross-coupling reactions of sp>-hybridized C—H
bonds with arylboronic acids using air as oxidant (eq d,
Scheme 1);'7 and (f) cross-dehydrogenative coupling of alkyl
and aryl C—H bonds (eq e, Scheme 1).!® Finally, great
attention, particularly in the past decade, has also been
focused on the design, development, and application of
transition metal-catalyzed coupling reactions of aryl halides
and pseudohalides with a wide variety of substrates contain-
ing activated sp>-hybridized C—H bonds (eq f, Scheme 1).
A mini-review on this topic was published by Scolastico and
Poli in 1999,!° and three excellent reviews that concern the
results obtained in this rapidly growing area of extensive
research by the groups of Miura, Natsume, Hartwig, and
Buchwald up to the end of 2002 were published by Miura,*
Hartwig,?! and Lloyd-Jones®* a few years later. However,
the reviews by Miura?® and Hartwig?' were limited in that
they fundamentally emphasized the author’s own work and
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the review by Lloyd-Jones?* gave only a general overview
of this highly attractive research area.

The present review aims to give a complete picture of these
direct arylation reactions of substrates with activated sp’-
hybridized C—H bonds, which, because of their general
efficiency and high atom economy, represent a very useful
and convenient tool for the formation of Csp*—Csp? bonds
in the o-position to electron-withdrawing functional groups,
including keto, imino, formyl, cyano, nitro, alkoxycarbony]l,
sulfonyl, and sulfoximino groups. The review is also focused
on the catalyst systems and experimental conditions used
for the regioselective synthesis of a-arylated compounds via
transition metal-catalyzed arylation of synthetic equivalents
of carbonyl compounds, including silyl enol ethers and enol
esters of ketones and silyl ketene acetals, using aryl halides
or pseudohalides as electrophiles. Finally, a further aim of
the review is to highlight the utility of all these experimen-
tally simple reactions, which do not require the preparation
of stoichiometric amounts of organometallics, as tools of
paramount importance for the regiocontrolled, chemoselec-
tive, and efficient synthesis of fine chemicals, comprising
compounds of pharmacological interest, bioactive natural
products, and their precursors. Limitations and problems
associated with the use of some protocols of the direct
arylation reactions will also be illustrated and discussed.

The literature on these topics with 563 references has been
covered up to the end of June 2008 and includes in large
part that concerned with the results obtained in Miura’s,
Natsume’s, Hartwig’s, and Buchwald’s seminal work on the
o-arylation of substrates with acidic sp-hybridized C—H
bonds, which have already been the subject of the reviews
by Miura,?® Hartwig,! and Lloyd-Jones,?* as well as the data
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on this subject area published up to the end of 2002, but not
reported and commented in these reviews. In fact, our aim
is to give an exhaustive and clear picture of all the literature
data concerning the transition metal-catalyzed direct arylation
of substrates with activated sp>-hybridized C—H bonds and
some their relevant synthetic equivalents. Nevertheless, much
more attention has been directed to summarize and comment
the literature data published from the beginning of 2003 up
to the end of June 2008 on the significant developments
achieved for improving the scope of these transition metal-
catalyzed intra- and intermolecular arylation reactions and
for increasing the reactivity and chemo- and regioselectivity
of their catalyst systems. These data comprise those con-
cerned with asymmetric versions of arylation reactions that
enable the highly enantioselective synthesis of carbonyl
derivatives bearing arylated quaternary stereocenters.

For the sake of clarity, the scientific literature concerning
the topics covered in this review has been subdivided into
eight sections: (i) synthesis of o-aryl substituted ketones by
a-arylation of ketones with aryl halides or pseudohalides;
(i1) synthesis of a-aryl substituted ketones by coupling of
silyl enol ethers of ketones with aryl halides or pseudoha-
lides; (iii) synthesis of a-aryl substituted ketones by coupling
of enol esters of ketones with aryl halides or pseudohalides;
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Scheme 1. New Methodologies for the Formation of
Csp3—Csp? Bonds

X Pd catalyst
(a) R-H + —_——
Y

P I
. R-M d catalyst

Au or Pd catalyst

Pd catalyst or

Pd, Ru or Cu catalyst
and O,

H Cu catalyst,
H-acceptor or
H-acceptor, base or
Pd catalyst, base, air

X Pd catalyst, R
Ni catalyst, or w

Cu catalyst,
base

R = alky!

M = main group metal

X = halogen or pseudohalogen

Z and/or W = electron-withdrawing group

(iv) synthesis of o-aryl substituted ketones via o-arylation
of ketimines with aryl halides; (v) synthesis of a-arylated
aldehydes by a-arylation of aldehydes; (vi) direct o-arylation
of carboxylic acid esters, azlactones, lactones, and silyl
ketene acetals; (vii) o-arylation of nitriles, carboxyamides,
lactams, and trimethylsilyl enolates of imides; and (viii)
o-arylation of 5-dicarbonyl compounds, ethyl cyanoacetate,
malononitrile, ethyl phenylsulfonylacetate, methanesulfona-
mides, N-sulfoximines, and nitroalkanes. However, this
review does not cover data reported in the patent literature.

2. Synthesis of a-Aryl Substituted Ketones by
o-Arylation of Ketones with Aryl Halides or
Pseudohalides

The synthesis of a-aryl substituted ketones has been the
subject of intense research over the past 35 years. Reaction
of an enolate with a derivative of benzyne is one of the
several methods developed to construct a bond between an
arene and a carbon at the a-position of a carbonyl
compound.?*?* Unfortunately, intermolecular reactions in-
volving substituted benzynes have often been shown to be
nonregioselective.?* A seemingly more straightforward method
to prepare a-arylated ketones is the Sgy1 reaction of ketone
enolates with electronically neutral aryl halides and aryl
halides bearing electron-withdrawing or -donating substitu-
ents.”®> Unfortunately, this procedure, in which a limited
number of solvents can be used, suffers from regioselectivity
problems for ketones having both enolizable methyl and
methylene groups.?>“2

A number of specific main group aryl reagents including
organobismuth,?® organocadmium,?’ organocopper,?® orga-
nolead,” and organoboron compounds,* (;7-halogenoben-
zene)chromium tricarbonyls,?! aryldiazonium salts in the
presence of catalytic amounts of CuCl,* diaryliodonium
salts,* arylmagnesium halides,** and arylazo-tert-butyl sul-
fides® have also been used to prepare a-arylated ketones.
However, the application of procedures involving the use
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Scheme 2. Transition Metal-Catalyzed Inter- and
Intramolecular Arylation Reactions of Ketone Enolates
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of these reagents is limited by the cost and time needed to
prepare stoichiometric amounts of the arylating reagents.
Moreover, many of these procedures do not involve arylation
of ketones, but instead of their less readily available
derivatives including a-haloketones®®3%3* or silyl enol
ethers.28°’31’333’d

Other methods to prepare a-arylated ketones rely on
intramolecular nucleophilic addition of silyl enol ethers of
ketones to electron-transfer generated arene radical cations,®
regiospecific reaction of arylalkenes with [hydroxy(tosy-
loxy)iodo]benzene,?” direct nucleophilic acylation of o-
quinone methides,*® arylation of lithium enolates of cycloal-
kanones with diphenyliodonium triflate in the presence of
stoichiometric quantities of CuCN,** and reaction of isopro-
penyl acetate with aryldiazonium tetrafluoroborates in aque-
ous acetone in the presence of KOAc.* The latter method-
ology was applied to the multigram scale preparation of 1-(3-
bromo-4-methylphenyl)propan-2-one.*> On the other hand,
optically active o-aryl substituted ketones have recently been
synthesized with high enantioselectivities by organocatalytic
addition of dicyanoalkylidenes to quinones using cinchona
alkaloid catalysts, followed by reaction with carboxy anhy-
drides and oxidative degradation of the resulting o.-aromatic
compounds.*!

A more general and effective strategy that emerged over
the last three decades to connect inter- and intramolecularly
aryl units to sp>-hybridized C—H bonds in the a-position to
carbonyl keto groups involves the transition metal-catalyzed
direct coupling of aryl halides or pseudohalides with enolates
obtained in situ from the corresponding ketones under basic
conditions (Scheme 2).

An early example of application of this synthetic strategy
was reported by Semmelhack et al. in 1975, who found that
Ni(COD), mediates the intramolecular reaction of the io-
doenolate, obtained by treatment of compound 1 with lithium
triphenylmethylide, to give racemic cephalotaxinone 2 in
28% yield (Scheme 3).4?
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Scheme 4. Intramolecular Arylation of Methyl Ketones
Bearing a 3-(2-Trifluoromethanesulfonyloxy)pyridyl Group
in the #-Position
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Twenty-two years after this report, Natsume et al. syn-
thesized the heteroaromatic derivatives 4a—c via palladium-
catalyzed intramolecular arylation of (hetero)arylmethyl
ketones 3a—c bearing a 3-(2-trifluoromethanesulfonyloxy)
pyridyl group in the [-position to the carbonyl group
(Scheme 4).4

Various bases, including NaH, KO#-Bu, and K,COs;,
were tested for this intramolecular process, and it was
found that Cs,CO; performed best.** It was also
observed that a less polar solvent was more useful because
polar solvents seemed to accelerate intermolecular aldol
reactions.**
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Scheme 5. Catalytic Cycle for the Pd-Catalyzed o-Arylation
of Ketones with Aryl Halides
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Interestingly, reaction conditions similar to those used to
prepare compounds 4a—c enabled the synthesis of the
bridged 2-tetralones 6 from the 2-bromobenzyl substituted
cycloalkanones 5 in 26—83% yield and the preparation of
spirocompounds 8 and 10 from the 2-bromophenethyl- and
3-(2-bromophenyl)propyl-substituted cycloalkanones 7 and
9, respectively (Table 1).%

Practical palladium-catalyzed intermolecular a-arylations
of ketones with aryl halides were independently introduced
by Buchwald,*® Hartwig,*” and Miura®® in 1997. The reac-
tions were conducted in the presence of a base and a catalyst
system consisting of a combination of Pd(OAc), or a Pd(0)
compound such as Pd,(dba); or Pd(dba), and a suitable
phosphine ligand. The catalytic cycle of these reactions,
summarized in Scheme 5, involves three key steps: (i) the

Table 1. Pd-Catalyzed Intramolecular Arylation of Substrates Bearing Keto Groups

X

O~y _PICL(PPh), (10 mol %)

R

%

g{o

- H
(CHZ)n‘> Cs,C03 (3.0 equiv) (CHa)n-1
57,9 THF or PhMe, A 6,8,10
Entry Substrate Solvent  Reaction conditions Product Yield
(C/h) (%)
1 Sa THF 100/ 16 6a 26
Br
| 0
2 5b THF 100/ 13 6b 83
P 90
o
3 5b PhMe 110/6 6b 63
" 90
0]
4 5c THF 100/ 14 6c 61
o 1D
)
5 Ta THF 100/ 14 8a 71
(¢] (o]
Br
6 7b PhMe 110/ 12 8b 57
o (e)
Br
7 9 THF 100/ 14 10 35

z

&
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Table 2. Pd,(dba);/Tol-BINAP or BINAP-Catalyzed Coupling of Ketones with Aryl Bromides

Pd,(dba)g (1.5 mol %)

O (0]
Ligand (3.6 mol %)
R! + ArBr R!
\)]\R2 NaO#+Bu (1.3 equiv) R2
THF, 70 °C Ar
Entry Ketone ArBr Ketone Ligand Product Yield
/ ArBr (%)
molar
ratio
1 0 Br 1.2 Tol- o 76
Me)J\(Me BINAP Mo
Me O, </O Me
5/
2 [e] Br 1.2 Tol- fe] 72
Ve Ph BINAP Ph
Ph o) <,o Ph
5/
3 o] Br 1.2 Tol- Me 93
Me Me /©/ BINAP Ph
(o]
Me Ph Me
Me
4 o Br 1.2 BINAP o) 91
e
Ph MeO Ph
OMe Me
Nt Ty e YY"
Me +-Bu Ph)\\N Ph)\\N o]
6 o] Br 1.2 Tol- 67"
SN S
t-Bu
+-Bu ©
7 O Br 2.0 Tol- 83
o
+Bu
+Bu ©
8 o] Br 1.2 Tol- Ph 69
MeJ\/Ph EbN\(@ BINAP o
Ph o Et,N 0
(o]
9 (0] Me Br 1.2 BINAP Me 84
Me' > [ IMG O O
o]
Me O O>
10 )OK/ /©/Br 1.2 Tol- m\t—Bu 719
+Bu BINAP
Me cl cl o
11 j\/ QBr 2.0 Tol- /©/Y\t-8u 38
+Bu BINAP
Me cl cl Y
12 MeY@ /©/Br 1.2 BINAP W 64"
Fe NC F:
C ey e ° &
OBF 2.0 BINAP 63

C &y
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(@ Mono/diarylation = 13:1. © Mono/diarylation = 30:1. © Mono/diarylation = 33:1. @ Mono/diarylation = 7:1. © Mono/diarylation = 16:1.

Mono/diarylation = 20:1. @ Mono/diarylation = 27:1.

oxidative addition of the aryl halide to a Pd(0) species; (ii)
the substitution of the halide in the oxidative addition
complex by the enolate formed from the ketone bearing an
o-hydrogen atom in the presence of a base; and (iii) a
reductive elimination reaction involving the resulting
palladium—enolate complex. However, this schematic cata-
Iytic cycle does not account for the role played from the
nature of the base, ligand, and solvent used in the arylation
reaction.

The regioselective protocol disclosed by Buchwald specif-
ically involves treatment of an aryl bromide with a ketone
bearing an a-hydrogen atom in the presence of NaOz-Bu
and a catalyst system composed of a combination of
Pdy(dba); and 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
(BINAP) or 2,2'-bis(di-p-tolylphosphino)-1,1'-binaphthyl
(Tol-BINAP) in refluxing tetrahydrofuran (THF) (Table 2).46
Ketones bearing a,0'-hydrogens were found to be prefer-
entially arylated at the least hindered side, and arylation of
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Table 3. Pd(dba),/DTPF-Catalyzed a-Arylation of Ketones with
Aryl Bromides

o) Pd(dba), (7.5 mol %) o)

Ar
1 9 1
R\HLF@ + Ay __DTPF (9.0 mol %) R\*)LRs

KHMDS (2.2 equiv)

2 2
R THF, reflux, 0.75 h R
Entry Ketone Aryl Bromide Product Yield (%)
1 o PhBr [} 84
N ph I\
Me Ph Ph
2 jj)\ PhBr o] 71
Et” “Ph Mej)kph
Ph
3w o PhBr O 55
Mew)k Me\’\fﬂk
Ph Ph
Ph
4

Me
i 4--BuC,H,Br +Bu o 85
Me” “Ph \©\)\Ph
5 j\ 4-MeOCH,Br  MeO. o 69
Me” “Ph mph

6 o] Me PhBr o] Me 79
Me N Ph N
|/ W

7 o] PhBr (o] 68
Me R Ph S
W, W,

8 O PhBr o] 57
Me o) Ph o)
W, W,

9 0] PhBr o] 51

X o

Me t-Bu +Bu

10 j\ 2-MeCH,Br @;Mji 94
Me Ph Ph

(@ This reaction was run using 10 mol % Pd(dba),, 15 mol % DTPF,
and 1.5 equiv of KHMDS in refluxing THF for 5 h.

methine groups was not observed under these conditions.
Diarylation was noticed only for methyl ketones relatively
unhindered at the a'-position. High yields were obtained with
some dialkyl ketones when a BINAP-ligated palladium
catalyst was used, but ligandless catalysts proved to be
advantageous for large-scale processes.*

The procedure independently developed by Hartwig for
the a-arylation of ketones with aryl bromides involves the
use of KHMDS or NaOr-Bu as the base and a catalytic
system consisting of a combination of Pd(dba), and a
chelating ligand such as 1,1'-bis(diphenylphosphino)ferrocene
(dppH*® or 1,1'-bis(di-o-tolylphosphino)ferrocene (DTPF).*’
It was indeed expected that the use of a chelating ligand
would inhibit S-hydrogen elimination of the arylpalladium
enolates by rendering four-coordinate the intermediate Pd(II)
complex and inhibiting the generation of open coordination
sites necessary for the 3-hydrogen elimination. Representa-
tive examples of Pd(dba),/DTPF-catalyzed a-arylation reac-
tions are reported in Table 3.4’ Arylations involving electron-
rich or electron-neutral aryl bromides were found to be more
selective for monoarylation when KHMDS was used as the
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Scheme 6. PdCl,—Catalyzed o-Arylation of Benzyl Ethyl
Ketone with Iodobenzene

PdCl,, Cs,CO;

0
0
+ Phl — & 273, Ph Me
Ph\)]\/l\/le DMF, 100 °C, 4 h

(72 %) Ph

base, but good selectivity was observed for arylations
involving electron-poor aryl bromides when NaO#-Bu was
the base.?’

Remarkably, fast rates were observed using 1,1'-bis(di-
tert-butylphosphino)ferrocene (DTBPF) as the supporting
ligand, and in some cases the turnover numbers reached
20.000 in a few hours at 70 °C.2!4

Protocols involving Pd-catalyzed arylation of ketones
under ligandless conditions were described by Miura et
al.*83% and Prashad et al.>® The reaction conditions used
by Miura et al. are illustrated in the arylation reaction
reported in Scheme 6, which was conducted by treatment of
a benzyl ketone with an aryl iodide. Nevertheless, these
authors demonstrated that a phosphine ligand should be used
for the arylation of benzyl ketones with aryl bromides.>%

Ligandless conditions were also used by Prashad et al.>®
for an efficient and large-scale synthesis of 1-(4-chlorophe-
nyl)-3,3-dimethyl-2-butanone by chemoselective o-arylation
of pinacolone with 1-bromo-4-chlorobenzene in the presence
of Pd(OAc), and NaOr-Bu in toluene. Interesting elements
regarding this reaction are the fact that an increase in the
concentration of NaOs-Bu to 2.5—3.0 equiv proved to
suppress the formation of overarylated products and that,
under these conditions, 1-(4-chlorophenyl)-3,3-dimethyl-2-
butanone was obtained in a yield comparable to those
obtained using a ligand.>®

In 1999, aryl chlorides were used for the first time as
electrophiles by Kawatsura and Hartwig in the a-arylation
of ketones.>! These authors established that a catalyst system
consisting of a combination of Pd(dba), and DTBPF permits
the mild a-arylation of ketones with aryl chlorides and
furnishes yields similar to those obtained when aryl bromides
are used as electrophiles (Table 4).5! It is noteworthy that
this catalyst system led to high reaction rates for arylations
of ketones with aryl bromides, and in some cases, the
reactions could be performed at room temperature.’! It was
also found that the diphosphine ligand DTBPF is ligated to
palladium in a #'-fashion in the arylpalladium enolate
intermediates. Hence, it was thought right to test sterically
hindered monophosphines as supporting ligands, and it was
discovered that P(#-Bu); gives exceptionally fast rates and
high turnover numbers for the o-arylation of ketones with
aryl chlorides (Table 5).21-!

On the other hand, the highly efficient arylation of
acetophenones with non- and deactivated aryl chlorides
was performed by Beller et al. in 2002 using a PAd(OAc),/
n-butyldi(1-adamantyl)phosphine catalyst system.’> De-
pending on the structure of the ketone, the aryl chloride-
to-ketone molar ratio, and the type of base, mono- or
diarylation could be effected selectively.”> Moreover, by
applying NaOz-Bu as the base, a very high catalyst turnover
number for the arylation with nonactivated aryl chlorides
was obtained.’?

In 2007, well-defined and air-stable (DTBPF)PdX, com-
plexes (X = Cl, Br), in which the P—Pd—P bite angle of
the bidentate ligand is the largest (104.22°) in the series of
bisphosphinoferrocene complexes, were identified by Grasa
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Table 4. Pd(dba),/DTBBF-Catalyzed a-Arylation of Ketones with Aryl Chlorides and Bromides

Pd(dba), (0.005 - 2 mol %)

@P(Y—Bu)g

o}
DTBPF (0.06 - 2.4 mol %)
R + ArX
QI\Rz NaOt-Bu (1.5 - 2.2 equiv)

THF, 25-70°C

0
Rl Fe
B2 @P(r—Bu)z

Ar

DTBPF
Entry Ketone Aryl Halide Mol % Conditions Product Yield
Pd(dba), (°C/h) (%)
1 0] PhBr 2 25/2 o] 99
Me\)J\Ph Mej)kPh
Ph
2 o PhBr 0.005 60/2 o 99
Me\)J\Ph Mej)LPh
Ph
3 (o) 2-bromopyridine 2 50/5 o] 87
Me\)\ph Me Ph
Z N
S |
4 o] PhBr 2 25712 e 90
Ph\)J\Ph Phj)kPh
Ph
5 * 3-MeOC4H,Cl 2 70/12 M (9] 92
Ph Ph.jo
Ph Ph
Me
OMe
6 (:/[/O PhCl 2 70/ 12 (:/[O 70
Ph
7 0 4-MeOCH,CI 2 70/12 0 91
Et)J\Ph Mef “Ph
OMe
8 o 3-MeOCH,Cl 2 70/ 12 OMe 78
Me\)kph o
Me Ph
Me” "Me
9 jj)\ 2-MeC,H,Cl 2 70/ 12 o] 80
Et” “Ph Me Ph
Me

and Colacot as active catalysts for the arylation of various
ketones with aryl chlorides and bromides in excellent yields
(Table 6).% Under the experimental conditions reported in
this table, sterically crowded aryl halides gave only monoary-
lated products, but sterically less hindered aryl halides, such
as 4-chloroanisole, furnished both mono- and diarylated
products even when stoichiometric amounts of the reagents
were used.” Nevertheless, the selectivity of the monoary-
lation reaction could be improved by increasing the amount
of base.”® *'P NMR monitoring of the (DTBPF)PdCl-
catalyzed reaction of propiophenone with 4-chlorotoluene
indicated that DTBPF remained coordinated in a bidentate
mode during the catalytic cycle.’

Highly active and selective catalyst systems for the
a-arylation of ketones with aryl bromides and chlorides have
also been shown to consist of bulky, electron-rich phosphines
with a biphenyl backbone that are combined with Pd(OAc),.

In 2000, Buchwald observed that the ligand 2-dicyclo-
hexylphosphino-2'-methylbiphenyl (MeDCHB) is particularly
effective, and with 0.1—1.0 mol % Pd, a large variety of

ketones and functionalized aryl chlorides and bromides were
shown to react efficiently and with high selectivity (Table
7)-54'4

The aryl halides included compounds substituted with an
alkyl, methoxy, hydroxy, dimethylamino, 1,3-dioxolane,
nitrile, and ester functions. Both aromatic and cyclic or
acyclic ketones were used, but an exception was cyclopen-
tanone, which was diverted to an aldol condensation, instead
undergoing o-arylation. However, despite the usefulness of
the ligand MeDCHB for the o-arylation of a variety of
ketones, not all types of substrates were found to react
effectively. The oa-arylation of ketones that have both
enolizable methyl and methylene groups was in fact not
selective.

In addition, the experimental conditions summarized in
Table 7, which allow one to perform the a-arylation of
aromatic ketones with aryl halides with ester or nitrile
functional groups, failed to give the required o-arylation
products when they were used for the a-arylation of
aliphatic ketones with aryl halides possessing an electron-
withdrawing group.3® Nevertheless, these reactions could
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Table 5. Pd(OAc),/P(t-Bu);-Catalyzed o-Arylation of Ketones with Aryl Chlorides

(e} Pd(OAc), (2.0 mol %) A 0
r
1 - Y !
R\)J\Rs + Arcl _P(£BU); (2.5 mol %) R\f)LRC*
) NaOtBu (1.5 equiv) 5
R THF R
Entry Ketone Aryl Chloride Conditions (°C / ) Product Yield (%)
1 9] PhCl 70/ 4 9) 90
MeQJ\Ph Me%Ph
Ph
2 o] 4-MeOC, 11, 70/ 12 o] 91
MeQJ\Ph Me5 ;L Ph
OMe
3 o] 4-(PhCO)YCH.CI 70/ 24 o] 95
Me\)J\ Me
Ph 35 “Ph
COPh
4 o] 3-MeOCH,Cl 70/ 12 M a 82
Me Me ©
Ph Ph
Me
OMe
5 o] 3-MeOC,H,CI 70/ 12 o 69
MeQK(Me Me Me
Me Me
OMe

successfully be carried out using a Pd catalyst system based
on the bidentate ligand XantPhos [9,9-dimethyl-4,6-bis-
(diphenylphosphino)xanthene] in combination with NaH-
MDS or NaOz-Bu.>** Remarkably, the Pd/XantPhos catalyst
system enabled arylation reactions where palladium catalysts
involving the use of other monophosphine ligands failed, and
this catalyst system also furnished good yields and high
mono/diarylation selectivity in the o-arylation of ketones
with enolizable methyl and methylene groups (Table 8).34

It is noteworthy that the scope of the process could be
enlarged to substrates possessing base-sensitive groups
when the milder base K;PO, was used in place of
NaHMDS or NaOt-Bu (Table 9).3** Table 9 also shows
that MeDCHB could be used as the supporting ligand in
conjunction with K5PO, to perform high yielding o-arylation
reactions of cycloalkanones (entries 3—5). It should also be
noted that the a-arylation of entry 3 of this table was found
to occur selectively at the benzyl position of the carbonyl
substrate.>*

In 2008, Doherty, Knight, Smyth et al. described that
a-arylations of ketones with a variety of aryl bromides
can also be performed in THF at 70 °C in the presence
of NaOr-Bu as the base and a catalyst system com-
posed of a mixture of Pdy(dba); and the bidentate
ligand CATPHOS, the 1,3-butadiene-bridged diphosphine
generated via double Diels—Alder cycloaddition be-
tween anthracene and bi(diphenylphosphino)buta-1,3-
diyne.3#®

Recently, a catalyst system consisting of a combination
of Pd(OAc), and XantPhos was also employed for the

o-arylation of N-tosyl-2'-aminoacetophenone with ortho-
dibromobenzene in toluene and water at 120 °C in the
presence of Cs,CO; (Scheme 7).5% This reaction was
then used as a key step in a new route to oxcarbazepine
(Trileptal), the most widely prescribed drug for the
treatment of epilepsy both in children and adults. It is
noteworthy that the addition of a small amount of water to
the toluene solution of the reactants proved to cause
enhancement of the selectivity of the arylation reaction
but decreased the rate of the process.”> This result was
quite surprising, but now it is well-known that the addition
of either catalytic or stoichiometric amounts of water to a
significant number of  organic  reactions can
positively affect the reaction outcome also in terms of
improved selectivity.>*

In 2006, Griebenow et al. adapted the palladium-catalyzed
a-arylation of ketones to solid support using modified
Buchwald—Hartwig conditions (Table 10).%

The protocol developed to prepare compounds 11
entailed treatment of immobilized 4-bromobenzamide,
prepared from polystyrene Rink amide resin and 4-bro-
mobenzoic acid chloride, with a very large molar excess
of (hetero)aryl or alkyl methyl ketones in dioxane at
70 °C in the presence of NaOr-Bu, Pd,(dba);, and
BINAP, followed by reaction with trifluoroacetic acid in
CH,CI,.%¢

A variety of 2,3-diarylbenzofurans 12 were synthesized
in fair-to-excellent yields by Miura et al. in 1999 via reaction
of aryl benzyl ketones with o-dibromobenzenes in refluxing
o-xylene in the presence of Cs,COj as the base and catalytic
quantities of Pd(OAc), and PPh;.>"* More recently, com-
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Table 6. (DTBPF)PdCl,—Catalyzed o-Arylation of Ketones with Aryl Bromides and Chlorides

o (DTBPF)PACI, (2 mol %) o | &S—PlBu),
NaO#Bu (1.1 equiv) 1 Fe PdCI
R! + ArX R 2
\)J\RZ THF or dioxane \HLRZ @—P(f.B/u)z
Ar
(DTBPF)PACI,
Entry R’ R? ArX Solvent  Reaction Product [solated
temp Yield
0 (%)
1 Me Ph 4-CIC,H,Br THF rt o 92
Mez ~Ph
el
2 Me Ph 4- THF rt o 97
MeOC,H,Br “"65%1
OMe
3 Me Ph 2-MeO,4- THF rt e 97
MeOCH,Br Me Ph
Me
OMe
4 Me Ph 2,4,6- THF rt o 80
Me,CH,Br Me Ph
Me Me
Me
5 Me Ph 4-1- THF rt 1% 96
BuC,H,Br Mei “Ph
tBu
6 Me Ph 2-MeQ,4- THF It o 65
FC,H,Br Me~pn
OMe
1
7 H [-Naph 2,6- dioxane 100 o} ‘ 95
Me,C,H,Cl
Me O O
8 H 2-FC,H, 2,6- dioxane 100 9 F 95
Me,CH.Cl
Me. O O
9 4- Ph 4- dioxane 100 MeO. o 90
MeOCH, MeOC,H,CI Ph
OMe
10 H 3,5- 2,6- dioxane 100 o 60
(CE),CH  Me,C H,Cl CF5
3 Me. O
O CFy
11 H 3- 2,6- dioxane 100 9 91
MeOC,H, Me,CiH,Cl OMe
s W)
12 H Ph 4 dioxane 100 (53)%
MeOC,H,Cl

O
0
2

OMe

@ GLC yield. ® 47% bisarylation product determined by GLC.

Bellina and Rossi
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Table 7. Pd(OAc)/MeDCHB-Catalyzed o-Arylation of Ketones with Aryl Bromides and Chlorides

RB)OK/RZ Pd(OAc), / MeDCHB (Pd / Ligand = 1 : 2) R ? B2 PCy,
i + ArX NaO#-Bu (1.3 equiv), PhMe or THF R>%5<Ar Me
(1.2 equiv) (X =Br, Cl)
MeDCHB
Entry Ketone ArX Solvent Conditions Mol % Product Yield
(°C/T) Pd (%)

1 PhMe 45/20 0.1

O
:<;O
@
;io
Q" "o
[
0
[

2 Me PhMe 80/5 0.1 Me 93
C” £ 0
Me O‘ Me
3 Cl PhMe 90/ 16 0.1 [e] 79
Meﬁ)J\/Me /©/ Me Me
Me tBu Me
tBu
4 o] Br PhMe 85/24 0.1 o] 70
Me\)JVMe /©/ Me Me
MeoN
Me Me
NMe,
5 ¢] HO Br THF 70/ 24 0.1 e} 88
Me\)J\/Me \©/ Me. i Me
HO
6 O Br PhMe 65/24 0.5 O 6l
Me Me /©/ Me Me
x Me
Me Me tBu Me
tBu
7 o] Cl PhMe 70/ 24 0.1 [¢] 74
Me\)J\/Me /©/ Me Me
MeO
OMe
8 (o] Br THF 70/ 17 0.5 [¢] 83
o s OMe /©/ on JE ;OMe
+Bu
+Bu
9 Me 9 PhMe 70723 0.5 O Me 64

<
1

&
Q%

10 OMe O PhMe 80716 1.0

7
11 @O¢O /©/Br THF 80/24 0.2 COQEt 85
EtO0C

=
{©
Q =
g &
o
O 7
O ()
=
(0]
o
o]
=
(0]
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Table 8. Pd,(dba);/XantPhos-Catalyzed a-Arylation of Acyclic Ketones with Aryl Bromides

Me.__Me
R? Ar R?
Pd,(dba)z / XantPhos (Pd / Ligand = 1 : 1.2) O O
RV}H\RS* ArBr —Na0rBu (1.3 equiv), PhMe, 80 °C or THF, 70 °C R1)}(kﬂ3 o
o 0 PPh,  PPh,
XantPhos
Entry Ketone ArBr Solvent Reaction Mol Yield Mono/ Diarylation
time(h) %Pd (%) ratio
1 o} THF 17.5 0.5 72 12:1
Me% j@/
Me
Me MeO
2 (o] Br THF 12 1.0 74 25:1
t—BuAMe (;/
F
3 [e] Br  PhMe 16 0.2 67 n.d.
Ve A Q
S Me  tBuooc
4 o} Br  PhMe 15 0.2 74 n.d.
Mej)L Q/
Me
e Et,NOC

@ NaHMDS (2.0 equiv) was the base. Regioisomers were formed in a 50:1 ratio. ® NaO#Bu (2.0 equiv) was the base.

Table 9. Pd-Catalyzed o-Arylation of Cycloalkanones with Aryl Halides in the Presence of K;PQ, as the Base

O
Pd,(dba)s or Pd(OAc), / XantPhos or MeDCHB Ar
+ ArX KsPO, (2 - 8 equiv), PhiMe or THF
n

Entry ArX Ketone Ligand Mol Solvent Reaction Yield Mono/
% conditions (%) Diarylation

Pd (°C/h) ratio

1@ /©/Br XantPhos 1.0 THF 60/ 16 72 8:1

NC
2 /©/ XantPhos 1.0 PhMe 80/ 13 74 n.d.
MeOOC
MeDCHB 0.2  PhMe 100/ 23 91 6.5:1

3® /©/ Br
EtOOC

4® cl
MeQOC” :

5® /©/Br
+Bu

(@ Pd,(dba); was the Pd source, and the ratio ligand/Pd,(dba); was 2.2:1. ® Pd(OAc), was the Pd source, and the ratio ligand/Pd(OAc), was 2.2:1.

MeDCHB 1.0 PhMe 100/ 15 70 4.9:1

MeDCHB 1.0 THF 80/17 81 15:1

Oﬂ’&ogf} Cr

Scheme 7. Pd-Catalyzed o-Arylation of
N-Tosyl-2'-Aminoacetophenone with o-Dibromobenzene

0 g, Pd(OAc); (4.4 mol %) o) O
XantPhos (8.5 mol %)
CELMM@[ Cs,CO4 (1.4 equiv) O pounds 12 have also been synthesized in good yields by

NHTs " PhMe, H,0, 120 °C, 48 h NHTs OF means of polymer-anchored FiberCat1026 catalyst (Scheme

(86 %) 8).%8
o A plausible reaction sequence for these palladium-
catalyzed reactions involves arylation at the benzylic position
O of the aryl benzyl ketone, followed by the C—O bond
N Q oxcarbazepine formation, as shown in Scheme 9.5’
o e In 2007, SanMartin, Dominguez et al. prepared o0,0'-
NH; dihalodeoxybenzoins 13 in modest-to-satisfactory yields by
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Table 10. Pd-Catalyzed a-Arylation of Ketones with Immobilized 4-Bromobenzamide
1. Pdy(dba)s (20 mol %)

Br BINAP (80 mol %) R
H J o NaO#Bu (18 equiv)
O/N ’ Me)J\Fp dioxane, 70 °C HoN o)
© (15 equiv) 2, CRaCROH, CHACly o] 1
Entry Methyl Ketone Product Yield (%) Purity (%)

1 o}

2 e}
M
HoN
(@]
3 (e}
MACL
Et H,N O
o)
4 (o]
Mek@t
OMe  HyN O
@]
5 o]
O
Me*@>
O H5N O
o]
6 e}
Me)UNMeZ
e
(o]
7 o]
“”e*@
CN H,N O
(@]
8 (e}

Scheme 8. Synthesis of 2,3-Diarylbenzofurans 12 by Means
of a Homogeneous or a Heterogeneous Catalyst System

Method A (62 - 87 %)

R2
o Br RS
R1 5+ or
R Method B (58 - 75 %)
Br R*

R1

R2

Method A: Pd(OAc),, PPh;, Cs,COj3, 0-xylene, 165 °C, 1.5-4h
Method B: FibreCat 1026, Cs,CO;, 0-xylene, 165 °C, 8h

palladium-catalyzed reaction of o-dibromobenzenes with
o-chloroacetophenones (Scheme 10).%

Willis et al.®* had previously reported that treatment of
cyclohexanone with 1,2-dibromobenzene in toluene at 80 °C
in the presence of Cs,CO; and catalytic quantities of
Pd,(dba); and XantPhos results in no reaction. However,
these authors were pleased to observe that the use of

Ph 56 >95
Me)J\ph HZNm
O

O 35 >95
Me

o}
O Et 69 85-90
(0]
O OMe 66 >95
o]

62 >95

wn

O 77 55 - 60
NMe,
! CN Trace 20 -30

Scheme 9. Plausible Reaction Mechanism for the Synthesis
of 2,3-Diarylbenzofurans 12

N Pd-catalyzed O
Br. = o-arylation Rl Arl

Ar?
Br R
oxidative
LaPd(0) ™ 3qdftion C55C0s
Rl o k(:cho3
)
AL m
12 A® R' 7 Ar
R! Pd. A2
R! AN
Ar? CsBr

1-bromo-2-iodobenzene under identical reaction conditions
allowed for an efficient arylation reaction that delivered 2-(2-
bromophenyl)cyclohexanone in 78% yield.5%+b
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Scheme 10. Pd-Catalyzed o-Arylation of
0-Chloroacetophenones with o-Dibromobenzenes

(0] RS Pdy(dba); (1.5 mol %)

R! 4 BINAP (3.3. mol %
jd‘\m . Brj i R ( )
R2 cl Br R3

NaO#Bu (1.4 equiv)
THF, 90 °C, 24 - 46 h
(30 - 70 %)

R1

O 5
R2 cl R O Br
R4

13 R

A wide variety of tamoxifen-related 1,2,2-triarylethanones
14 were synthesized in moderate-to-high yields by SanMar-
tin, Dominguez et al. in 2002 by arylation of aryl benzyl
ketones at the benzylic position with aryl bromides in DMF
solution in the presence of Cs,COj; as the base and a catalyst
system composed of a mixture of Pd(OAc), and PPh;
(Scheme 11).°" Tamoxifen is an orally active selective
estrogen receptor modulator that is used in the treatment of
breast cancer. Remarkably, the arylation protocol illustrated
in Scheme 11 allowed side-reactions such as ortho-arylation
of the ketone substrate and dehydrohalogenation of the aryl
bromide reagent to be avoided.

More recently, 1,2,2-triarylethanones have also been
synthesized using acetophenones as starting materials.%
Specifically, two methods have been developed for the
o, o-diarylation of acetophenones that avoided side reac-
tions. The first one was based on the use of the system
Pd(OAc),/PPh;/Cs,C0O5,°*%? and the second method en-
tailed the use of the commercially available polymer-
bound catalyst FiberCat1026 (Scheme 12).5?

Scheme 11. Pd-Catalyzed Synthesis of
1,2,2-Triarylethanones 14 from Aryl Benzyl Ketones

R1
R1
R3 Pd(OAc), (2.1 mol %)
Br R+ PPhg (8.06 mol %)
O + Cs,CO3 (2.5 equiv)
o R? s DMF, 150°C, 0.5-1h

R2 (12 - 85 %)

R! = H, OMe; R2 = H, OMe; R3 = H, OMe
R* = H, OMe, OCH,0; R5 = H, OMe, NO,

Scheme 12. Pd-Catalyzed Synthesis of
1,2,2-Triarylethanones from Acetophenones

(@] Br.
R! Method A or B O
e
g ’ SR
R2 R2
R2 R2

Method A: Pd(OAG),, PPhs, Cs, COs, DMF, 153 °C, 1-7h (35-91%)
Method B: FibreCat 1026, Cs, COs, DMF, 153 °CX, 0.8-1h (20-93%)

R1

"

Bellina and Rossi

Table 11. Pd-Catalyzed Annulation Reaction of
o-Bromobenzaldehydes with 1,3-Diaryl-2-propanones

R' O Pd(OACc), (5 mol %)
R2 PPhy (20 mol %)
" :
v 0] v H K,CO3 (2.0 equiv)
2 equiv) R3 Br o-xylene, 160 °C
15 16 Y
R? OH
2
A
Y
reaction yield@
entry R' R? R? Y time (h) (%)
1 H H H H 5 72 (59)
2 H OMe H H 7 57 (45)
3 H OMe OMe H 4 51 (43)
4 OMe OMe H H 3 90 (75)
5 H H H Me 3 60 (44)
6 H H H Cl 8 48 (45)

@ GLC yield based on the amount of 16 used. Values in parentheses
indicate isolated yields.

As regards the arylation reactions of benzyl ketones, it is
worth noting that, in 2000, Miura et al. attempted the use of
the Pd(OAc),/PPh; catalyst system for the arylation of
dibenzyl ketones 15 with o-bromobenzaldehyde 16, but they
found that the reaction produced unexpectedly 1,3-diaryl-
2-naphthols 17 in moderate yields (Table 11).9

Compounds 17, which are of interest as bulky oxygen
ligands,® were supposed to be formed via intermolecular
a-arylation of ketones 15, followed by a base-catalyzed
condensation or via dehydrative condensation of the sub-
strates, followed by palladium-catalyzed intramolecular
a-arylation of the resulting compounds.®* Remarkably, benzyl
phenyl ketones were found to undergo triarylation
at the benzyl position and the two ortho-positions of the
phenyl group upon treatment with a molar excess of aryl
bromides in refluxing o-xylene in the presence of Cs,CO;
as the base and a catalytic quantity of Pd(PPh;), (Table
12).57b,65

Miura et al. also observed that alkyl aryl ketones are able
to undergo multiple arylations on the alkyl chain, ac-
companied by oxidative unsaturation, by treatment with a
molar excess of aryl bromides in refluxing toluene or xylene

Table 12. Pd(PPh;),-Catalyzed Triarylation of Benzyl Phenyl
Ketones with Aryl Bromides

o) O Ar
Ph PA(PPhg), (0.5 mol %) pp_ "
L + ArBr TC5,C0, (3 - 5 equiv)
X {3 - 5 equiv) o-xylene, 160 °C RAr X

benzyl phenyl ketone

reaction isolated

entry R X aryl bromide time (h) yield (%)
1 H H 3-CF;C¢HyBr 44 41
2 H H 3-CIC¢H4Br 23 54
3 H H 4-CIC¢H,Br 24 25
4 H Cl PhBr 6 59
5 H H 4-PhC¢H,Br 21 30
6 Ph H 2-NaphBr 23 43
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Scheme 13. Synthesis of 1,2,3-Triphenyl-2-propen-1-one

0 Pd(OAc), (5 mol %)
M
©)k/ e W Ph

PPhj (20 mol %)
(E /Z 2/1
a-arylation

Cs,CO3 (4 equiv)
o}
Me
Ph

+ PhBr
(4 equiv)

PhBr

o-xylene, 160 °C, 20 h
Pd Ph
Ph O) PhH

(59 %)
in the presence of Cs,CO; and a combination of Pd(OAc),
and a phosphine ligand such as P(o-tolyl);, PPhs, P(#-Bu);,
or P(4-FCgH,);.57°% In fact, when propiophenone was reacted
with 4 equiv of bromobenzene in the presence of the
Pd(OACc),/PPh; catalyst system and Cs,COj5 as the base in
refluxing o-xylene, 1,2,3-triphenyl-2-propen-1-one was ob-
tained in 59% yield (Scheme 13).%

The formation of this ketone was explained by the reaction
sequence illustrated in Scheme 13 that involves oxidative
unsaturation. Specifically, it was supposed that, after the
o-arylation reaction of propiophenone, the enolate of the
resulting a-arylated ketone may react with phenylpalladium
bromide to form an alkyl phenylpalladium intermediate.
Then, $-elimination of PhPdH should give a Pd(0) species
and benzene together with 1,2-diphenyl-2-propen-1-one.
Finally, this a,-unsaturated ketone should undergo pheny-
lation via carbopalladation to give 1,2,3-triphenyl-2-propen-
1-one.%

It was also observed that, when butyrophenone was reacted
with a large excess of bromobenzene using the experimental
condition reported in Scheme 13, a mixture of mono-, tri-,
tetra-, and pentaphenylated products was obtained (Scheme
14).%6

Until 2001 inclusive, tertiary phosphines were the pal-
ladium catalyst supporting ligands used for the o-arylation
of ketones. However, difficulties associated with removal of
these ligands from the final reaction mixtures, formation of
degradation byproducts of these phosphines, and the high
price of bulky tertiary phosphines encouraged researchers
to evaluate the possibility of using N-heterocyclic carbenes
(NHCs) as ancillary ligands in the arylation reactions of
ketones. On the other hand, in the last few years, N-
heterocyclic carbenes have proven to be excellent supporting
ligands in numerous palladium-catalyzed reactions and

Chemical Reviews, 2010, Vol. 110, No. 2 1095

Table 13. [(SIPr)Pd(allyl)Cl]-Catalyzed o-Arylation of Ketones

@]
RZ
[(SIPr}Pd(ally}Cl] (1 mol %) R!
RJK/R NaOt-Bu (1.05 equiv)
(X = Cl, Br, OTf) THF, 50 - 70 °C Y
i-Pr i-Pr,
™\
NN
i-Pr T iPr
CI’Pd_\J
(SIPPPd(allyl)Cl]
conditions  isolated
entry X Y R! R? (°C/h) yield
1 Cl 4-CF; Ph Me 70/1 81
2 Cl 4-MeO Ph H 70/1 78
3 Cl H Ph Me 70/1 93
4 Cl 3-MeO Ph Me 70/1 86
5 Br 2,4,6-(Me); Ph Me 60/6 72
6 Cl 2-MeO t-Bu  H 60/1 91)@
7 Br 2,4,6-(Me); Et Me 60/0.5 68
8 OTf 4-MeO Ph H 60/1 87
9 OTf 4-Me Ph H 60/1.5 86
10 OTf 4-Me Ph Me 60/1 93
11 OTf 4-MeO Ph Me 60/1 90
12 Cl 2-MeO Ph H 60/1 80
13 Cl 2-MeO Ph Me 60/1 80
14 Cl H Et Me 70/0.2 88
@ GLC yield.

serious alternatives to the tertiary phosphines.®” Their strong
o-electron-donating ability enables the formation of stable
active metal species and facilitates oxidative insertion even
in challenging substrates, while their steric bulk is responsible
for fast reductive elimination.

In 2002, Nolan et al. tested a number of Pd—NHC
complexes and found that allylchloro[1,3-bis(2,6-di-i-pro-
pylphenyl)-4,5-dihydroimidazol-2-ylidene]palladium [(SIPr)P-
d(allyl)Cl] is an air-stable, active catalyst for the high yielding
a-arylation of ketones with activated, neutral, and nonacti-
vated aryl chlorides, bromides, and triflates in short reaction
times with low catalyst loading, using NaOz-Bu as the base
in THF at 50—70 °C (Table 13).98

In 2005, Singh and Nolan significantly improved these
reactions.® They found that the o-arylation of aryl—alkyl,
dialkyl, and cyclic ketone enolates with nonactivated aryl
chlorides could be performed at room temperature in
moderate-to-high yields using 1 mol % of complex (IPr)Pd(OAc),
[IPr = 1,3-bis(2,6-di-i-propylphenyl)imidazol-2-ylidene] (Fig-

ure 1).9°

Scheme 14. Multiple Arylation of Butyrophenone Accompanied by Oxidative Unsaturation

O

+ PhBr
Ph)l\/\Me (4 equiv)
Pd(OAc); (5 mol %)
PPhg (20 mol %)
Cs,C04 (4 equiv)
o-xylene, 160 °C
o]
o] o] Bh o] Ph
Ph Ph Ph
Ph)g/\Me * Ph)S/\/ " O‘ * PhMPh i ~ Ten
Ph Ph Ph Ph Ph Ph Ph

Ph

Ph
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iPr iPr i-Pr _ i-Pr,
-
age QNTN

1P T - "Pé,Pd s
§-de et e
=

Me Me

(IPr)PA(OAG), (IPr)Pd(acac)Cl

Figure 1. Chemical structures of (IPr)Pd(OAc), and (IPr)Pd(a-
cac)Cl.

Ketone enolates were generated in situ via use of a slight
molar excess of NaOt¢-Bu as base. The arylation reactions
could also be carried out under microwave irradiation, and
it was observed that a variety of functional groups with
the exception of aldehyde and nitrile were tolerated on
the aryl moiety and that substituents in the a-position to
the carbonyl group had a detrimental effect on the
arylation reaction.”® In fact, unsymmetrically substituted
ketones were preferentially arylated at the least sterically
hindered carbon atom in the o-position. As expected, aryl
bromides proved to be suitable substrates for reactions
under these experimental conditions, and ketones could
undergo «-arylation with wunactivated and sterically
demanding aryl bromides in excellent yields and shorter
reaction times compared to those for the analogous aryl
chlorides.”

Bellina and Rossi

Scheme 15. (IPr)Pd(OAc),-Catalyzed Polymerization of 4-
Haloaryl Alkyl Ketones

(o}
R (IPr)Pd(OAC), (3 mol %) O
NaO#Bu (2 equiv)
X THF, 70 °C, 24 h K I,
X =Cl, Br (89 - 95 %)
R = Me, n-Pr

Nolan et al. also discovered that air-stable complex
(IPr)Pd(acac)Cl (Figure 1), which was prepared from
Pd(acac), and IPr-HCI [1,3-bis(2,6-di-i-propylphenyl)imi-
dazolium chloride],”" shows excellent activity in the o-ary-
lation of ketones with unactivated, sterically hindered
heteroaryl chlorides under mild reaction conditions.””* Table
14 illustrates some representative examples of (IPr)Pd-
(acac)Cl-catalyzed o-arylation reactions of ketones with aryl
chlorides.

In 2006, complex (IPr)Pd(OAc), and other Pd-complexes
bearing NHC ligands were shown to be active catalyst
precursors able to produce poly-a-arylketones by a-arylation
of the corresponding 4-haloaryl alkyl ketones (Scheme 15).7

Nolan et al.” had previously demonstrated that a new class
of well-defined and air-stable catalysts consisting of a
palladacycle scaffold’® stabilized by the presence of a highly
donating sterically demanding NHC ligand is active in the

Table 14. (IPr)Pd(acac)Cl-Catalyzed o-Arylation Reactions of Ketones with Aryl Chlorides and Bromides

0 o}
IPr)Pd{acac)Cl (1 mol%)
R2 : ( 2
R1J\/ + ArX NaO#Bu (1.5 equiv) R1J\(R
(1.1 equiv) (X =Cl, Br) PhMe, 60 °C Ar
Entry Ketone ArX Reaction time Product Isolated yield
(h) (%)
' L .o a7
Ph Me Me Ph
Me
2 L O o
Ph Me Me Ph
Me
3 (o] PhCl 1 o] 98
Phk/Me Ph)J\(Me
Ph
4 (¢] Cl 0.75 o CFy 93
Ao (Y 3 0Y
FsC Ph
Me
5 [¢] PhCl 4 (o] 62
6 O PhBr 3.5 o] 72
7 Me Me 3 Me 96
EN)_{O Cl N OMe
\ |
/ Me Me /
Me
8 (o} Cl 2 o O 96
Ph)K/Me Ph
Me O
9 (o} 2.5 91

T
=
o]

<
)
o]
=
©
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Table 15. a-Arylation of Ketones with Aryl Chlorides and
Triflates in the Presence of a Catalytic Amount of Complex 18

O
o complex 18 (1 mol%) 2
- R
R1J\/R2 * ArX NaO#Bu (1.1 equiv) R1J\/
(X =Cl, OTf) dioxane, 70 °C Ar
ase. Q
-Pr N
Me‘N F’Id ]
N
Entry Ketone ArX Product Yleld (%

| o]

o Me . /©/ ¢ @
Feuliyss
3 Ph)CJ)\/Me N C w 90

2 o] 78

oM

/

N

4 [¢] /©/CI 97
ol

o-arylation of ketones with (hetero)aryl chlorides and
triflates. Table 15 summarizes the excellent results of four
o-arylations performed using the N-NHC—palladacycle
complex 18.7

On the other hand, the first and, until now, sole
examples of the use of aryl benzenesulfonates as arylating
species in o-arylation reactions of acyclic and cyclic
ketones were reported by Buchwald et al. in 2003.”” These
synthetically important reactions did not involve the use of
Pd—NHC complexes but were performed in a mixture of
toluene and fert-butanol in the presence of Cs,CO; and a
catalyst system composed of a mixture of Pd(OAc), and
2-dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl (X-
Phos), a bulky electron-rich monophosphine, as the ligand.
Remarkably, the Pd(OAc),/X-Phos catalyst system
allowed for the synthesis of the required o-arylated
ketones in very good yields (Table 16) and proved also to
be highly efficient for the o-arylation of S-dicarbonyl
compounds.”’

The o-arylation of ketones with aryl chlorides using
a class of air-stable complexes consisting of a pallada-
cycle’® stabilized by coordination with a secondary phos-
phine was explored by Indolese, Studer et al. in 2002.78 As
depicted in Scheme 16, aminopalladacycle 19, which is a
member of this class, allowed for the a-arylation of pro-
piophenone with 4-chlorotoluene in a quantitative yield.”®

More recently, the a-arylation of propiophenone with aryl
chlorides has been successfully performed using complexes
207 and 21%° (Figure 2) as catalyst precursors.

Chemical Reviews, 2010, Vol. 110, No. 2 1097

Table 16. Pd(OAc)y/X-Phos-Catalyzed a-Arylation of Ketones
with Aryl Benzenesulfonates
I PCy,

° Pd(OAC), (2 mol %) o
J\/Hs X-Phos (5 mol %) J\?/fﬂs iPr -Pr
R' + A0 PN e 0, 2 - 5 equiv) - R O
R? PhMe / tBUOH R?
110°C, 15-21h LPr

X-Phos

Entry Reaction time (h)  «-Arylated ketone Isolated yield (%)

1 15 &/Q/OMe 81

2 Ot-Bu 85

O
-6

3 20 75
Me Me
Me _Ph
Ar—N Me o A
Pd | ,,L \/‘/\ dba
€ Me
Pd_- o+~3
Clm Me
2
20 : Ar = 2,6-di-i-PrCgH; 21

Figure 2. Chemical structures of complexes 20 and 21.

Complex 20, bearing a stable cyclic (alkyl)(amino)car-
bene as strong o-donor ligand, proved to be particularly
efficient for the a-arylation of propiophenone with 2-chloro-
1,3-dimethylbenzene,”” and the Pd complex 21
of 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6-phosphaada-
mantane was found to be an efficient catalyst for the
o-arylation of propiophenone with aryl chlorides and bro-
mides, including 2-substituted and 2,6-disubstituted deriva-
tives.%

In 2006, the PCP—bis(phosphinite) pincer complexes
22 and 23, which appear to combine in one molecule the
advantages of palladacycles and a modulation of the
catalyst properties by the phosphinite ligands, were
reported to provide higher yields compared with those
using the homogeneous Pd(OAc),/PPh; or heterogeneous
FiberCat catalysts>!62 in the a-arylation of ketones with
both activated and deactivated aryl bromides, even
decreasing the catalyst amounts from 2—35 mol % to 0.1
mol %.%182 Representative examples of a-arylations
performed using these powerful catalyst precursors are
shown in Table 17.8!

In the same year, it was also demonstrated by Acker-
mann et al. that bulky substituents on the nitrogen atoms
of secondary chlorophosphines facilitate the efficient
palladium-catalyzed o-arylation of ketones bearing sp*-
hybridized C—H bonds in the a-position with electron-
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Scheme 16. o-Arylation of Propiophenone with 4-Tolyl Chloride Catalyzed by Aminopalladacycle 19

o]

Me
Cl . o
Me | Complex 19 (0.5 mol %)
NaO#Bu, PhMe, 110 °C
Me Me

(100 %)

_PH(2-norbornyl),
Pd~cl
NMe,

19

rich aryl chlorides (Table 18).%* The active catalyst for these
reactions was generated from Pd(OAc), and the bulky ligand
2484

More recently, Matsubara et al. have reported that pro-
piophenones can efficiently be a-arylated with aryl bromides

and chlorides using the air-stable nickel(II) halide complex
25 bearing both PPh; and bulky NHC ligands as a catalyst
precursor (Scheme 17).%

Anyway, palladium catalysts have generally been preferred
for performing a-arylations of ketones with aryl halides, and

Table 17. a-Arylation of Ketones by the PCP Palladium Complexes 22 and 23

o (0]
Method A, Bor C 2
R‘JJ\/RZ + Ar-Br RJS/R
O-PR, Ar
EtOOC Pd-X
O-PR,
22:R=iPr;X=Cl
23: R =Ph; X=0COCF;
Entry  Method Ar Ketone Product Yield (%)
using
22 23
1 A Ph Ph Ph 78 84
P o
¢] Ph
¢]
2 A 4-MeOCH, Ph\n/\ Ph 95 96
Ph
¢]

4 A 4-FCH,

MeQ 93 92

85 86

Cr

5 B 4MeOCH, Me Me  >99 90
oI &
O

Me
6 C 4-FCH, MSTPh F 84 85
° ®
O Ph
E o
7 C 4-MeOCH, MeYPh OMe 86 88
° ®
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Table 18. a-Arylation of Ketones with Aryl Halides in the Presence of Catalytic Amounts of Pd(dba), and Ligand 24

0]

o}

Me ArX Pd(dba), (2.0 mol %) Me
+ oA Ligand 24 (4.0 mol %)
(X =Cl, Br, ) i Ar
R! NaO#Bu (1.3 equiv) R!

PhMe, 105 °C, 24 h

iPr _ i-Pr.

cl
P
N" N

<

i-Pr
24
Entry R ArX Product Yield (%)
1 H 4-MeOCH,CI Me 90
th
© OMe
2 H 4-MeOC,H,Br Me 98
th
© OMe
3 H 4-MeOC,H,I Me 96
th)\©\
°© OMe
4 F 4-MeCH,CI R 92
2 w
SO
Me
5 OMe 4-MeC H,Cl1 MeQ 90
D
O
Me
6 OMe 3,5-(Me0),C,H,Cl MeQ 87
)
@)
o
MeO
7 F 3-MeOC,H,ClI F, 80
)
e
MeQ
8 OMe 3-MeCH,C1 MeQ, 89

the palladium-catalyzed reactions have proven to be a valid
tool for the synthesis of a variety of substrates. In fact, they
have been validated both in the preparation of building blocks
for the synthesis of rocaglamide analogues®® and N-substi-
tuted indoles®’ and as key steps for the synthesis of highly
substituted free (NH)-indoles 26,%® rocaglaols 27,% which
are biologically active natural products first isolated from

the leaves of Aglaia odorata,” and the isoindolo benzazepine
alkaloids lennoxamine 28, 13-deoxychilenine 29, and chil-
enine 30°' (Figure 3).

The synthetic utility of the palladium-catalyzed intermo-
lecular a-arylations of ketones has also been highlighted in
a study by Wills et al. on the palladium-catalyzed reaction
of ketones 31 with fert-butyldimethyl-[3(2-bromophenyl)a-
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Scheme 17. o-Arylation of Propiophenones Catalyzed by the Ni(II) Complex 25

0
@Me + ArX
R1
(R'=H, F, MeO, Me,N) (X=Cl, Br)

R3 <O O o]
N
N )
H ) OMe
26 rocaglaols : 27 lennoxamine : 28

o o]
I P
o OMe
or
OMe
R = H; deoxychilenine : 28

R = OH; chilenine : 30
Figure 3. Chemical structures of compounds 26—30.

llyloxy]silane 32°2 where it was shown that, through an
appropriate selection of the phosphine ligand and solvent,
the reaction can furnish selectively the cyclized isochromene
products 34 or the noncyclized intermediates 33 (Scheme
18).”2 The direct formation of isochromenes 34 was inter-
preted as the result of a ketone o-arylation followed by an
intramolecular cyclization of the resulting enolate with the
allyl system via allylic substitution. The presence of the fert-
butyldimethylsilyl protecting group in the substrate 32 proved
to be essential for this palladium-catalyzed tandem reaction
as the use of more effective leaving groups, such as acetate,
resulted in reaction of the allyl system and no a-arylation
was observed.”

Recently, attention has also been paid to the palladium-
catalyzed intramolecular coupling reaction of amino-tethered
aryl halides and ketones,” and it has been found that w-(2-
haloanilino) alkanones can undergo two different and
competitive reaction pathways. Hence, 2-haloanilino cyclo-
hexanones 35 were shown to undergo arylation under the
experimental conditions of methods A—C reported in Table

o}
Complex 25 (10 mol %) Ar
NaO#Bu (1.5 equiv}
PhMe, 100 °C, 24 h Rl Me
(39 -91 %)
Pr i-Pr,

Pr CI-Ni-Cl i.py
PPhs
25

Table 19. Pd-Catalyzed Cyclization of 2-Haloanilino
Cyclohexanones 35

o)
X R H\
i N Method A, B or C
i ~0 N H
R1
35 (X =1, Br) 36

Method A: Pd(PPhs}). (0.2 equiv), KO-tBu (3.0 equiv), THF, reflux, 3-5h
Method B: PdCl, (PPh;), (0.2 equiv), Cs,CO; (3.0 equiv),
THF, 100-110 °C, sealed tube, 24 h
Method C: Pd(PPhs)4 (0.2 equiv), Ks PO, (3.0 equiv),
THF, 100-110 °C, sealed tube, 24 h

entry X R! method yield (%)
1 1 Bn A 84
2 1 Bn B 68
3 1 Bn C 76
4 Br Bn A 67
5 Br Bn B 60
6 Br Bn C 78
7 1 Ac B 33
8 1 Ac C 38
9 1 COOMe A 48
10 1 COOMe B 92
11 1 COOMe C 35

(@) The reaction was run for 48 h using 0.3 equiv of PdCl,(PPh;),.

19 to give hexahydro-2,6-methano-1-benzazicines 36 in
modest-to-good yields.

On the other hand, 2-haloanilino ketones 37, on treatment
with a catalytic amount of PdCl,(PPh;), using the reaction
conditions of method B of Table 19, underwent o-arylation
or the addition to the carbonyl group depending on their
structure (Scheme 19).”3

For example, the palladium-catalyzed cyclization of 37a
gave 39a in 40% yield (Scheme 20). However, purification

Scheme 18. Synthesis of Isochromenes 34 and the Noncyclized Intermediates 33

Br
o]
H1JJ\/R2 * |
OTBDMS
31 32

Pds(dba)z (5 mol %)
JohnPhos (10 mol %)
LIHMDS (3 equiv)
THF, 100 °C, 24 h

R2

1
x R

o}
34
x>

R2

Pd,(dba)s (5 mol %) .

P(#Bu)z (10 mol %)

LHMDS (4 equiv) o)

dioxane, 90 °C, 3 h
33 OTBDMS
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Scheme 19. Pd-Catalyzed Reactions of 2-Haloanilino
Ketones 37

R2
S

N b 37 :X=Br, |

R1

R' = Bn, Me, Ac, COOMe
n=1-3
R2 = Me, Et, tBu

PdCI,(PPh3), (0.2 equiv)
Cs,C0O3 (3 equiv)
THF, 100 - 110 °C, sealed tube
24 h

|

R (@] HO R2
R
@N(Cn-1 Cfl\lg

\ R
ag R' 39

(Method B)

of this alcohol was hampered by the formation of consider-
able amounts of y-butyrolactone, but interestingly, addition
of 2 equiv of Et;N to a toluene solution of the substrate
resulted in a very clean reaction, avoiding the formation of
y-butyrolactone. On the other hand, the PdCl,(PPh;),-
catalyzed cyclization of 37b in toluene in the presence of
Et;N gave a mixture of compounds 39b and 40a, which were
isolated in 44 and 29% yield, respectively (Scheme 20).%

Intramolecular palladium-catalyzed a-arylation reactions
of ketones have also been used by Khartulyari and Maier in
2007 for the synthesis of benzomorphan analogues.** Specif-
ically, tricyclic compounds 42a and 42b were synthesized
in 35 and 36% yield, respectively, by cyclization of bro-
moketoesters 41a and 41b in refluxing toluene using K;PO,
as the base and a combination of Pd(dba), and P(z-Bu); as
the catalyst system (Scheme 21).%*

From 1998 until nowadays, efforts have also been focused
on asymmetric versions of the transition metal-catalyzed
a-arylation of ketone with aryl halides.”>~° In 1998, Buch-
wald et al. reported that the intermolecular asymmetric
arylation of 2-methyl-o-tetralones can be performed with
good levels of the yield using the Pd,(dba);/(S)- or (R)-
BINAP catalyst system.” The enantioenriched products 43,
in which a quaternary stereocenter was installed,” were
obtained in 61—88% enantiomeric excess (ee) (Table 20).

Interestingly, 5-benzylidene-2-methylcyclopentanone 44
proved to be arylated with higher enantioselectivity compared
with the other investigated ketones, and the required 2-aryl-
5-benzylidene-2-methylcyclopentanones 45 (Figure 4) were
obtained with ee up to 98% using aryl bromides with meta-
and para-substituents as arylating reagents.”
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Scheme 21. Synthesis of the Benzomorphan Derivatives 42a
and 42b

Pd(dba)s (2 mol %)

R o . o
b, oo _P(EBU) (4 mol %) a
K3PO, (3 equiv) COOEt
N PhMe, reflux, 72 h N
I
1
Me Me
41a:R=H 42a:R=H (35%)
41b: R=Me 42b : R = Me (36 %)

Table 20. Asymmetric a-Arylation of 2-Methyl-a-tetralones

o
Me Pd,(dba)s / (S)-BINAP (10 - 20 mol %)
+ ArBr NaO#Bu (2.0 equiv)
R' (2.0 equiv) PhMe, 100 °C
o)
Me
Ar
R1
43
entry R! Ar yield (%)  ee (%)
1 H Ph 66 73
2 H 4-t-BuCgHy 73 88
3 MeO  4-+-BuCgHy 56 77
4 H 3-(1,3-dioxolan-2-yl)C¢Hy 74 84
5@ H 4-NC-C¢Hy 40 61

(@ The reaction was run at 70 °C using 5 equiv of aryl halide and 5
equiv of NaOr-Bu.

O
- Me - Ar
Ph Ph ‘ Me
44 45

Figure 4. Chemical structures of compounds 44 and 45 .

Four years later, Buchwald et al. reported that the catalyst
systems prepared from Pd,(dba); and homochiral dialkyl-
phosphinobinaphthyl ligands 47a—c are able to effect the
asymmetric arylation of the o-alkyl-o'-protected cyclopen-
tanones 46 at room temperature using NaOz-Bu as the base
and only 2 mol % of the Pd catalyst (Scheme 22).%

These catalysts proved significantly more reactive than
previous systems. Ligand 47¢, which was the best of the
ligands used in this study, allowed the installation of an all-
carbon quaternary stereogenic center in compounds 46 in
high isolated yields and up to 94% ee.*®

In 2006, Kwong, Chan et al.”® described that the atropoi-
someric dipyridylphosphine (R)-P-Phos'® can effect highly
enantioselective nickel-catalyzed o-arylation of cycloal-
kanone enolates with aryl chlorides, bromides, and iodides

Scheme 20. Pd-Catalyzed Cyclization Reactions of Compounds 37a and 37b

Me

CL 5
N,(CHz)z

|
Bn
37a

|Me
Method B

\]90
C[N—(CHz)z

CooMe
37b

O\ Me HO.__Me
- +
PhMe, Et3N (2 equiv) @f,\j
N

HO.__Me

Method B @fj
N

Bn
39a [40 %; solvent : THF]
[45 %; solvent : PhMe + Et3N (2 equiv)]

I
COOMe COOMe

40a (29 %) 39b (44 %)
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Scheme 22. Enantioselective Arylation of Cyclopentanones 46

O

Pd,(dba) (1 mol %)

Bellina and Rossi

0O

A
- R + ArBr Ligand 47a, 47b or 47¢ - ‘Lr R
Ph~y (Ligand / Pdy(dba)s = 2.5 : 1) Ph—y

Me
46 : R = Me, n-Pr, n-Pent

NaO#Bu, PhMe, rt, 3-40 h

Me

l l OR! 47a:R'=Me

P(i-Pr)p 47b:R'=Bn

47c : R' = CH,(1-Naph)

Scheme 23. Ni(COD),/(R)-P-Phos-Catalyzed Enantioselective
a-Arlation of Cycloalkanones
o) Ni(COD); (2 mol %) 0
Me (R)-P-Phos (2.4 mol %) *
+ A NaO#Bu (2 equiv) Ar
(BequV) — pppe, 100 °C, 24 h

n (X=ClBrl
(n=0-2) (66 - 97 %)

Me

n

(ee up to 98 %)

OMe MeO

N
MeO—’ \ 7

N
>—OMe

PPh,PhoP
(R)-P-Phos

to install an all-carbon quaternary stereogenic center in
excellent yields and up to 98% ee (Scheme 23).

Two years later, the first examples of catalytic enantiose-
lective o-arylation of ketones with aryl triflates were
described by Hartwig et al.”’ The palladium-catalyzed
reactions were conducted with Difluorphos,'?! an electron-
poor diphosphine ligand possessing a small dihedral angle.
In fact, the magnitude of the ee values was found to increase
with decreasing dihedral angles of the ligands.

The combination of Pd(dba), and Difluorphos catalyzed
the a-arylation of ketones, including o-methyltetralone,
2-methyl-6-benzylidenecyclohexanone, and 5-benzylidene-
2-methylcyclopentanone, with a variety of electron-neutral
and electron-rich aryl triflates in excellent yields and ee
values up to 95%. Representative examples of these enan-
tioselective reactions are reported in Table 21.

Unfortunately, the reaction conditions illustrated in this table
proved to be unsuitable for the arylation reaction with electron-
poor aryl triflates, but this limitation could be overcome by using
a nickel catalyst containing Difluorphos as the ligand. As shown
in Table 22, the Ni(COD),/Difluorphos catalyst system allowed
for the synthesis of a-arylated ketones in 40—84% yield and
ee values up to 98%.”

3. Synthesis of a-Aryl Substituted Ketones by
Coupling of Silyl Enol Ethers of Ketones with
Aryl Halides or Psudohalides

Despite the palladium- and nickel-catalyzed direct o-arylation
reactions of ketones with aryl halides or pseudohalides that
appear to be a very useful methodology to access a-arylated
ketones in a simple way, these reactions suffer from some
drawbacks. In fact, some substrates do not tolerate the strongly
basic reaction conditions often required by this process and,
for instance, 4-chromanones undergo ring-opening to phenolate
anions under basic conditions (Scheme 24).19?

Another limitation is that the o-arylation reaction generally
occurs at the less substituted o-position of ketones with two

Table 21. Pd-Catalyzed Enantioselective o-Arylation of Ketones
with Aryl Triflates

O @]
a. Pd(dba), (10 mol %) s Me
AR g TS
! ,L/‘\/}Me + ArOTt " Difiuorphos (12mol %) A
T n NaO#-Bu (2.0 equiv) T n
(h=1,2) PhMe, 60 °C
X
F o PPh,
FXO PPh,
F o C
Difluorphos
Entry Ketone Ar Yield (%) ee (%)
1 (o] Ph 8l 90
2 Me 4-+-BuCyH, 85 92
3 4-MeCH, 79 92
4 3.5-(--Bu),C.Hs 83 95
5 6] Ph 77 70
6 4-MeC,H, 79 78
7 Me  35.(-Bu),CHs 84 89
8 (o] Ph 80 78
PhS Me
9 3,4-(MeO),C,H, 70 77
10 [¢] Ph 70 95
Ph%
Me

Table 22. Ni-Catalyzed Enantioselective o-Arylation of Ketones
with Electron-Poor Aryl Triflates

o
Qi},v,e + Ar-OTf
n

o}
Ni{COD); (5 mol %) Me
Difluorphos (6 mol %) OQ Ar
NaO#Bu (2.0 equiv) n

PhMe, 80 - 100 °C

Entry Ketone Ar Yield (%) ee (%)
1 0 4NCCH, 84 95
2 4-CF,CH, 69 9
3 Me 3-CF,CH, 70 86
4 o 4 NCCH, 55 97
5 Cij/rwe 4 CF,CH, 40 08

enolizable a-positions. Hence, the palladium- or nickel-
catalyzed reactions with aryl halides cannot be used for
arylations at the more substituted o-position of ketones with
two enolizable positions. Moreover, sometimes multiple ary-
lation is possible, and in order to prevent this side-reaction, it
is often necessary to block one a-position of the ketone.

A method that does not suffer from these shortcomings
and offers several advantages over the direct a-arylation of
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Scheme 24. Base-Promoted Ring-Opening of
4-Chromanones

(0] (0] 1
B@ 'O C R
, S —_ P
0" "R2 0" "R2 Oe

ketones is the palladium-catalyzed coupling of silyl enol
ethers of ketones with aryl halides or pseudohalides. The
advantages due to the use of silyl enol ethers, which represent
masked ketone enolates, include the following: (i) Their
reduced basicity in comparison to the corresponding ketone
enolates improves functional group compatibility. (ii) The
use of structurally well-defined silyl enol ethers'®* can allow
the insertion of an aryl group at the more substituted
a-position of a ketone with two enolizable a-positions. (iii)
The experimental conditions for the arylation of silyl enol
ethers of ketones do not generally involve the use of a strong
base. Accordingly, these conditions can allow for the
development of enantioselective protocols to install an acidic
tertiary stereocenter in the a-position to a carbonyl group
without meeting with racemization or epimerization issues.
However, it must be taken into account that silyl enol ethers
of ketones are not commercially available usually and that,
in the case of the palladium-catalyzed arylation reaction that
involves structurally well-defined ketones with two enolizable
o-positions, a nontrivial regioselective synthesis of the silyl
derivatives is required.'®

An early example of palladium-catalyzed arylation of silyl
enol ethers of ketones with aryl halides was reported by
Kuwajima and Uribe in 1982.!%195 These authors demon-
strated that treatment of silyl enol ethers of methyl n-alkyl
and methyl sec-butyl ketones with aryl bromides bearing an
electron-donating, an electron-withdrawing, or an ortho-
substituent and tributyltin fluoride as an additive in refluxing
benzene, in the presence of a catalytic amount of PdC1,[P(o-
tolyl)s],, provides a-arylated ketones in modest-to-satisfac-
tory yields.'™ Organotin enolates, generated in situ from the
corresponding silyl enol ethers, were the proposed reactive
species. Among the following palladium complexes, Pd-
(PPh3)4, PACI,(PPh3),, PACly(dppe), and PACL,[P(o-tolyl)s],,
use of the last one proved to be the most effective. However,
silyl enol ethers of methyl fert-alkyl ketones and diethyl
ketones survived the reaction conditions to be recovered.'®
Representative results of PdCL,[P(o-tolyl)s],-catalyzed ary-
lations of 2-trimethylsilyloxy-1-alkenes with aryl bromides
are reported in Table 23.

A powerful method for the palladium-catalyzed arylation
at room temperature of enantiomerically enriched silyl enol
ethers of cyclopentanones in the presence of CsF was devised
by Buchwald’s group in 2004.'% The protocol, which

Table 23. PdCL,[P(o-tolyl);],-Catalyzed Arylation of
2-Trimethylsilyloxy-1-alkenes with Aryl Bromides
OSiMes PACI,[P(o-tolyl)s], (3 mol %)

RV& + ArBr + BugSnF PhH, reflux

(o}
R1JJ\/Ar

silyl ether/ArBr reaction yield

entry R! Ar

molar ratio time (h) (%)
1 n-C7H1 5 Ph 12 4 65
2 I/Z-C7H15 4-MCOC6H4 1/1.1 3 62
3 iPr(CH), Ph 12 4 65
4 i—Pr(CH2)2 4-M€C(,H4 1/1.1 3 62
5 i-Pr(CHy), 4-AcCgHy 1.5/1 3 70
6 sec-Bu Ph 1/1.1 10 47
7 t-Bu Ph 1/1.1 24 29
8 Ph Ph 172 5 35
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Table 24. Arylation of Diphenylsilyl Enol Ether 49a with Aryl
Bromides

e}
Cul-Catalyzed Asymmetric
Coniugate Reduction
R
Ph_ Ph
O/SI\O O
ArBr (1.5 equiv)
Pd(OAc), (5 mol %) E? VAT
JohnPhos (10 mol %) Me
R R CsF (1.1 equiv)
49a: R=Me THF, rt, 18 h 50
compound 50
entry Ar yield (%) de (%)
1 Ph 91 93
2 4-t-BuCgHy 93 93
3 4-MeOCgHy 84 94
4 4-MeOCgHy 74 91
5 4-EtOOCCg¢Hy 70 95
6 2-MeCeHy4 68 88

Scheme 25. Synthesis of Compound 52 by Intramolecular
Pd-Catalyzed Reaction of Silyl Enol Ether 51

sz dba)s (5 mol %) O
P(#Bu)z (12 mol %)

BusSnF (1.0 equiv) g
PhH, reflux, 21 h

(62 %) 52

OSiMe;  Br

provides a simple route to a-arylated cyclopentanones 50
with excellent levels of enantiomeric and diastereomeric
purity, involves treatment of enantiomerically enriched
p-substituted diphenylsilyl enol ethers 49 with a molar excess
of aryl bromides in THF in the presence of CsF and a
catalytic system consisting of a combination of Pd(OAc),
and 2-(di-tert-butylphosphino)biphenyl (JohnPhos).!% Com-
pounds 49 were prepared by copper-catalyzed conjugate
asymmetric reduction of the corresponding cyclopentenones
48.'°7 Remarkably, this protocol could also be applied to
cyclohexenone substrates. Table 24 summarizes the results
of arylation reactions of silyl enol ether 49a with aryl
bromides.

In 2006, Iwama and Rawal showed that inter- and
intramolecular arylation reactions of trimethylsilyl enol ethers

Scheme 26. Plausible Mechanism for the Intermolecular
Pd-Catalyzed Arylation of Silyl Enol Ethers in the Presence
of Bu;SnF

OSiMey OSnBuj,

o}
SnBug
+ BusSnF —s _—
n n n
ArX
,# ArPdX
Pd(0)

BuaSnX

OPdAr

O
i PdAr :
n n

NG

iAr
n
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Table 25. Pd-Catalyzed Arylation of Difluoroenol Silyl and Monofluoroenol Silyl Ethers 53 and 55

Ar Yield (%)

OSiMe, Ar Ph 91

Fo  ABr Pd(OAc), / P(tBu)s Ph 4-MeCgH, 86

Ph BusSnF (1 equiv) F e 4-+BuCgH, 82

F PhMe, 85 °C, 8 h o 4-MeQCgH 84

: ' ’ 6l 14

53 (2 equiv) 54 4-GFCeHy 81

3,6-(CF3),CeHa| 70

3-MeOOCCgH,| 89

4-NCCgH, 90

4-0,NCgH, 70

4-AcCgH, 82

2-thienyl 82

Ar! Ar2 | Yield (%)
QSiMes Pd(OAC), / P(£BU) e :-t-gu%? B-M;iqcﬁew 32
C t-Bu -t-Bu -thien

Ho A+ APBY = 2 U3 H Ar! 6114 y
usSnF (1 equiv) E 4-MeOCgH, 4-NCCgH, 75
F . PhMe, 85 °C, 20 h ¢ 4-MeOCgH, |  4-O,NCgH, 68
55 (2 equiv) 56 4-CFaCeH, Ph 45
2-thieny! Ph 75

of cycloalkanones with electron-poor and electron-rich aryl
iodides, bromides, and chlorides can be regioselectively
accomplished by the use of a Pd,(dba)s;/P(z-Bu); catalyst
system in the presence of Bu;SnF.!%® The synthesis of
[3.3.1]bicyclic compound 52 by intramolecular arylation of
silyl enol ether 51 according to this protocol is illustrated in
Scheme 25.1%8

These authors envisaged a plausible mechanism for the
intermolecular arylation reactions in which the required
a-arylated cycloalkanones are obtained by treatment of
trimethylsilylenol ethers of cycloalkanones with Bu;SnF,
transmetalation between the resulting tributylstannyl enolates

and arylpalladium(II) species, followed by a reductive
elimination reaction (Scheme 26).'%8

In 2007, a protocol similar to that developed by Iwama
and Rawal'® was applied by Guo, Twamley, and Shreeve
for the preparation of a,o-difluoroketones 54 and a-fluo-
roketones 56 from silyl enol ethers 53 and 55, respectively
(Table 25).1%

One year before this report, Verkade, Hartwig et al. had
found that the coupling of silyl enol ethers of ketones with
aryl bromides and chlorides is synergically promoted by the
combination of two metal fluorides, and in light of this
important finding, they developed two protocols for this

Table 26. Pd(OAc),/P(¢-Bu);-Catalyzed Arylation of Silyl Enol Ethers with Aryl Halides Using a Combination of Bu;SnF and CsF as

Additives
OSiMe, Pd(OAc), (3 mol %) o)
PR 4 A P(#-Bu)3 (5.4 mol %) R
! (X =Cl, B BugSnF (1.4 equiv) ! Ar
- CsF (1.4 equiv)
PhMe, 85 °C, 12-20h
Entry Silyl Enol Ether Ar X Product Yield (%)
1 OSiMes 4-MeOOCCH, Cl Me, 89
)\/\ O
Me Fh MeOOC
Ph
2 OSiMeg 4-O,NC,H, Br Me, 84
)\/\ 0
Me Ph O,N
Ph
3 OSiMeg 2-MeOCH, Br Me, 97
o]
Me)\/\Ph
Ph
OMe
4 OSiMey 4-HOCH, Br Me, 55
)\/\ o
Me Ph HO— ) <‘
Ph
5 OSiMe, 4-MeOOCC.H, Cl ¢] 80
MeOOC
Me Mé
6 OSiMe, 3-O,NC,H, Cl O,N o] 77
i Me Mj
7 OSiMey 3-thienyl Br Q 78
—
2
Me
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Table 27. Pd-Catalyzed Arylation of Silyl Enol Ethers with Aryl Bromides in the Presence of ZnF, and CsF or MnF, as Additives

OSiMes
R + ArBr

Method A, B or C

o}

ﬁ/}

b

)J\ﬁﬂ

Method A: silylether/ArBr = 1.4:1, Pd(dba), (3 mol %), P(t-Bu)s (5.4 mol %), CsF (0.4 equiv), ZnF; (1.4 equiv), DMF, 85 °C
Method B: silylether/ArBr = 1.5:1, Pd(dba), (2 mol %), P(t-Bu)s {4 mol %), MnF» (0.4 equiv), ZnF, (1.0 equiv), DMF, 70 °C
Method C: silylether/ArBr = 5:1, Pd(dba), (3 mol %), P(t-Bu)s (5.4 mol %), MnF; (1.4 equiv), ZnF, (1.4 equiv), DMF, 70 °C

Entry Silyl Enol Ether Ar Method Product Yield (%)
1 OSiMeg 4-t-BuC,H, A 89
2 OSiMe, 2-MeOC.H, A 87

S Qﬁi
3 OSiMeg 4-HOCH, A 53
P
4 OSiMeg 4-NCC.H, B CN 78
OMe O OMe
5 OSiMeg 4-AcC.H, B o 71
}\/\Ph m
Ph
6 OSiMes Ph C (o] 68

Me

arylation reaction.!!® In the first of these, silyl enol ethers,
formed by the addition of Grignard reagents to o[-
unsaturated ketones in the presence of CuBr*Me,S, Me;SiCl,
and HMPT,'!! were reacted with aryl bromides or chlorides
in toluene with a combination of BusSnF and CsF as
additives in the presence of catalytic amounts of Pd(OAc),
and P(z-Bu); to give the required a-arylated ketones in
moderate-to-excellent yields (Table 26).'1°

In the second protocol, the Pd(OAc),/P(t-Bu);-catalyzed
reaction of silyl enol ethers of ketones with aryl bromides is
carried out in DMF solution under tin-free conditions, but
in the presence of a combination of stoichiometric amounts
of ZnF, and either CsF or MnF, as additives.'!° Representa-
tive results obtained by using this protocol are reported in
Table 27.

Recently, tin-free reaction conditions have also been
employed by Chobanian et al. in an expedient method for
the (hetero)arylation of 2-trimethylsilyloxypropene 57 with
(hetero)aryl chlorides, bromides, and triflates that implies the
synthesis of ketones 58 in modest-to-high yields by treatment
of 57 with (hetero)aryl chlorides, bromides, or triflates under
microwave irradiation in the presence of ZnF, as the additive
and catalytic quantities of Pd,(dba); or Pd(OAc), and
2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (S-Phos)

as the supporting ligand (Table 28).!!2

It has been postulated that this palladium-catalyzed reaction
involves the in situ generation of a zinc enolate via reaction of
2-trimethylsilyloxypropene (57) with ZnF, (Scheme 27).'

Recently, Doucet, Santelli et al. have instead used the
[PACI(i*-C3Hs)]o/cis cis,cis-1,2,3,4-tetrakis(diphenylphosphi-
nylmethyl)cyclopentane (Tedicyp) (2:1) complex as the
catalyst for the high-yielding synthesis of 2-aryl-1-phenyle-
thanones 60 from 1-phenyl-1-(trimethylsilyloxy)ethylene 59
and aryl bromides in dimethylformamide (DMF) at 130 °C
in the presence of K,COj; (Table 29).!!3

Table 28. Microwave-Assisted Pd,(dba)s;/S-Phos-Catalyzed
Arylation of 2-Trimethylsilyloxypropene in the Presence of ZnF,
Pd,(dba)s (7.3 mol %)

QSMes S-Phos (20.8 mol %) o
+ ArX -Phos (20.8 mol % Ar
Me X = Cl, Br, OTf) ZnF, (1.15 equiv) \)LMe
57 T o ; 58
DMF, uw, 150 °C, 15 min
PCYQ
MeO [ OMe
S-Phos
Entry Yield (%)

5

COOEt 88
@r e
4 . 25
| P
MeO N
5 MeQOC N\ Br 48
T j
6 COOMe 70
o
N
8 COOMe 55
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Scheme 27. Plausible Mechanism for the Pd,(dba)s/
S-Phos-Catalyzed Arylation of 2-Trimethylsilyloxypropene in
the Presence of ZnF,

osiMe3 OZnF
(Het)Arx + ZnFp ==
) e
(Het)Ar-PdXL,
Pd(0O)L,
e} O- PdAr(Het
7 ’)k Me
(Het)Ar—PdL,

(Het)A

O

4. Synthesis of o.-Aryl-Substituted Ketones by
Coupling of Enol Esters of Ketones with Aryl
Halides or Pseudohalides

Enol esters, including enol acetates, of ketones have been
used for the selective formation of enolates and have proven
to be useful reagents for carbon—carbon bond formation.!''
A wide variety of methods have been developed to prepare
these masked carbonyl compounds!!> and, because of their
higher stability compared to the corresponding silyl enol
ethers, significant attention has been deserved for their use
for the synthesis of o-aryl substituted ketones.

In 1968, Heck synthesized a-arylated ketones by reaction
of enol esters of ketones with arylpalladium(II) compounds,
in situ generated from arylmercury derivatives and palladium
salts.''® In 1973, the Heck reaction of 4-chromanone enol
acetates 61 with stoichiometric amounts of arylpalladium(II)

Bellina and Rossi

Scheme 28. Arylation of 4-Chromanone Enol Acetates
2

R2 o R o)
AcOH, 1t
ArHgCIl + Pd(OAc)y ————
61 OAc 62 O

Table 30. PdClL,[P(o-tolyl);],-Catalyzed Acetonylation of Aryl
Bromides via Acetonyltributyltin

OAc
- AcOMe
Me + BuzSnOMe
o}
Bu3Sn\)J\Me
ArBr O
ﬂ PACI,[P(o-tolyl)3]s (0.67 mol %) Ar\)J\Me
0SnBug PhMe, 100 °C, 5 h
Me

entry Ar yield (%)
1 Ph 78

2 2-MeC¢H, 91

3 3-MeC¢H, 88

4 4-MeCgH, 80

5 4-MCOC(,H4 51

6 2-CIC¢H4 80

7 4-CICeH, 73

8 4-M€2NC6H4 71

9 2,4,6-(MC)3C(,H2 94

10 2-AcCeHy 0

11 4-AcCgHy 64

12 4-O,NC¢H,y 0

compounds, in situ generated from the corresponding aryl-

Table 29. [PdCl(573-C3Hs)],/Tedicyp-Catalyzed Arylation of 1-Phenyl-1-(Trimethylsilyloxy)ethane

OSiMeg [PACI(M3C4Hs)], * 0.5 Tedicyp (10 mol %) o
+ ArBr g
Ph DMF, K,CO4 130°C, 20 h Ar Ph
59 (2.0 equiv) 60
PhyP PPhy
th%;(]—Pth
Tedicyp
Entry Substrate / Catalyst mole ratio Ar Product Yield (%)
l 100 4-BzC,H, th 83
Bz ©
2 100 4-AcCH, /©/th 78
Ac ©
3 50 4-CF,C,H, mPh 82
FsC °©
4 50 4-NCC.H, mPh 80
NC ©
5 50 [-naphthyl o] 88
‘: Ph
6 50 2-MeC(H, m Ph 65
Meo
7 50 2-MeOC4H, OMe 81
Ph
(o]
8 50 2.4,6-(Me);CH, 80

<
o
<
@
5
o
0
=




Transition Metal-Catalyzed Direct Arylation of Substrates Chemical Reviews, 2010, Vol. 110, No. 2 1107

Scheme 29. Pd-Catalyzed Synthesis of the Acetonylpurine 64

Cl Cl
N B N BN
N N O
¢ ] ¢ 1
O N//kl B.SnOM OAc Pd(PPhg), ACO N N/)\/U\Me
o + BuSnoMe + L 5y es°c.25h o
(85 %)
H H H H
OAc OAc OAc OAc 64
63 1%
(NfLNH 0
N N/)\‘/lLMe
[ HO
— O
H H
OH OH 2-acetonylinosine
Scheme 30. Pd-Catalyzed Synthesis of Benzyl Methyl Ketone 67
OMOM OMOM
Br Pd,(dba)s (10 mol %)
oTIPS OAc Ligand 66 (40 mol %) OoTIPS
+ BugSnOMe + B
3 /I\Me PhMe(BzOO/C 2h
OMOM (1.4 equiv) (1.4 equiv) °) g7 COMOM
65
Me
. C
= PPh,
Me,N !
l Me 66 ! Me
CH OH
floresolide B 457-Z-isomer of floresolide B
Scheme 31. Pd-Catalyzed Synthesis of Methyl Ketone 69 Table 31. Synthesis of Aryl Ketones 71 by Pd-Catalyzed
N Pd,(dba)s (1 mol %) Coupling of Vinylic Acetates 70 with Aryl Bromides o
= OAc Ligand 66 (4 mol %) PdCI,[P(o-tolyl 1 %
| g OA 2[P(0-tolyl)s], (6 mol %) )H/Fp
NC L Br + Bu38nOMe + }\M PhMe, 100 °C Y\ C 4+ ArBr+ Bu3SnOMe DMSO, 100 °C, 14 h Ar
) ! (81 %) 70 (2.0 equiv) 71R?
68 (1.2 equiv) (1.2 equiv) °
N
| A O Entry Vinylic Acetate  Aryl Bromide Product Yield (%)

P B
N Me [ 2 0ne <’NI>/ ' . o 49
69 S </ D)J\Me
S

mercury chlorides and Pd(OAc),, was used by Kasahara et 2 Mo Br i 49
al. to prepare isoflavanones 62 in high yields (Scheme 28).!!7 Et

A significant development in the area concerning the 3 Me Br o 75
arylation of enol acetates of ketones was subsequently K\OAC Me
reported by Migita et al., who pioneered the palladium- OO Me
catalyzed coupling of aryl bromides with tributylstannyl 4 e ~Fonc Br o 72
enolates, in situ prepared from Bu;SnOMe and enol acetates “)H\
of ketones.!'8"!20 Table 30 illustrates the results of the OO o
PdCl,[P(o-tolyl);],-catalyzed acetonylation of aryl bromides 5 Me% oA Br Me 76
via acetonyltributyltin.'? Me “ Me 0

In 2005, Gupta and Nair similarly synthesized acetonylpu- OO
rine 64 by Pd(PPh;)s-catalyzed reaction of 6-chloro-2- OO
iodopurine ribonucleoside 63, Bu;SnOMe, and isopropenyl 6 P~ 0Ac Br 0 69
acetate (Scheme 29)'?! in a key step of the synthesis of o /©/ /©)\L
2-acetonylinosine, a potent antiviral compound. : MeoN Ph

More recently, in the context of the total synthesis of the 7T e~ one B o 28
cytotoxin marin natural product floresolide B and its A%’- L. X
Z-isomer, a high loading of the catalyst system composed N | N oh
of Pd,(dba); and 2-diphenylphosphino-2'-dimethylaminobi- 8 Memg,, Br 0 47
naphthyl 66 has been used by Nicolau and Xu in the synthesis /©/ Et
of benzyl methyl ketone 67 from aryl bromide 65, isopro- MeO MGOQ)L

penyl acetate, and Bu;SnOMe (Scheme 30).!%2
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Scheme 32. Pd-Catalyzed Synthesis of Deuterated Ketone 73

D Br pdaci,P(o-tolyl 9
> yhslz (5 mol %)
Bn%o +BusSnOMe + DMSO, 100 °C, 14 h

(2.0 equiv) (75 %)
72

Bn
T3

Scheme 33. Proposed Catalytic Cycle for the Pd-Catalyzed
Synthesis of Deuterated Ketone 73

D
BH%OAC

72
AcOMe
D

Bn%OSnB%' = B”j/go
\

+ BuzSnOMe

[ SnBujy
lr Bu;SnBr
Ar—ﬁ’d Br
L /Ikr
ArBrJ Lj;(LD
PdL
o 2 Bn T
Ar)J\/Bn
D L
73
Bn IT 0
Pd—L " Ar
o D )| Pd L
Ar L

A significantly lower loading of the Pd,(dba);/66 catalyst
system had previously been employed to perform the
heteroarylation of isopropenyl acetate with a wide array of
electronically and structurally diverse heteroaromatic chlo-

Scheme 34. Pd-Catalyzed o-Arylation of Ketimine 74

Bellina and Rossi

rides, bromides, and triflates in good yields.'?* It is also worth
mentioning that the protocol developed by Migita et al.''8120
failed when it was applied to the preparation of methyl ketone
69 from heteroaryl bromide 68. However, the use of the
Pd,(dba);/66 catalyst system allowed for the access to 69
from 68, isopropenyl acetate, and Bu;SnOMe in 81% yield
(Scheme 31).'%3

Surprisingly, formation of aryl ketones 71 has been
recently observed when a protocol very similar to that
disclosed by Migita et al.''®12% was used for the palladium-
catalyzed reaction of vinylic acetates 70 with aryl bromides
(Table 31).1%

Analogously, the PdCl,[P(o-tolyl);],-catalyzed reaction of
2-bromonaphthalene and vinylic acetate 72 produced the
deuterated aryl ketone 73 in 75% yield (Scheme 32).'**
Preliminary mechanistic studies indicated that the unexpected
formation of 73 proceeds by insertion of a ketene in the
coordination sphere of palladium into the aryl—Pd bond
followed by reductive elimination (Scheme 33).'%*

A similar coordination and insertion of a ketene into an
aryl—Pd bond had previously been proposed by Watanabe
et al. for the catalytic cycle of the palladium-catalyzed
arylation of ketenes with aroyl chlorides.!?

5. Synthesis of o.-Aryl-Substituted Ketones via
o-Arylation of Ketimines with Aryl Halides

Even though ketimines bearing a C—H bond in the
o-position are known to easily undergo rapid isomerization
to the corresponding enamines under basic conditions, in
2007, Barluenga et al. succeeded in performing the selective
direct intermolecular palladium-catalyzed a-arylation of a
ketimine bearing a C—H bond in the a-position with aryl
halides in the presence of a base.'?® The bulky and electron-

Ph Br
N
PR '
M Ph
€ OMe
74 | 75
75 (2 equiv) 75 (1 equiv)

Pdy(dba)s (2 mol %)
NaOt-Bu or Cs,COg (1.4 equiv)
X-Phos (4 mol %)
dioxane, 110 °C, 14 h

OMe
O NHPh
Zph
] OMe
76

| HaO*
'

Pd,(dba)s (4 mol %)
NaOt-Bu or Cs,CO5 (1.4 equiv)
DavePhos (8 mol %)
dioxane, 110 °C, 14 h

(76 /77 :25/75) ,

OMe
PCy2

O o] O
Ph i-Pr. ! i-Pr
i OMe i-Pr

78 X-Phos

' HaO*
PCy2
MeoN !

OMe
@Ji
Ph
79
DavePhos
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Table 32. Synthesis of Indoles from Ketimines and
o-Dihalobenzenes

o CL

Pd,(dba)s (2 mol %) R

X-Phos (4 mol %) N\ R
NaO#-Bu (2 - 8 equiv) N

dioxane, 110 °C, 14 h

RS
Entry Imine Dihalide Indole Yield (%)
I Me Br mPh 86
BANNGY ;
Ph ! Ph
2 Me Br 77
By @ S
Ph™ SN N
CI
< &
3 OgN Br 86
'Ph C[ N
8r N
Ph
4 Br 80
e
Ph ar A
N
Ph
~
Ph N o NPh
6 Me 70

Hear

rich biarylphosphines X-Phos and DavePhos [2-dicyclohexy-
Iphosphino-2'-(N,N-dimethylamino)biphenyl] were found to
be the best ligands to achieve the palladium-catalyzed
a-arylation of ketimine 74 with 3-bromoanisole 75. Specif-
ically, o,a-diarylated ketimine 76 was efficiently prepared
from equimolar amounts of 74 and 75 using catalytic
quantities of Pd,(dba); and X-Phos as the supporting ligand
and either NaOz-Bu or Cs,COj; as the base (Scheme 34).
Remarkably, the selective monoarylation of 74 proved to be
more elusive and a 25:75 mixture of 76 and the monoarylated
imine 77, respectively, was obtained when DavePhos was
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employed as the supporting ligand (Scheme 34).!° Although
compounds 76 and 77 might be easily converted to the
corresponding a,a-diarylated and o-monoarylated ketones
78 and 79, respectively, by acidic hydrolysis, this deprotec-
tion reaction was not reported by Barluenga et al.!*

On the other hand, a sequence of palladium-catalyzed
a-arylation and intramolecular N-arylation reactions involv-
ing ketimines and o-dihalobenzenes, which were performed
using X-Phos as the supporting ligand and NaOz-Bu as the
base, was employed by these authors to synthesize a wide
variety of indoles in good yields (Table 32).'% The required
imines were made in situ by the coupling of amines with
bromoalkenes.

6. Synthesis of o-Aryl-Substituted Aldehydes by
o-Arylation of Aldehydes Bearing a Primary,
Secondary, or Tertiary C—H Bond in the
o-Position

Until the late 1990s, the direct formation of a Csp*—Csp?
bond by transition metal-catalyzed o-arylation of aldehydes
bearing a primary, secondary, or tertiary C—H bond in the
o-position remained unexplored, and o-aryl substituted
aldehydes were synthesized by arylation of a-chloroaldi-
mines at the a-position under Friedel —Crafts conditions via
intermediacy of a-imidocarbenium ions.'?” However, starting
from 1999, Muratake et al. extensively investigated the scope
and generality of the intramolecular o-arylation of aldehydes
bearing a tertiary C—H bond in the a-position and the
synthetic applications of this reaction. 31287131

In a first study, it was found that, when the intramolecular
arylation of properly designed substrates bearing a formyl group
is achieved employing PdCl,(PPhs), as the catalyst precursor
and Cs,COs; as the base, the arylation reaction occurs at the
o-position of the formyl group (o-arylation) or at the carbonyl
group (carbonyl arylation) depending on the solvent of the
reaction and the structure of the substrate.'?® In fact, in the
case of compound 80, the a-arylation tended to increase

Scheme 35. Intramolecular Pd-Catalyzed Cyclization of Aldehyde 80

CHO OHC O
PdCIy(PPhg), (10 mol %)
Cs,C0; (3 equiv) e‘ "
O Solvent, A
./ TP
80 81
Yield (%)
Solvent Reaction Temp. (°C) 81 82 83
PhMe 110 49 4 22
THF 100 (sealed tube) 52 9 -

Scheme 36. Plausible Mechanism for the Formation of Ketone 83 from Aldehyde 80

84

CHO CHO
g PAO) Q
0" o 0" "o
/ \_/
80
o)
Cs,CO5 @.O + PA(O0)
0" "o
L/

O H
Pé/Br
oxidative
PdBr  —addition
o” "o
_/
85
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Scheme 37. Intramolecular Pd-Catalyzed Arylation of Bromoaldehyde 86

MeO
CHO
PACL(PPhy)s
Cs,C05
oo THR, A 07 o
(- o6 (65 %)

OBz

|
87 (cis/ trans : 4.2) 88

OH

e
Nominine
Table 33. Intermolecular Pd-Catalyzed o-Arylation of Scheme 38. Pd-Catalyzed o-Arylation of Isobutanal with
Aldehydes with Aryl Halides 2-Chlorotoluene
Pd(OACc), (5 mol %) Me
j*\z P(t-Bu); (10 mol %) 2 Me ve—crHo
R Ncro T AT TCsC0, (1.2 equiv) R“i\CHo Me . Cl' complex 20 (1 mol %) Ve
89 (2 equiv) dioxane, 110 °C Ar Me” “CHO n 16 h
5 5 (98 %)
reaction isolated

entry R R? Ar time (h)  yield (%) table was also effective in providing aldehydes having a
1 H n-C¢H;z3  4-MeCgHy 2 67 quaternary carbon at the a-position. On the other hand, the
2 H n-CeHiz  4-MeOCgH, 2 6l use of PPh; or PCyj; as the catalyst supporting ligand and
3 H n-Ce;  4-PhCeH, 3 39 DMF as the solvent resulted in side-reactions occurring by
4 Ho Gy 1-naphthyl 3 % aldol condensation and the use of PPh; or PCyj; in dioxane
5 H nPr 4-PhCqH, 4 54 , ( ! 3 yalI
6 H Bn 4-PhCeH, 3 45 did not give the required a-arylated aldehydes."
7 H Ph Ph 2 56 Despite its importance, the synthesis of a-arylated alde-
8 Me  Ph 4-PhCH, 3 43 hydes from compounds 89 and aryl bromides suffers,
9 Me Me 4-PhCgH, 3 36

when the cyclization reaction was performed in THF, but
the carbonyl addition increased in toluene (Scheme 35).

Moreover, as demonstrated by the fact that aldehydes 81
and 82 were formed preferentially from 80, a six-membered
ring was formed in preference to a five- and seven-membered
ring. Formation of ketone 83, which was noticed when the
cyclization was run in toluene, was interpreted supposing
that, in this solvent, the enolization of aldehyde 80 is so slow
that the carbonyl arylation product 83 is formed through the
Pd(II) and Pd(IV) intermediates 84 and 85, respectively
(Scheme 36).'?% In this regard, it should be noted that the
oxidative addition of a o-arylpalladium(II) complex to the
formyl C—H bond, similar to that postulated to convert 84
to complex 85, had previously been reported.'3

In 2002, Muratake and Natsume prepared a stereoisomeric
mixture of aldehyde 87 by palladium-catalyzed intramolecular
arylation of compound 86 and used this stereoisomeric mixture
as a precursor to the hexacyclic compound 88 having the
essential structural unit of the hetisine-type aconite alkaloids
(Scheme 37)."” Some years later, a similarly prepared
stereoisomeric mixture of aldehyde 87 was employed as an
intermediate in a 40-step total synthesis of racemic nominine,
a heptacyclic hetisine-type alkaloid (Scheme 37).!3%13!

In 2002, Miura et al. successfully tackled the challenge
of the intermolecular a-arylation of aliphatic linear and
a-branched aldehydes with aryl halides'?* and developed an
effective protocol for the synthesis of a-arylated aldehydes
that involves treatment of aldehydes 89 with aryl bromides
in dioxane at 110 °C in the presence of Cs,COj; and a catalyst
system composed of a combination of Pd(OAc), and P(z-
Bu); (Table 33). Remarkably, the protocol illustrated in this

Table 34. Pd-Catalyzed a-Arylation of Aliphatic Linear
Aldehydes with Aryl Chlorides
Pd(OAC), (2 mol %)

Ligand 47a (3 mol %) Ar
1~
R CHO + ArCI Cs,C0;5 (1.2 equiv) R NCHO
90 dioxane, 100 °C,6- 16 h 91
Entry Product Yield (%)
1 Me 83
CHO oj(Me
5 O
Me;Si
2 CHO 73

OBn
2
EtO0C

3 CHO 75
MeO OBn
2
MeO
4 CHO 78
MeQOC OTBDMS
2
5 CHO 64
L
OMe
[{] CHO 84

)
7 mBu - +Bu 83«
CHO
Me Me

(@) This reaction was run using 2 equiv of aldehyde and 2.4 equiv of
Cs,CO3 in DMF as the solvent.
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Scheme 39. Pd-Catalyzed o-Arylation of o-Branched
Aldehydes with Aryl Halides

Pd(OAc), (2 mol %)

R? S-Phos (3 mol %) R
+ ArX - e
R1J\CHO Cs,C03 (1.2 equiv) F”"\CHO
89 dioxane, 100 °C g;

(54 - B9 %)
(16 examples)

however, from the following limitations: (i) Two equiv of
aldehydes 89 are required. (ii) The process involves the use
of a high catalyst loading and a high reaction temperature.
(iii) The substrate scope is low in both coupling partners.

A substantial improvement of the protocol for performing
this reaction was reported by Bertrand at al. in 2005,” who
described that isobutanal is able to undergo a-arylation with
2-chlorotoluene in the presence of 1 mol % of Pd complex
20 to give 2-methyl-2-(o-tolyl)propanal in 98% yield (Scheme
38). Unfortunately, experimental details including the molar
ratio between the coupling partners and the nature of the
solvent and the base used in the reaction were not described.

In 2007, Martin and Buchwald extensively studied this
reaction'* and identified an efficient and general protocol

Table 35. [Pd(7*-C;Hs)Cl],/dppf-Catalyzed o-Arylation of
Linear Aldehydes with Aryl Bromides
[Pd(n3-C3H5)ClL (1 mol %)
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Table 36. [Pd(7*-C;Hs)Cl],/Q-Phos-Catalyzed o-Arylation of
Branches Aldehydes with Aryl Halides

[Pd(n3-C3Hs)Cll, (0.5 - 1 mol %)

dppf (4 mol %) Ar
1N
R SCHO + ArBr 5,00, @ equv) R1J\CHO
90 dioxane, 80 °C, 10- 13 h 91
Entry R' Product Yield (%)
1 n-C¢H,; CHO 83
tBu
2 n-C.H,; CHO 93
Me
3 n-C¢H, 5 CHO 67
MeOOC
4 n-C,H 5 CHO 77
OMe
5 Et CHO 67
o
t-Bu
6 Et CHO 75
cL
Me
7 Et CHO 70
o
OMe
8 Et CHO 70
Meo\ij/kEt
9 Bn CHO 67
L
Me
10 Bn CHO 76
oL
OMe
11 Bn CHO 6l

R? R?
Q-phos (1- 2 mol %)
+ ArX
R1J\CHO (X =Br, Cl Cs,CO3 (2 equiv) R‘j{tCHO
89 ' THF, 60-90°C, 10- 15 h
92
@P(FBU)Z
Ph Fe Ph
A,
Ph
Q-phos
Entry X Product Yield (%)
1 Br CHO 91
Me
Et
t+Bu
2 Br CHO 81
Me
o
MeQOC
3 Cl CHO 77
Me
o
MeOOC
4 Br CHO 83
Me
Meo\©)<a
5 Cl CHO 76
Me
Meo\@*Et
6 Br CHO 80
o
+Bu Me
7 Br CHO 67
Me
MeoN Me
8 Br CHO 79

@
| ;
m<
©

for the direct intermolecular o-arylation of a wide variety
of linear and a-branched aldehydes with aryl chlorides and
bromides. Specifically, the efficient arylation of linear
aldehydes 90 (1.2 equiv) with aryl bromides was performed
in dioxane at 80 °C in the presence of Cs,CO; (1.2 equiv),
2 mol % of Pd(OAc),, and 3 mol % of rac-BINAP.
Alternatively, a-arylated aldehydes 91 could be synthesized
in high yields by treatment of aldehydes 90 (1.2 equiv) with
less reactive aryl chlorides in dioxane at 100 °C in the
presence of Cs,COs3, 2 mol % of Pd(OAc), and 3 mol % of
the dialkylphosphinobinaphthyl ligand 47a (Table 34).!3

Reaction conditions essentially identical to those described
in Table 34 were then employed for the a-arylation of
o-branched aldehydes with aryl bromides and chlorides, but
the use of S-Phos as the supporting ligand was found to
provide superior results when using aryl bromides. As with
aliphatic linear aldehydes, the process, which could entail
the use of electron-poor, electron-neutral, and electron-rich
aryl halides, showed a high degree of functional compatibility
and provided the required a-arylated aldehydes 92 in good
yields (Scheme 39).13

More recently, Vo and Hartwig have used a catalyst system
composed of [Pd(73-C3Hs)Cl], and dppf [1,1'-bis(diphe-
nylphosphino)ferrocene] for the a-arylation of linear alde-
hydes 90 with electron-rich, electron-poor, and electron-
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Scheme 40. Asymmetric Organocatalytic o-Arylation of
Aldehydes

O Ph
~ mPh (20 mol %)
o N OSiMe,
RICHO + Rz __H
(SIS
T EtOH - H,0O (5 equiv)

O rt
90 93
OH
OH CHO o/i
~ ~ R
v A! PR <R
\ —— L
P R? Sy R2
OH OH
94

neutral aryl bromides in dioxane at 80 °C in the presence of
Cs,COs as the base (Table 35).!3

The a-arylation reactions of branched aldehydes 89 in the
presence of [Pd(#3-C3H;s)Cl], and dppf were found to occur
in yields lower than those obtained by arylation of linear
aldehydes, but good results were obtained when compounds
89 were reacted with 0.5 mol % [Pd(#°-C3Hs)Cl], and 1 mol
% Q-Phos [1,2,3,4,5-pentaphenyl-1'-(di-tert-butylphosphino)-
ferrocene].!*>!3 Remarkably, aryl chlorides were also able
to react with aldehydes 89 under these conditions, but a
higher catalyst loading {1 mol % [Pd(57°>-C3Hs)CI], and 2
mol % Q-Phos} was necessary.'?® Representative examples
of these arylation reactions of aldehydes 89 with aryl
bromides and chlorides are reported in Table 36.

In concluding this section, we think it right also to mention
that, until late June 2008, the enantioselective transition
metal-catalyzed o-arylation of aldehydes had not been
reported in the literature.

However, Jgrgensen et al. recently developed an organocata-
Iytic enantioselective version of this intermolecular reaction that
involves treatment of aldehydes 90 with quinones 93 in the
presence of catalytic amounts of (S)-2-[bis(3,5-trifluorophenyl-
)trimethylsilanyloxymethyl]pyrrolidine (Scheme 40)."*” Opti-
cally active a-arylated aldehydes 94 were so obtained in high
yields and with excellent enantioselectivities.

Me,__COOCH
Me,_ _COOCH
F I
Flurbiprofen Naproxen

(0] Me

Ketoprofen

o]
LA
HO o}
@]

(e}
HOHS&O”/>;H
COOH
Ph

Lucuminic acid

Me~g

W

eRt

Diclofenac

Sulindac
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Scheme 41. Ni-Mediated o-Arylation of fert-Butyl Acetate
with Iodobenzene
NiBrs (1 equiv)
BuLi (25 mol %), THF
-78°Ctort
(73 %)

MeGOOtBu + Phl Ph”>COO#BuU

7. Direct Arylation of Carboxylic Acid Esters,
Azlactones, Lactones, and Silyl Ketene Acetals
with Aryl Halides or Pseudohalides

7.1. a-Arylation of Carboxylic Acid Esters and
Azlactones

There has been considerable interest in the synthesis of
a-aryl substituted carboxylic acid esters over the past three
decades. In fact, their structural motif is found at the core
of a number of analgesic and nonsteroidal anti-inflammatory
drugs,'® such as Flurbiprofen, Naproxen, Diclofenac, In-
domethacin, Ibuprofen, Ketoprofen, Sulindac, and Zomepi-
rac, as well as of natural products including lucuminic acid,
a compound isolated from the seed of Calocarpum sapota,'”
and polymastiamide A, an antimicrobial metabolite from
Polymastia bolatiformis'* (Figure 5).

The catalytic processes used to prepare arylacetic and
2-arylpropionic acids esters include electrochemical reduction
of mixtures of aryl halides and a-chloroesters in DMF in
the presence of catalytic amounts of NiBr,(2,2'-bipyridine), 4142
a coupling reaction of o-chloroesters with aryl halides in
DMF in the presence of Mn metal and a catalytic quantity
of NiBr»(2,2'-bipyridine),'** a Pd-catalyzed coupling reaction
of arylboronic acids or esters with ethyl a-bromoacetate,*
and a Ni-catalyzed reaction of arylboronic acids with alkyl
bromoacetates or 2-bromopropionates.*® Other methods
include the transition metal-catalyzed arylations of acetoacet-
ate esters or diethyl malonate with aryl halides, which will
be described and discussed in section 9.

It is also worth mentioning that, in 1977, it was described
that tert-butyl phenylacetate can be prepared in 73% yield by

COOH
MeO.
N Me
N
ﬁ °
Cl

Indomethacin

COONa

COOH

F
gt o
{ N
H

Hooc” T\ /

Cl

Zomepirac

Polimastamide A

Figure 5. Chemical structures of some anti-inflammatory drugs, lucuminic acid, and polymastiamide A.
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Scheme 42. Pd-Catalyzed Coupling of Ethyl
Tributylstannylacetate with Aryl Bromides in the Presence
of ZnBr,
ZnBr, (1.3 equiv)
PdCI,[P(o-tolyl)s]s (10 mol %)
DMF, 80°C,5h

BusSn” “COOEt + ArBr Ar” >COOE!

Ar Yield (%)
4-O,NCgH, 34
4-NCCgH, 67

4-MeCgH, 93
2-MeCgH, 71
4-CICgH, 89
2-CICgH, 66

2-MeOCgH, 82
4-MeOCgH, 47
3-MeCgHy, 60

reaction of iodobenzene with fert-butyl acetate in the presence
of a stoichiometric amount of NiBr, and 25 mol % of BuLi
(Scheme 41).* This report suggested that a transition metal-
catalyzed protocol might be developed for the o-arylation
of ester enolates. In fact, starting from 1979, a number of
examples of nickel-'* and palladium-catalyzed'“®~ !> reac-
tions of Reformatsky reagents with aryl halides were described.
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Scheme 43. o-Arylation of the Isolated Reformatsky
Reagent of tert-Butyl Acetate with Aryl Chlorides

(0]
Pd(dba)s (1 mol %)
Q-phos (1 mol %)
THF, 70 °C, 12 h

OtBu
ZnBreTHF

+ ArCl Ar”>COO0tBu

Ar Yield (%)
CeHs 95
4-NCCgH, 86
4-MeOOCCgH, 85
4-O,NCgH, 83

Moreover, in 1985, Migita et al. discovered that ethyl
tributylstannylacetate, the tin analogue of an ethyl halozin-
cioacetate, is able to undergo cross-coupling reaction with
aryl bromides in the presence of ZnBr, and catalytic
quantities of PACL,[P(o-tolyl);], to give ethyl arylacetates in
low-to-excellent yields (Scheme 42).15!

In 2008, Hama and Hartwig reported that reaction of the
isolated Reformatsky reagent of tert-butyl acetate with chlo-
robenzene and electron-poor aryl chlorides occurs in high yields
in the presence of 1 mol % of the catalyst system composed of
Pd(dba), and Q-Phos as the supporting ligand (Scheme 43).!3?

Table 37. Pd(OAc),/DavePhos or Ligand 95-Catalyzed o-Arylation of Carboxylic Acid Esters with Aryl Bromides

Pd(OAC); (3 mol %)

H2 R2
J\ + ABr DavePhos or Ligand 95 (6.3 mol %) +
R'"" “COOR® LIHMDS (2.5 equiv) R’ Ar COOR?
PhMe, 25 - 80 °C
O PCy, OO P(#-Bu),
O oo
DavePhos 95
Entry Ester Ar Ligand Product Reaction  Yield
conditions (%)
°C/h)
1 EtCOO:-Bu 2-naphthyl DavePhos Me 80/0.25 92
OO COOtBu
2 EtCOO+-Bu 2-MeC4H, DavePhos Me Me 80/2 82
@ooor»au
3 EtCOOr-Bu 2- DavePhos X Me 80/2 77
(CH,=CH)C H,
COOtBu
4 EtCOO-Bu 3-FA-PhC.H; DavePhos Me 80/0.3 86
F
:@2\0001-&;
Ph
5 EtCOOr-Bu 6-MeO-2- DavePhos Me 25715 79
naphthyl
OO COOtBuU
MeO
6 n-PrCOO+-Bu 2-naphthyl DavePhos Et 80/2 81
COOt—Bu
7 Me 4-MeCgH, 95 Et.__Me 80/0.5 48
Et/koooEt /©><COOEt
Me
8 Me 2-naphthyl 95 Et.__Me 40/17 52
Et)\COOEt OO COOEt
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Table 38. Pd(dba),/P(z-Bu);-Catalyzed a-Arylation of
Carboxylic Acid Esters with Aryl Bromides
Pd(dba), (0.1 - 5 mol %)

R2 R2
P(t-Bu)s (0.1 - 5 mol %)
+ ArBr
R1J\COOR3 LiNCy, (1.3 equiv) RVJ;COOR:*

PhMe, rt, 7 -24 h

Entry Product Catalyst loading Reaction time (h) Yield (%)

1 Me Me 0.2 10 97

\@/COOPBU
Me

2 /@\/ 05 24 94
-B
MeO COOt-Bu

3 MeO 0.5 24 95
\©\/Coot-Bu

4 MeoN 0.05 18 88
\©><COOMe
Me’ Me
5 /©>< 0.1 12 71
COOMe
c Me Me
6 Bz 3 16 73
\©><COOM9
Me Me
7 RS 5 7 94
| = COOMe
'*/le Me

Me Me
9 /©>< 0.5 8 89
COOMe
Me™ “orMe
10 Me 02 24 95
\%OOMB

0.1 20 94

COOM
Me €

5%

90

COOBNn
Me Me

IS
=
9
¥

Interestingly, all of the above-mentioned palladium-catalyzed
reactions of ethyl tributylstannylacetate and fert-butyl bromozin-
cioacetate occurred under neutral conditions and thus allowed
for the use of aryl halides bearing nitro, cyano, and ester groups,
which are able to react with strong bases and nucleophiles.
However, the scope of these cross-couplings was narrow. In
fact, the procedures involve the separate preparation of the tin
and zinc derivatives and the yields of the reaction proved to be
variable. Moreover, the palladium-catalyzed reaction of tert-
butyl bromozincioacetate with electron-poor aryl chlorides was
found to occur in less than 50% yields.'>?

In order to overcome these limitations, at the beginning
of this century, Buchwald’s and Hartwig’s groups turned their
attention to the development of more direct and efficient
protocols for the synthesis of o-arylated carboxylic acid
esters, and, independently, discovered novel and experimen-
tally simple one-pot procedures for the palladium-catalyzed
intermolecular o-arylation of carboxylic acid esters with aryl
halides. The protocols involve generation of the requisite
metal enolates by a-deprotonation of carboxylic acid esters
and the use of properly designed palladium-catalyst systems
for reaction of these metal enolates with aryl halides. 43153154
In the protocol developed by Moradi and Buchwald,'>* a
catalyst system consisting of a combination of Pd(OAc), and

Bellina and Rossi

Table 39. Arylation of fert-Butyl Propionate Catalyzed by
Pd(dba), and the Carbene Ligand Precursor Salt 96
Pd(dba), (0.1 - 5 mol %)

Ar
96 (0.1 - 5 mol %
Me” “COO#BU  + ArX ( )
(X = Cl, BY) NaHMDS (2.3 equiv) Me COO#Bu
PhMe, rt, 12 h
i-Pr i-Pr,
\®
N N
Pr i-Pr BF4®
96
Entry ArX Product Catalyst loading  Yield
(mol %) (%)
1 PhBr Me; ;COOI-Bu 0.5 75
2 PhCl Mez 5COO[—Bu 1.0 71
3 2-MeCH,Br Me.__COOtBu 0.5 88
ém
4 2,4,6-(Me),CH,Br Me._COOt+Bu 1.0 74
Me Me
Me
5 3-F.4-PhC H,Br Me; ;COOt-Bu 2.0 66
F
Ph
6 4-MeOCH, Br Me; ;COOI-Bu 1.0 82
OMe
7 4-CF,C,H,Br MeE ;COOt-Bu 5.0 74
CFq
8 2-Br-6-MeO- Me.__COO#Bu 1.0 83

naphthalene

O

[ul

DavePhos is treated with a large excess of LiHMDS,
followed by addition of toluene and a carboxylic acid ester
at —10 °C. After formation of the required enolate, an aryl
bromide or chloride is added at —10 °C and the reaction
mixture is allowed to warm to room temperature. In same
cases, the temperature is increased to 80 °C. As shown in
Table 37, where some representative results are summarized,
this procedure enabled the highly selective preparation of a
variety of o-arylated esters in very good yields. Table 37
also shows that, when 2-di-fert-butylphosphino-2'-(N,N-
dimethylamino)-1,1'-binaphthyl 95 was used as the support-
ing ligand, it was possible to prepare carboxylic acid esters
bearing a quaternary center in the a-position by o-arylation
of alkyl a,o-dialkyl-substituted acetates with aryl bromides
(entries 7 and 8). However, no examples of arylation
reactions with aryl halides that could form benzyne inter-
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Scheme 44. Proposed Catalytic Cycle for the Pd-Catalyzed Buchwald—Hartwig o-Arylation of Ester Enolates

PdL,
- ArX
sz\(COORs
Ar-PdL,-X
Ar ‘\ ;7
100
R2 MX
— R‘J[\COOFP
AI_,PdLn Rt
©,® R
99a R2 e OM B~M
1 ORS Rz COOR3
98
R1
R2 X2 ~OPd(L)Ar
OR?
99b

Scheme 45. Pd-Catalyzed o-Arylation of Ethyl
N-Benzylideneglycinates 101 with Bromobenzene
Pd(dba), / P(t-Bu), ArCH:N\|/COOEt

=N
ArCH K3PO,, PhMe, 100 °C

_COOEt + PhBr

Ph
101a,b a:Ar=4-CICgH, 102a,b
b : Ar = 4-MeCgH,

mediates under basic conditions or contain functional groups
able to interfere with the coupling process were reported.

On the other hand, Hartwig et al. performed the selective
monoarylation of a variety of carboxylic acid esters, includ-
ing tert-butyl acetate, tert-butyl propionate, ethyl 3-methyl-
butyrate, methyl cyclohexylacetate, ethyl N,N-dimethylgly-
cinate, ethyl N-(diphenylmethylene)glycinate, and ethyl
N-benzylideneglycinate, with aryl bromides at room tem-
perature using LiHMDS or NaHMDS as the base and a
catalyst system consisting of a 1:1 mixture of Pd(dba), and
P(#-Bu); (Table 38) or Pd(dba), and salt 96 as a heterocyclic
carbene ligand precursor (Table 39).148:154

The use of LIHMDS as the base allowed for the efficient
o-arylation of tert-butyl acetate, while the use of NaHMDS
led to high yields for reactions of fert-butyl propionate.'>*
Hence, fert-butyl a-arylpropionates, such as the rers-butyl
esters of Flurbiprofen and Naproxen, were prepared in high
yields by reaction of fert-butyl propionate and the required
aryl bromides in toluene at room temperature in the presence
of NaHMDS and catalytic quantities of Pd(dba), and the
hindered saturated heterocyclic carbene ligand precursor 96
(Table 39).*® On the other hand, the selective monoarylation
of tert-butyl acetate and the efficient a-arylation of a,a-
disubstituted esters were performed by the use of LiNCy,
as the base and a catalyst system composed of Pd(dba), and
P(#-Bu); as the ligand (Table 38).8 It should be noted that
tert-butyl esters were in preference employed in these
protocols to suppress nucleophilic attack at the carbonyl
carbon atom in an undesired reaction of esters with enolates
resulting in Claisen products, S-ketoesters. It is also worth
noting that hydrodehalogenation of the aryl halides was the
major competing reaction when supporting ligands different
from the carbene derived from salt 96 were used in the Pd-
catalyzed a-arylation of tert-butylpropionate.'>

Scheme 44 illustrates the proposed catalytic cycle for the
palladium-catalyzed Hartwig and Buchwald o-arylation of
carboxylic acid ester enolates.?? In this mechanism, the Pd-
enolate intermediates 99, generated by metathesis of the

Table 40. Pd-Catalyzed a-Arylation of tert-Butyl Propionate
and Methyl Isobutyrate with Aryl Chlorides

Me Method A or B Me
R T cooRr?
Ar

+ ArCl

R1J\COOR2

Method A: NaHMDS (1.2 equiv), {PdBr{P(t-Bu)s |}, (0.1-0.4 mol %), PhMe, rt-100 °C, 4 h
Method B: NaHMDS (1.2 equiv), Pd(dba), (0.2-1 mol %), P(t-Bu)s (0.2-1 mol %),
PhMe, rt-100 °C, 4h

reaction
mol % temp yield

entry ester Ar method of Pd (°C) (%)
1 EtCOOt-Bu Ph A 0.2 rt 94
EtCOO#Bu Ph B 0.4 It 91
3 EtCOO#-Bu 4-MeOOCC¢H, B 1 rt 69
4  EtCOOtr-Bu 4-MeOOCC¢H, A 0.4 rt 88
5 EtCOO#Bu 2,6-(Me),CeH; A 0.2 60 81
6  EtCOO#-Bu 2,6-(Me),CeH; B 0.4 60 42
7  EtCOOr-Bu 4-BrCg¢H, B 0.3 60 84
8  i-PrCOOMe Ph B 0.1 100 92
9  i-PrCOOMe Ph A 0.2 100 89
10 i-PrCOOMe 4-FC¢H, B 04 100 90
11 i-PrCOOMe 3-CF;CgH, A 0.2 100 71
12 i-PrCOOMe 2-pyridyl A 0.2 100 71

Scheme 46. Pd-Catalyzed Synthesis of Protected
(Purin-6-yl)glycines

Ph
>=N._CH,00Et
Phi
Pd(OAC), N
“
Ph _-COOEt + K)i> CszBlphen KaPO, Nk >
NS
103 NTR
R
R Bn (55%) 19
R=THP (63 %)

R =2,3,5-tri-C-acetyl- (31 %)
3-D-ribofuranosyl

enolates 98 with the arylpalladium(II) complexes 97, undergo
reductive elimination to form the required o-arylated esters
100 and to regenerate the catalytically active Pd(0) species.

Hartwig et al. also found that high yields of the protected
o-aminoacid derivatives 102 could be obtained by a-aryla-
tion of ethyl N-benzylideneglycinates 101 with bromoben-
zene using K;POy, as the base and a catalyst system composed
of Pd(dba), and P(¢-Bu); (Scheme 45).%*

More recently, Hama and Hartwig have shown that the
sodium enolates of zert-butyl propionate and methyl isobutyrate
are able to undergo high yielding reaction with aryl chlorides
in the presence of NaHMDS as the base and 0.2—1.0 mol %
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Table 41. Pd-Catalyzed a-Arylation of Azlactones with Aryl
Bromides
R! R!

N Method A, Bor C N Ar
JL o~ ArBr J\ o
(0] (o]

106

Method A: azlactone (1.5 equiv), Pd{OAc), (5 mol%), Q-phos (5 mol %},
K2COs (3.0 equiv), PhMe, 80 °C, 14 h
Method B: azlactone (2.0 equiv), Pd(OAc), (5 mol%), {1-Ad),P(t-Bu) (10 mol %),
K,>COs3 (3.0 equiv), PhMe, 100 °C, 14 h
Method C: azlactone (1.5 equiv), Pd(OAc), (5 mol%), (1-Ad),P (t-Bu)} (5 mol %),
K3PO, (3.3 equiv), PhMe, 80 °C, 14 h

R2 R2

entry R! R? Ar method  yield (%)
1 Ph Ph Ph A 94
2 Ph Ph Ph B 55
3 Ph Ph 3-CF;CsH, A 92
4 Ph Ph 3-CF;CgHy B 55
5 Bn Ph 4-MeOC¢H,4 A 75
6 Bn Ph 4-MeOCgH,4 B 30
7 Bn Ph Ph C 78
8 Bn Ph Ph B 65
9 Bn Ph 3-CF;Cg¢Hy C 74
10 i-Bu Ph Ph C 47
11 i-Pr Ph Ph C 29
12 i-Bu t-Bu 4-t-BuCgH,y C 82
13 i-Pr t-Bu Ph C 63

Scheme 47. Pd-Catalyzed Synthesis of
4-Heteroaryl-4-carboxypyridines 107
I|30c

Boc X Pd ) N

. H(dba)s (2 mol %)

N . Ir:/“* | P(t-Bu)z (4 mol %)

el . LIHMDS (2.2 equiv) N COOMe
NTRY phMe, 23°C, 120 1
COOMe (X=Cl,Bn TN R
107

of {PdBr[P(#-Bu)s]}, (method A) or a combination of Pd(dba),
and P(+-Bu); in a 1:1 molar ratio (method B) (Table 40).!>?

Complex {PdBr[P(¢-Bu)s]}, has also been recently used
by Bercot, Caille et al. as the catalyst precursor for a
diastereoselective o-arylation of 4-substituted cyclohexyl
esters.'”® The reaction was found to proceed at room
temperature, providing products in 37:1 dr.!%°

In 2004, a straightforward synthesis of protected (purin-
6-yl)glycines 105, potential buiding blocks of stable covalent
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peptide—nucleic acid conjugates, was achieved by Hocek
in acceptable yields by direct a-arylation of ethyl N-
(diphenylmethylidene)glycinate 103 with 6-iodopurines 104
(Scheme 46) according to an optimized procedure involving
the use of a Pd(OAc),/2-(dicyclohexylphosphino)biphenyl
catalyst system and K;POy as the base in DMF at 100 °C.157
More recently, Larhed and co-workers have been able to
smoothly synthesize a diverse array of simple phenylglycine
derivatives in useful yields by Pd[P(s-Bu);],-catalyzed mi-
crowave-enhanced o-arylation of 103 with aryl bromides in
neat water under air in the presence of K;POy, as the base.!>”

Three different protocols (methods A—C) were developed
by Liu and Hartwig to prepare o-alkyl aminoacid derivatives
in good yields by Pd-catalyzed o-arylation of azlactone
derivatives with aryl bromides (Table 41).'3

Arylations of azlactones derived from alanine, valine, phe-
nylalanine, phenylglycine, and leucine all provided good yields
of arylated products. Method B, involving the use of K,COs as
the base and Pd(dba), and di-1-adamantyl-fert-butylphosphine
as the supporting ligand, was preferred for reactions involving
azlactones from alkyl- and benzyl-substituted oi-aminoacids. On
the other hand, the reactions of azlactones derived from
phenylglycine were best conducted using method A, which
involves the use of Pd(OAc), and Q-Phos as the supporting
ligand and K,CO; as the base. However, method C, which
represents a modification of method B involving the use of
K;5PO, in place of K,CO; as the base, allowed for the
o-arylation of the alanine-derived azlactone with bromobenzene,
3-bromobenzotrifluoride, and 4-bromoanisole in yields higher
than those obtained using method B.'*® Interestingly, a-arylated
azlactones 106 could be hydrolyzed easily to generate the
corresponding a-alkyl-o-aryl amino acids.!>® Mechanistic
studies of the arylation reaction revealed that a stable
complex containing a ligand formed by reaction of dba with
the azlactone accounts for a new inhibiting effect of dba
when the reactions are initiated with Pd(dba),."®

A catalyst system composed of Pd,(dba); and P(#-Bu); was
used by Wang and Nair for the a-arylation of N-Boc-4-
methoxycarbonylpiperidine with chloro- and bromopyridines
and 3-bromoquinolines in toluene at room temperature in
the presence of LiHMDS as the base (Scheme 47).!%°
4-Carboxy-4-heteroarylpiperidines 107 were so generally

Table 42. Pd-Catalyzed Synthesis of Dihydroisoindole and Tetrahydroisoquinoline Carboxylic Acids Esters

R2
Py Pdy(dba)s (2 - 3 mol %) R
R@’?ﬂ COOtBU ~F 0 eBhos or Ligand 108 (3 - 3 mol %) R<©ﬁ
Br R LiO#Bu (2.0 equiv), dioxane RZ COOtBu
108 110
I PPh,
MGQN l
109
reaction conditions yield
entry R R! R? n ligand (°C/h) (%)
1 H Ph H 1 DavePhos 85/1 79
2 3,4-(MeO), Ph H 1 DavePhos 85/24 89
3 H Me i-Pr 1 109 110/48 51
4 H Me Ph 1 109 90/2 99
5 H Ph H 2 109 85/8 79
6 3,4-(MeO), Me H 2 109 85/3 75
7 H Ph Me 2 109 85/24 62
8 H Ph Me 2 DavePhos 85/24 27
9 3,4-(MeO), Me Me 2 109 100/45 66




Transition Metal-Catalyzed Direct Arylation of Substrates

Scheme 48. Intramolecular Pd-Catalyzed Arylation of
2-lodobenzyl-3,4-Dimethoxybenzylacetates

MeO o)
Mwm PACIy(PPhg), (26 mol %)

| AcONa (3 equiv)
DMA, 120°C, 3 h

R1

a:R'=H
b:R'=0OMe

R1
R? R!
112a (29 %) 113a (30 %)
112b (29 %) 113b (46 %)

obtained in high yields, but for halides bearing cyano groups,
no o-arylated product was obtained due to the nucleophilic
attack on the cyano group to form amidines.'®

Interestingly, the Pd,(dba)s;/P(z-Bu); catalyst system had
been formerly employed by Shetty and Moffett for the
coupling of methyl isobutyrate with aryl bromides in toluene
at room temperature in the presence of LiNCys, as the base.'®!

In the past few years, synthetically valuable intramolecular
versions of the palladium-catalyzed o-arylation of carboxylic
acid esters have also been developed. In 2002, Gaertzen and
Buchwald reported that dihydroisoindole carboxylic acid esters
110 (n = 1) can efficiently be prepared by treatment of N-
protected a-amino acid zert-butyl esters 108 (n = 1) with LiOz-
Bu in dioxane in the presence of catalytic quantities of Pd,(dba);
and DavePhos or phosphine 109 as the supporting ligand.

162Representative examples of these intramolecular reac-
tions (entries 1—4), including the preparation of tetrahy-
droisoquinoline carboxylic acid esters 110 (n = 2) (entries
5—09), are summarized in Table 42.'6?
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Scheme 50. Intramolecular Pd-Catalyzed o-Arylation of
[f-(2-Iodoanilino) Esters
| _CcOOMe Pd(PPhg), (5.0 mol %)
J: KOtBU (2.25 equiv)
R/@N R! PhOH (2.75 equiv)
l\llle THF, reflux, 8 - 24 h

117
COOMe COOMe
ﬂash-c?hrorlr:jatc')graphy N\ R
R N (air oxidation) N
Me Me
118 119

In 2007, Taylor, Ung, and Pyne found that the palladium-
catalyzed intramolecular arylation of 2-iodobenzyl 3.4-
dimethoxyacetates 111 results in the formation of benzo[c-
]chromen-6-ones 112 and unexpected biphenyls 113 (Scheme
48).163

On the other hand, the palladium-catalyzed intramolecular
arylation of 3,4-dimethoxybenzyl 2-iodophenylacetate 114a
unexpectedly gave a separable mixture of succinate 115 (as
a 1.8:1 mixture of diastereomers) and biphenyl 116, while
compound 114b gave benzo[c]|chromen-6-one 112b (Scheme
49).163

Finally, in 2008, Solé and Serrano synthesized a variety
of indoline 3-carboxylic acid ester derivatives 118 by
intramolecular a-arylation of 5-(2-iodoanilino) esters 117 in
refluxing THF in the presence of phenol, KOsBu, and
catalytic quantities of Pd(PPhs),, but, after column chroma-
tography, compounds 117 were partly converted to the
corresponding indole derivatives 118 by air oxidation
(Scheme 50).'%* Interestingly, indolines 118 could also be
prepared in satisfactory yields by treatment of compounds
117 with 10 mol % Pd(PPh;),, 3 equiv of K5PO,, and 0.3
equiv of phenol in DMF at 90 °C in a sealed tube. Longer
reaction times were required, however, when this protocol
was used.!®

Scheme 49. Palladium-Catalyzed Reaction of 3,4-Dimethoxybenzyl-2-iodophenylacetates

R

R

OMe
OMe

114a:R=H
114b: R=OMe

(for 114a)

PdCly(PPh3),
AcONa, DMA

125°C, 3N (or 114b)

2
(0]
(0]
OMe

OMe
115 (27 %)

O
LT
+ 2

OMe

116 (7 %)

OMe
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Table 43. Pd-Catalyzed a-Arylation of Bicyclic Lactones with
Aryl Bromides

o Pd(dba), (1 mol %) Ar O

</ P(+Bu)g (1.1 mol %) /(
(Lo * AT TTRMDS (13eauy) T (ML o

n PhMe, uw n
160 °C, 600 s
entry n Ar yield (%)

1 1 Ph 49
2 1 4-MeOCgHy 62
3 1 3-M60C6H4 59
4 1 2-MCOC6H4 25
5 2 Ph 51
6 2 4-M60C6H4 41
7 2 3-MCOC6H4 15
8 2 2-MeOC¢H,y 8

Table 44. Ni(COD),/(S)-BINAP-Catalyzed Enantioselective
a-Arylation of a-Substituted y-Butyrolactones
Ni(COD), (5 mol %)

(6] (0]
(S)-BINAP (8.5 mol %) Ar
0 gt tAX ZnBr, (15 mol %) ?\//§“LR1
(2 eguiv) NaHMDS (2.3 equiv)
PhMe / THF (3: 1), 50 - 60 °C
entry R! ArX yield (%) ee (%)
1 Me 2-NaphthylBr 33 98
2 Me 2-NaphthyICl 95 94
3 Me 3-MeOCgH,Br 29 99
4 Me 3-MeOC¢H4Cl 86 96
5 Me 3-Me,NC6H,Cl1 81 >97
6 Me 3-t-BuOOCCeH,Br 58 93
7 Bn 2-NaphthylCl 91 96
8 allyl 3-MeOC¢H4Cl 56 95
9 n-Pr PhCl 84 98

Scheme 51. Pd-Catalyzed Arylation of Silyl Ketene Acetals
with Aryl Triflates
[Pd(n3-C3Hs)OAC], (0.9 mol %)
dppf (4 mol %)
LiOAc (2 equiv), THF, reflux
(25 - 80 %)

R! OR3
— + ArOTf

R OSiMe,

Rl _coor3
R2 X
Ar

7.2. o-Arylation of Lactones

In stark contrast to the palladium-catalyzed o-arylation
of carboxylic acid esters, to date, little attention has been
devoted to the transition metal-catalyzed o-arylation of
lactones with aryl halides. In 2005, Malcom, Shao et al.'®
reported that easily accessible bicyclic lactones are able to
undergo efficient and scalable a-arylation with aryl bromides
under slightly modified Hartwig—Buchwald’s conditions to
form quaternary centers with complete cis-selectivity. A
significant rate acceleration was observed when the Pd(dba),/
P(#-Bu);-catalyzed reaction was carried out under microwave
irradiation (Table 43).'6

Bellina and Rossi

MeO  OSiMe, OMe
H OMe Ar” > COOMe
120 121

Figure 6. Chemical structures of compounds 120 and 121 .

Three years before, a small series of optically active a-aryl
substituted y-butyrolactones had been prepared by Spielvogel
and Buchwald'® in moderate-to-excellent yields and excel-
lent enantioselectivities by treatment of o-alkyl- or oi-benzyl-
y-butyrolactones with aryl chlorides or bromides in a mixture
of toluene and THF in the presence of NaHMDS as the base,
ZnBr,, and a catalyst system composed of Ni(COD), and
(S)-BINAP. The use of ZnBr, was due to the fact that this
salt caused an accelerating effect in the reactions since its
Lewis acid character probably facilitates halide abstraction
from the intermediate (BINAP)NiArX complexes to form
cationic [(BINAP)NiAr]" species, which subsequently un-
dergo transmetalation more rapidly.'® As shown in Table
44, where some representative examples of these highly
enantioselective reactions are reported, the yields were
sometimes higher when aryl chlorides were used as the
arylating reagents. It was also observed that, unfortunately,
ortho-substituted aryl halides give none of the desired
product. Remarkably, palladium-catalyzed reactions, analo-
gous to those reported in Table 44, proved to proceed with
moderate yields and enantioselectivities. '

7.3. Arylation of Silyl Ketene Acetals

Another well-established methodology for the synthesis
of a-aryl substituted carboxylic acid esters is the palladium-
catalyzed reaction of O-silyl ketene acetals with aryl halides
or triflates.'*>1¢7~172 Remarkably, the use of these important
carboxylic acid ester derivatives'’® allows one to avoid the
basic conditions present in the alkali metal enolate methodol-
ogy developed by Hartwig and Buchwald that limit its use
because functional groups like cyano and nitro are reactive
toward bases.

In 1991, Musco, Santi et al.'%” reported that a combination
of [Pd(173-C3Hs5)OAc], and dppf, in the presence of LiOAc,
effectively catalyzes the reaction of ketene silyl acetals with
aryl triflates to yield alkyl 2-arylalkanoates (Scheme 51).'%
Interestingly, aryl halides could be used in place of aryl
triflates in these reactions, provided that a stoichiometric
amount of TIOAc was employed.'®’

Musco, Santi et al. also found that, when (E)-1-methoxy-
1-trimethylsilyloxypropene was reacted with aryl bromides
in the presence of TIOAc and a catalyst system consisting
of a combination of [Pd(7>-C4H7)OAc], and (+)-DIOP {2,2-
dimethyl-4,5-[(diphenylphosphino)dimethyl]dioxolane}, (R)-
BINAP [(R)-2,2'-bis(diphenylphosphino)1,1'-dinaphthyl], (R)-

Scheme 52. Enantioselective Synthesis of Methyl 2-Arylpropionates
[Pd(n3-C3Hs)OAC], (1 mol %)

"N L e Ligand{1 mol %) Me>a»-<cooa3
H  OSiMe; TIOAc (1 equiv), THF, reflux — 7\
1-6h(45-68 %)

(Ar = Ph, 6-MeO-2 Naph)

Me
Me. Owo.~ OO *uNMe, PhoR

e
Ligand: >< PPhy . PPh, @AH ; oPh,
Me” o~\FPho PPhy Fe PPh, N
|
(U @
(+)-DIOP (R)-BINAP (R)-(S)-BPPFA (25,45)-BPPM
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Table 45. Pd-Catalyzed Reaction of Silyl Ketene Acetal 122
with Aryl Bromides
OTBDMS
+ ArBr
Ot-Bu
122
Method A: Bu;SnF (2.0 equiv), PdCI, [P(o-tolyl)s], (2-5 mol %), PhH, reflux
Method B: CuF; (2.0 equiv), PdCl, [P{o-tolyl) ], (2-5 mol %), PhH, reflux
Method C: CuF; (2.0 equiv), PdCI, [P(o-tolyl);], (2-5 mol %), THF, reflux

Method A, B or C
oA B Ol A CoO0tBu

entry Ar method reaction time (h) yield (%)
1 4-AcCgeHy A 6 80
2 4-AcCgHy B 6 80
3 4-AcCe¢Hy C 9 76
4 4-MeOOCCgH, A 22 82
5 4-MeOOCCgH, C 22 73
6 2-MeOC¢H,4 A 20 42
7 2-MeOC¢H, C 22 81
8 4-MeOCgHy A 22 51
9 4-MeOCgHy C 28 95
10 2-naphthyl C 16 75
Scheme 53. Pd-Catalyzed Synthesis of Ester 125
o} PdCIo(PhCN),
. O:<0Et ZnCl,, P(o-tolyl)s
O O 0SiMes DMF/DME =1/1
TfO [¢] Ph 80 °C
123 124 (87 %)

o]
zooc L1 T 0
. (0] Ph
125

Table 46. Pd(dba),/P(t-Bu);-Catalyzed Arylation of Silyl Ketene
Acetals with Aryl Bromides in the Presence of ZnBr,
Pd(dba), (1 mol %)

R1
; P(-Bu)s (2 mol %) Ar.__COOR2
e Ny OSMes + ABr —— e e > <we
OR?2 DMF, 80 °C, 12 h
entry R! R? Ar yield (%)
1 Me Me Ph 91
2 Me Me 4-O,NCeHy 98
3 H t+-Bu 4-O,NCeHy 76
4 Me Me 4-MeOOCC4¢H,4 94
5 H t+-Bu 4-MeOOCCgHy4 80
6 H t-Bu 2-NCCg¢Hy 75
7 H t-Bu 3-NCCg¢H,4 67
8 Me Me 4-BzC¢H, 99
9 Me Me 4-AcCgHy 78
10 H t-Bu 4-AcCgHy 68
11 Me Me 4-M€OC(,H4 88
H
Me>_<OSiMe3 R]ir@
Me  OMe MeO N
126 127:R=Br PV

128 : R = Me,C(COOMe)

Figure 7. Chemical structures of compounds 126—128 .

(S)-BPPFA {(R)-(S)-N,N-dimethyl-1-[2,1"-
bis(diphenylphosphino)ferrocenylethylamine], or (2S,4S)-
BPPM [(2S5,45)-(—)-1-Boc-4-diphenylphosphino-2-
(diphenylphosphinomethyl)pyrrolidine] as the ligand, methyl-

MeO. N OMe
T
MeO OMe

Verapamil

Figure 8. Chemical structures of Verapamil and Ariflo.

Chemical Reviews, 2010, Vol. 110, No. 2 1119

2-arylpropionates were obtained in modest enantioselectivities
(37—54%) (Scheme 52).'68

Subsequently, Sakamoto et al.'® reported that, in contrast
to Musco’s report, PPh; seems to be somewhat better than
dppf as ligand of the Pd(PPh;),-catalyzed reaction of (Z)-
1,2-dimethoxy-1-trimethylsilyloxyethene 120 (Figure 6) with
aryl iodides in THF in the presence of TIOAc. This reaction
provided methyl a-methoxyarylacetates 121 (Figure 6) in
13—83% yield.'®

In 1998, a wide variety of fert-butyl arylacetates were
synthesized in modest-to-good yields by PdCl,[P(o-tolyl);],-
catalyzed cross-coupling reaction of aryl bromides with a
large molar excess of 1-fert-butoxy-1-tert-butyldimethylsi-
lyloxyethene 122 in refluxing benzene or THF in the presence
of suprastoichiometric amounts of CuF, or BusSnF (Table
45)."7! The most practical set of conditions to effect the cross-
coupling reactions consisted of using 2 equiv of CuF, as an
additive and PdCL,[P(o-tolyl)s], as the catalyst precursor in
THF (method C, Table 45). Unfortunately, fert-butyl 2-naph-
thylacetate proved to be inseparable from tin byproduct when,
according to method A, Bu;SnF was used as the additive in
its preparation. However, this ester was easily purified by
chromatography when CuF, was used as the activating agent
(entry 10, Table 45).'"!

On the other hand, a catalyst system consisting of a
combination of Pd(PhCN),Cl,, ZnCl,, and P(o-tolyl); was
used by Koch et al.'” for the preparation of ester 125 in
87% yield from aryl trifluoromethanesulfonate 123 and silyl
ketene acetal 124 in a 1:1 mixture of DMF and 1,2-
dimethoxyethane (DME) at 80 °C (Scheme 53). Unfortu-
nately, the experimental details of this reaction were not
reported.

A synthetically very interesting general protocol for the
palladium-catalyzed arylation of silyl ketene acetals with aryl
bromides that does not entail the use of suprastoichiometric
quantities of toxic BusSnF or CuF, was published by Hartwig
et al. in 2002.'% Specifically, these authors used ZnF, (1.05
equiv) as cocatalyst in a high-yielding synthesis of o-arylated
esters involving treatment of silyl ketene acetals of ferz-butyl
propionate and methyl isobutyrate with aryl bromides in
DMF at 80 °C in the presence of catalytic quantities of
Pd(dba), and P(z-Bu)s.

One year later, Liu and Hartwig described the full details
of this new protocol that allowed for the use of aryl bromides
bearing a variety of functional groups not tolerated by the
coupling of alkali metal enolates (Table 46).!7°

More recently, Rawal et al. have used this protocol to
prepare compound 128 from silyl ketene acetal 126 and aryl
bromide 127 (Figure 7).'™

8. a-Arylation of Nitriles, Carboxyamides,
Lactams, and Trimethylsilyl Enolates of Imides
8.1. Synthesis of a-Arylated Nitriles

a-Aryl substituted nitriles not only constitute versatile
building blocks for the synthesis of heterocycles, such as
imidazoles, triazoles, tetrazoles, thiazoles, and oxazolines,!”

WCOOH
N

MeO Ariflo
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Table 47. Pd-Catalyzed Phenylation of Phenylacetonitrile
PdCl, (5 mol %)
(PPhg) (10 - 20 mol %) Ph
Cs,C03 (1.2 equiv) Ph CN
DMF, 100 - 130 °C

Ph" ™CN + PhX

equiv of reaction conditions GLC yield
entry X PPh; (°C/h) (%)
1 1 100/2 18
2 Br 0.1-0.2 100/6 47
3 Br 0.1-0.2 13072 68 (44)@

(@ Value in parentheses indicates isolated yield.

but also include pharmacologically active compounds such
as the L-type calcium channel blocker Verapamil'’® and
Ariflo'”” (Figure 8), which are used in the clinic for treatment
of hypertension and chronic obstructive pulmonary disease,
respectively.

Consequently, in the past few years, a variety of methods
have been developed to prepare o.-aryl substituted nitriles'’®
with direct nucleophilic aromatic substitution being one of
the most powerful strategies employed to achieve the
synthesis of this important class of organic derivatives.'”
Nevertheless, in the past decade, the palladium-catalyzed
direct o-arylation of nitriles bearing a C—H bond in the
o-position with aryl halides has emerged as a major
advancement.'30"18% An early example of this approach was
reported in 1998 by Miura et al., who found that the PdCl,-
catalyzed reaction of phenylacetonitrile with iodo- or bro-
mobenzene in DMF at 100 °C in the presence of Cs,CO;
produces diphenylacetonitrile in modest-to-low yield (Table
47).180
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Scheme 54. Pd(OAc)y/Ligand 129-Catalyzed o-Arylation of
Nitriles with Aryl Bromides

Pd(OAC), (1 - 4 mol %)

Ligand 129 (2 - 8 mol %)

1
R CN + ArBr NaHMDS (1.4 equiv)

R2 PhMe, 70-100°C,3-16h
(74 - 98 %)

, WN-FBU
R1W<CN I_BU\N’P;N’ -Bu

R2 Ar (\ 7

(11 les) N=

exampies
P 129

In 2002, a more efficient palladium-catalyzed o-arylation
of nitriles with aryl bromides was developed by Culkin and
Hartwig by exploring the structure and reactivity of arylpal-
ladium cyanoalkyl complexes.'®! High yields and short
reaction times were found to characterize the a-arylation of
primary benzylic and secondary nitriles performed in toluene
at 70—100 °C using NaHMDS as the base and a catalyst
system composed of Pd(OAc), and BINAP (Table 48).'8!

Shortly after, a-aryl substituted nitriles were synthesized
in excellent yields by You and Verkade by reaction of
primary and secondary nitriles with aryl bromides possessing
electron-poor, electron-rich, electron-neutral, and sterically
hindered groups in the presence of NaHMDS as the base
and a catalyst system composed of Pd(OAc), and bicyclic
triaminophosphine 129 as bulky electron-rich supporting
ligand (Scheme 54).'%?

Table 48. Pd(OAc),/BINAP-Catalyzed a-Arylation of Nitriles with Aryl Bromides
Pd(OAc), (0.5 - 2 mol %)

R1__CN

BINAP (0.5 - 2 mol %) Rl__CN
ArB
7:‘/2 + Arer (Pd/Ligand=1:1) R?<Ar
(1.2 equiv) NaHMDS (1.3 equiv)
PhMe, 2-16 h
Entry R’ R’ Pd(OAc), / BINAP Reaction Product Yield
mol % conditions (°C / h) (%)
1 Me Me 1 100/2 +Bu 87
Tl
Me Me
2 Me Me 1 100/ 8 MeO. 83
1o
Me Me
3 Me Me 0.5 100/ 1 NC 99
CN
Me Me
4 Me Me 1 100/ 6 Me 70
©@<CN
Me Me
5 j 2 100/ 4 69
CN
o
+-Bu
6 H H 1 100/ 16 Ph 62
Ph CN
7 Ph H 2 100/2 tBu 95
\©\(CN
Ph
8 H H 5

100/ 16 Me 60
o
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Table 49. Pd-Catalyzed Synthesis of Arylacetonitriles from
Trimethylsilylacetonitrile and Aryl Bromides
Method A, Bor C

MegSi” "GN + ArBr Ar” T CN

entry Ar method® reaction time (h) yield (%)
1 4-1-BuCgH, A 18 87
2 4-MeOC4H,4 A 15 64
3 4-Me,NC¢H, C 18 83
4 3,5-(Me),CeH3 A 18 74
5 H,C-Q A 18 78
3- 7 CH-CgHy
H,C-O
6 4-MeO-2-naphthyl A 18 87
7 4-FCeH, A 18 78
8 4-O,NC¢H, A 8 68
9 4-CF;CsH,4 A 8 78
10 4-BzC¢H, A 8 92
11 4-EtOOCC¢H,4 A 8 84
12 4-AcCeH, A 8 78
13 4-NCCgH,4 A 8 81
14 2-MeC¢H, A 24 83
15 2,4-(Me),CsHs B 24 78
16 2-i-PrC6H4 B 24 69
17 2-CyC¢H,4 B 24 71
18  2,6-(Me),CsH; B 24 84

(@ Method A: Pd,(dba); (2 mol %), XantPhos (2 mol %), ZnF, (0.5
equiv), DMF, 90 °C. Method B: Pd,(dba); (2 mol %), P(t-Bu); (4 mol
%), ZnF, (0.5 equiv) DMF, 90 °C. Method C: Pdy(dba); (2 mol %),
PhP(#-Bu), (4 mol %), ZnF, (0.5 equiv), DMF, 90 °C.

Scheme 55. Preparation and Cross-Coupling Reactions of
the Zinc Cyanoalkyl Reagents 131

F{‘\(CN 1) LDA R CN ArBr R CN
Rz 2 iPrNH _ R2 ZnCl Pd(OAc), (2 mol%) Rz Ar
130 3) ZnCl; (1.2 equiv) 131 P(t-Bu)s ;4 mol %) 132

(47 - 91 %)

Two new palladium-catalyzed procedures for the a-ary-
lation of nitriles under less basic conditions than those
previously reported were disclosed by Wu and Hartwig in
2005."8 In the first of these, which was compatible with a
variety of functional groups including cyano, keto, nitro, and
ester groups, the selective monoarylation of acetonitrile and
primary nitriles was achieved by treatment of o-silylnitriles
with aryl bromides in DMF in the presence of ZnF, and
catalytic amounts of Pd,(dba); and XantPhos (method A),
Pdy(dba); and P(z-Bu); (method B), or Pd,(dba); and PhP(z-
Bu), (method C).

Table 49 illustrates the scope of the coupling reactions of
aryl bromides with trimethylsilylacetonitrile according to
methods A—C.

Interestingly, the conditions for the coupling of aryl
bromides with trimethylsilylacetonitrile according to methods
A and B were found to be applicable for the synthesis of

Scheme 56. Synthesis of Verapamil

-Pr
o 1) LDA, Et,0, 23 °C
NC)\/\(J 2) - FPrNH
o 3) ZnCl,, THF, 23 °C
130a

NCM\O)
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o-arylpropionitriles from aryl bromides and 2-trimethylsi-
lylpropionitrile, but they could not be extended to the
coupling of aryl bromides with hindered o-silylnitriles such
as a-trimethylsilylcyclohexanecarbonitrile.'8*

The second procedure developed by Wu and Hartwig
proved to be very useful for the o-arylation of secondary
nitriles in satisfactory-to-good yields (Scheme 55). It entails
the use of the zinc cyanoalkyl reagents 131, which were
prepared in situ by treatment of nitriles 130 with LDA and
removal of diisopropylamine generated from the deproto-
nation, followed by reaction with ZnCl,.!%* Reaction of the
organozinc reagents 131 with aryl bromides in THF at room
temperature in the presence of catalytic quantities of
Pd(OACc), and P(#-Bu); then produced the required o-arylated
nitriles 132 in 47—91% yield.'

The utility of this procedure was demonstrated in a high-
yielding synthesis of tertiary nitrile 132a, which was used
as the direct precursor to Verapamil (Scheme 56).!84

8.2. Synthesis of o-Arylated Carboxyamides and
Lactams

Even though carboxylic acid amide derivatives include
compounds of pharmacological interest,'8> exhibit a wide
range of industrial applications,'® and represent versatile
building blocks in synthetic organic chemistry,'®” prior to
1988 a limited number of methodologies for the synthesis
of a-aryl substituted carboxyamides and lactams were
reported in the literature. They involve Friedel—Crafts or
photoinitiated addition of haloamides to arenes,'®® coupling
of aryl halides with N-methylpyrrolidinone in the presence
of an excess of a strong base,'®” or coupling of aryl halides
and amide enolates via an Sgyl mechanism initiated pho-
tochemically.'”® However, these methods gave variable yields
and poor regioselectivity'#!8 or required very high enolate
to aryl halide molar ratios to achieve a significant selectiv-
ity. 19

In view of these literature data, in 1998, Hartwig et al.
explored the extension of the Pd-catalyzed direct a-arylation
of ketones with aryl halides to the o-arylation of carboxya-
mides and lactams'®! and found that the intermolecular
arylation of N,N-dimethylacetamide (DMA) with unfunc-
tionalized or electron-rich aryl bromides can be performed
in dioxane at 100 °C using KHMDS as the base and catalyst
formed in situ from Pd(dba), and BINAP to give N,N-
dimethyl arylacetamides in modest selectivity and satisfactory
yields (Table 50). Unfortunately, this protocol was less
effective with homologous carboxyamides, but a similar
procedure in which NaO#-Bu was employed in place of
KHMDS as the base was shown to allow for the efficient
synthesis of oxindoles 134 by intramolecular Pd-catalyzed
arylation of 2-bromoanilides 133 (Scheme 57).'!

MeO. B
FPr ¢ ) § '
MeO
Pd(OAc), (2 mol %)

P(£Bu)z (4 mol %)
(82 %)

131a

Pr Me

i-Pr MeO. NHMe
Mer@Mo Meo@ , HCOOH
CN J
o
MeQ

Pd/C, EtOH, 100 °C

(82 %)
132a

MeO. I{l OMe
S
MeO OMe

Verapamil



1122 Chemical Reviews, 2010, Vol. 110, No. 2

Table 50. Pd-Catalyzed Arylation of DMA with Aryl Halides
Pd(dbay), (5 mol %)

Bellina and Rossi

o] 9 NMe.
T BN ESmol) BKlmng 5 mol %) /\n/ g )\ﬂ/NMe2
Me” “NMe, (2 equiv)
dioxane, 100 °C
Entry ArX Reaction Major Product Yield of Yield of
time (h) monoarylated diarylated
derivative derivative™

1 2-NaphthylBr 2 NMe, 70 9

2 4-PhC,H, 2 mNMBQ 66 13
Ph ©

3 4-MeCH,Br 1.5 mNMez 72 10
Me’ ©

4 4-MeC H,I 1 mNMeg 70 )
Me ©

5 2-MeC,H,Br 15

Me
NMey
(o]

72 “@

6 4-MeOCH,Br 4 m NMe, 438 18
MeO °

(@ Values in parentheses refer to GLC yield.

Scheme 57. Synthesis of Oxindoles 134 from
2-Bromoanilides 133

R Br Pd(dba), (5 mol %) ; RZ g3
\Q Q  _BINAPordppf (75 mol%) _ 7
NJKKR NaOtBu (1.5 equiv) N o
R4 R? dioxane, 100 °C, 1- 10 h R
133 (60 - 83 %) 134
R' = H; OMe, CN (8 examples)
R* = Me; Bn
R2=R3=H; Me
R? = H, R® = Ph; Me

R2; R® = (CHy)g-CH

Interestingly, this intramolecular reaction was significantly
more tolerant of both steric and electronic modifications of
the substrate than was the intermolecular reaction.'®!

In 2000, Freund and Mederski'®? synthesized 1,2-
dihydrospiro[3H-indole-3,4'-piperidin]-2-ones 136 in modest-
to-satisfactory yields by intramolecular cyclization of tert-
butyl-4-[(benzyl)(2-bromo-4-arylamino)carbonyl]piperidin-
1-carboxylates 135 (Figure 9) according to the experimental
conditions developed by Hartwig et al.'”! In 2004, these
experimental conditions were also used by Gallagher et al.
for the intramolecular a-arylation of compound 137.!%* Thus-
prepared adduct 138 (Figure 9) was then employed as a

0
R1 Br yOt-Bu
|08 N
N 1
IIBnJ\O\I\n/Ot-Bu R

135 136 Bn
Nl NH
o @ o §
~—N | >N |
N
Br =
137 cytisine

Figure 9. Chemical structures of compounds 135—138 and
cytisine.

Scheme 58. Intramolecular Arylation of Amide 139
Pd(dba), (10 mol %)

MeC
dppe (15 mol %)
BnO ]@[/ m/\@\ KO#tBu (1.5 equiv)
dioxane, 100 °C
(81 %)

OBn OH

p—
MeQO O MeQ (0]
LT T
BnO Me HO Me

140 Cherylline

=z

Scheme 59. Intramolecular Arylation of Compound 141

OBn
Pd(dba), (10 mol %)

dppe (15 mol %)

KOt Bu (1.5 equiv)
m/\©\ dioxane, 100 °C
(54 %)

MeO.

142 Latifine

precursor to racemic cytisine,'”® a representative member of
the lupin class of alkaloids.

In 2001, the six-membered lactam 140, which is a
precursor to the 1,2,3,4-tetrahydroisoquinoline alkaloid che-
rylline, was synthesized in 81% yield by Honda et al. via
intramolecular coupling of amide 139 in the presence of KOz-
Bu as the base and a catalyst system composed of Pd/(dba),
and 1,2-bis(diphenylphosphino)ethane (dppe) (Scheme 58).!%*

Analogous reaction conditions were then used by these
authors to convert carboxyamide 141 into lactam 142, which
was used as a precursor to alkaloid latifine (Scheme 59).!%



Transition Metal-Catalyzed Direct Arylation of Substrates

Table 51. Synthesis of 3-Aryloxindoles from
N-Methyl-o-bromoacetanilide and Aryl Chlorides

Br Pd(OAc), (10 mol %) Ar
©: )J\ PCyz (10 mol %) o
N7 “Me T A'C) TNZOLBU (3 equiv) N

Me dioxane, 70 °C, 12 h N

Me
Entry Product Yield (%)
1 Ph 6l
o]
N
Me
2 O 56
Me
L=
N
Me
3 Me 55
N
Me
4 O 60
OMe
L=
N
Me
5 g o 56

§'Z
@

Scheme 60. Pd-Catalyzed Intramolecular Arylation of
o-Bromoanilide 143

Pd(OAc); (10 mol %)
(A)-BINAP (12.5 mol %)

OTBDMS " jHMDS (2.0 equiv)
Ve Me THF, 68°C, 16 h
143 (60 %, 11 % ee)
OTBDMS H
Ve N o Me
MeO —, MY 0
o} — o}
N Yo
Ve Me

Physovenine

In 2001, it was also shown by Lee and Hartwig that a
catalyst system composed of a 1:1 mixture of PA(OAc), and
PCyj; or a sterically hindered N-heterocyclic carbene ligand
provides fast rates for the synthesis of oxindoles 134 by
o-arylation of o-bromoanilides 133 or the corresponding
o-chloro derivatives at 50—70 °C in the presence of NaOz-
Bu as the base.'”” Most important, the reactions occurred in
high yields to form the quaternary carbon in o, a-disubstituted
oxindoles. Surprisingly, catalysts containing tert-butylphos-
phine ligands, which had been shown to be most reactive
for ketone arylation, were less active than those containing
PCy;.1%

Studies directed at clarifying the mechanism of the
cyclization reactions showed that these reactions involve rate-
limiting oxidative addition of the aryl halide and that the
base-induced formation of and reductive elimination from
arylpalladium enolate intermediates are both faster than

Chemical Reviews, 2010, Vol. 110, No. 2 1123

Table 52. Pd-Catalyzed Synthesis of 3-Alkoxy-3-aryloxindoles

Br R4 Pd(OAc), (10 mol %)

0 HPCyzBF, (10 mol %)
NaQ#Bu (3 equiv)
PhMe, microwaves

R? OR3 ,
100 °C, 10 min
Entry Product Yield (%)
1 Cl 76
MeO O
(Lo
N
Me
2 MeO 86
Ph
Cry-
N
Bn
3 BnO 73

N
Me
5 MeQ 81
Ph
jons
FsC N
Me
6 MeQ 79
F Ph
o
N
Me

Scheme 61. Pd-Catalyzed Synthesis of Quaternary
3-Aminooxindoles 145

By o Pd(OAC), (10 mol %)
@[ . HPCy,BF, (10 mol %)
N)H/N‘Fﬁ NaOtBu (3.0 equiv) (@]
R' R2 PhMe, uw, 110 °C, 15 min N
144 (60 - 89 %) 145 1

Scheme 62. Synthesis of 3-Spirocyclic Indolin-2-ones 147

R2
1 X6 Pd(dba), (10 mol %) N
R rac-BINAP (10 mol %) R o
NJ\O NaO+#-Bu, dioxane
R2 N, -85 %
. (60 - 85 %) N
146 : X = Br, Gl 147 pg

oxidative addition. Deprotonation of the tethered amides
appeared to be faster than reductive elimination of the
resulting palladium enolates to form the oxindole products.'*’

Lee and Hartwig also demonstrated that the Pd(OAc),/
PCy; catalyst system can afford the combined inter- and
intramolecular arylation reaction of N-methyl-o-bromoac-
etanilide to form 3-aryloxindoles in good yields (Table 51).!%

In 2002 was published an expedient formal total synthesis
of the calabar alkaloid physovenine in which the intramo-
lecular arylation of o-bromoanilide 143 in the presence of
LiHMDS as the base and catalytic amounts of Pd(OAc), and
(R)-BINAP was a key step (Scheme 60).'%

Very recently, the palladium-catalyzed intramolecular
arylation of o-haloanilides, first disclosed by Lee and
Hartwig,'” has been extended to a novel synthesis of
medicinally important 3-alkoxy-3-aryloxindoles.!”’ Specif-
ically, these compounds have been prepared by the rapid
microwave-promoted intramolecular arylation of mandelate-
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Table 53. Pd,(dba);/NHC-Catalyzed Synthesis of N-Substituted
Oxindoles

Br _R® Pd(dba), (1.5 - 3 mol %) RS
R1© L MB(E-6mol%) o
N0 LiIHMDS (1.5 - 6 equiv) N

R2 THF, 68 °C, 14h R
Me
®/M™/\
Br, N > N Me
6&@ Me
148
entry R! R? R? yield (%)
1 4-Me Me Me 80
2 4-Me Bn Me 83
3 H Bn Me 90
4 4-F Bn Me 40
5 4-MeO Me Me 67
6 4-Me Bn Bn(CH,), 47
7 4-Me Bn Et 62
8 H Me MCO(CHz)z 82

Me Me \
/Y i wN N
Me \vaN@(Me e
Me Me Me Me
149 150
Figure 10. Chemical structures of optically active carbenes 149
and 150 .

derivatives in the presence of NaOz-Bu as the base and a
catalyst system composed of Pd(OAc), and HPCy;BF,.""’
Representative examples of the results obtained using this
reaction are reported in Table 52.

Similar reaction conditions have also been used by
Marsden et al. to prepare quaternary 3-aminooxindoles 145
from N-(2-bromophenyl)-N-methyl-2-dialylaminoacylamides
144 in high yields (Scheme 61).!%

In 2005, the reaction conditions originally developed by
Hartwig for the synthesis of oxindoles from 2-bromoanil-
ides,'! which involve the use of rac-BINAP as the support-
ing ligand, were employed by Bignan et al. to prepare
3-spirocyclic indolin-2-ones 147 from the corresponding
o-haloanilides 146 (Scheme 62).'%

It is worth noting that the palladium-catalyzed synthesis
of oxindole derivatives has also been accomplished using
N-heterocyclic carbenes as ancillary ligands. In fact, in 2002,
a catalyst system consisting of a combination of Pd,(dba);
and the carbene ligand, obtained by dehydrohalogenation of
imidazolium bromide 148, was employed for the synthesis
of racemic N-substituted oxindoles via intramolecular ary-
lation of the corresponding o-bromoanilides (Table 53).2%

Moreover, catalyst systems composed of Pd(OAc), and
optically active carbene ligands 149 and 150 (Figure 10),
which were obtained by treatment of optically active N,N'-
diisopinocampheylimidazolium tetrafluoroborate and N,N'-
dibornylimidazolium tetrafluoroborate, respectively, with
NaOr-Bu, were employed by Lee and Hartwig in 2001 in
an asymmetric variant of the intramolecular arylation of
2-haloanilides.'® Notably, these catalysts allowed for the
asymmetric synthesis of a,a-disubstituted oxindoles in high
yields and substantial enantioselectivities (37—71% ee). The
highest ee values were obtained in reactions conducted below
room temperature.

Bellina and Rossi

Table 54. Asymmetric Pd-Catalyzed Intramolecular Arylation
of N-Substituted o-Bromoanilides 151

Br Pd(dba), (5 mol %) AT Me
@[ (8,9)-152 or (5,8)-153 (5 mol %) oSG
N)S/Me NaOtBu (1.5 equiv) N
R' Ar DME, 23 °C h1
151
-Bu //\@ Bu
R N\?N \ R
°
|
(5,9)-152: R = OMe
(5,9)-153:R=H
reaction yield
entry ligand precursor R! Ar time (h) (%) ee (%)
1 (8,5)-152 Me Ph 24 98 87
2 (8,9)-153 Me Ph 24 99 94
3 (8,)-153 Me 4-MeCgHy 24 99 93
4 (8,8)-153 Me 4-MeOC¢H, 14 98 93
5 (8,8)-152 Me 2-MeOC¢H, 36 42 84
6 (8,5)-152 Bn Ph 24 75 79
7 (8,5)-153 Bn Ph 24 94 8
8

(5,5)-152 Me 1-naphthyl 24 98 84

A few years later, a catalyst precursor consisting of a 1:1
mixture of Pd(dba), and one of the two bulky homochiral
carbene ligands prepared from imidazolium salts (S,S)-152
and (S,5)-153 was used by Kiindig et al. for the intramo-
lecular enantioselective arylation of the N-substituted o-
bromoanilides 151 (Table 54).2!

(8)-3-Alkyl-3-aryloxindoles were so prepared in high
yields and enantiomeric purities up to 94% ee. Table 54
illustrates some representative results of these intramolecular
reactions.

In contrast, modest enantioselectivities had previously been
obtained in asymmetric cyclizations of 2-haloanilides to
oxindoles, which were performed using catalyst systems
composed either of a Pd(0) or a Pd(Il) source and an
enantiomerically pure C,-symmetrical tricyclic NHC such
as 154, 155, or 156,%%? (4R,5R)-4,5-diphenyl-1,3-dialkyl-4,6-
dihydroimidazolidene 157,2%32% or [(S)-Hs—BINAP] 1582%
(Figure 11) as the supporting ligand or constituted of chiral
N-ferrocenyl-substituted (NHC)PdI,—pyridine complexes.?*
Similarly, a low ee (11%) was observed in the Pd-catalyzed
cyclization of a 1-bromoanilide when a chiral chelating di-
N-heterocyclic carbene, prepared via base-induced 1,3-
cycloaddition of tosylmethyl isocyanide to trans-1,2-
diaminocyclohexane, was used as the ligand.2”’

In 2008, excellent results were instead obtained by Kiindig
et al., who reported that catalytic amounts of Pd(dba), and
the new chiral N-heterocyclic carbene precursor (R,R)-159
(Figure 11) allow for the asymmetric a-arylation of amide
enolates containing heteroatom substituents to give chiral
3-alkoxy- and 3-aminooxindoles in high yields and with
enantioselectivities up to 97% ee.?’'® These asymmetric Pd/
NHC-catalyzed reactions were performed in toluene at 50
°C in the presence of NaOz-Bu as the base.

In the same year, Durbin and Willis used X-Phos as the
optimal ligand for the synthesis of racemic N-substituted
3-aryloxindoles via intramolecular palladium-catalyzed ary-
lation of N-substituted oxindoles with aryl chlorides, bro-
mides, or triflates in a mixture of toluene and THF at 70 °C
in the presence of KHMDS as the base (Scheme 63).2%
Significant variation of the substitution pattern on both the
oxindole and aryl halide was shown to be possible.
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o 0 Ph,'./_(Ph
ﬁﬁj e
R s )

154 : R = i-Pr
155 : R = +Bu
156 : R=Bn

157 : R = 1-adamantyl
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‘O +Bu, N N +-Bu
o N_ N
N7
PPh,  MeO ( &) 5 OMe
‘O PhPh

158 159

Figure 11. Chemical structures of ligands 154—158, and the NHC—ligand precursor (R,R)-159.

Scheme 63. Pd,(dba);/X-Phos-Catalyzed o-Arylation of
N-Substituted Oxindoles

Pd(dba), (2 mol %) Ar
; X-Phos (3 mol %) 4
R@EB:O + AX. —RAMDS (T4 equiv) 1 N o
Nh THF, PhMe, 70 °C h
(60 - 91 %)
R = Me, MeO,
R' = Bn, Boc, Me
X = Cl, Br, OTf

Table 55. Pd-Catalyzed C-3 Arylation of Free (NH)-Oxindoles
with Aryl Chlorides
Pd(dba), (1 mol %) Ar

“‘J@@O
N + ArCl Ko,CO3 (2 - 3 equiv)

X-Phos (5 mol %)

H solvent, 80 - 110 °C H
reaction temp. yield
entry R! Ar solvent (°C) (%)
1 H 4-MeOCgH, THF 80 92
2 H 3-CF;CgHy dioxane 100 81
3@ H 4-NCCgHy THF 80 55
4 5-F 3-Me,NC¢Hy dioxane 100 80
5 H 3-MeOOCC¢H, THF 80 77
6 7-MeOOC 4-MeCgHy THF 80 63
7% H 4-t-BuCgHy4 +-BuOH 110 67
8 H 4-HOC¢H4 dioxane 100 89

(@ The reaction was run in the presence of 4 A molecular sieves.
®) The reaction was run using the required ArSO,Ph.

In 2008, the first examples of intramolecular palladium-
catalyzed arylations of free (NH)-oxindoles with aryl halides
have also been described.?” It was found that, even though
free (NH)-oxindoles possess protons at the C-3 and N-1
positions with identical acidities (pK, = 18.5),2!° these
lactams are able to undergo complete regioselective C-3
arylation by reaction with aryl chlorides in the presence of
K,CO; as the base and catalytic quantities of Pd,(dba); and
X-Phos as the supporting ligand (Table 55).2%

On the contrary, arylation proved to occur exclusively at
the nitrogen using a Cu-diamine-based catalyst system.?”
In this study, Buchwald and co-workers also found that the
use of bidentate or biarylmonophosphine ligands different
from X-Phos provides low conversions of the starting
materials and low yields of the products and that the
Pd,(dba);/X-Phos-catalyzed C-3 arylation of oxindoles with
aryl chlorides is able to tolerate a variety of functional groups
on the para- and meta-positions of the electrophiles but
furnishes a low conversion of the reagents when ortho-
substituted aryl chlorides are used as arylating species.?%

N-Protected 2-piperidinones represent another interesting
class of lactams that has been used in intermolecular®!!~2!3
and intramolecular Pd-catalyzed arylation reactions.”'* In a
conclusive paper, Cossy et al. showed that the zinc enolates,
generated by treatment of N-benzyl-2-piperidinones with sec-

Table 56. Pd(dba),/DavePhos-Catalyzed o-Arylation of
N-Benzyl-2-piperidinones with Aryl Bromides

1) sec-BuLi (2.0 equiv) Ar
(l ZnCl, (2.2 equiv), THF, 0 °C (I
N™ ~O  2) ArBr (1.0 equiv) N7 0

Bn Pd(dba), (5 mol %), DavePhos (7.5 mol %) Bn
THF, 65 °C
Entry Product Yield (%)
1 97
Me
N o]
Bn
’}‘ o Me
Bn
3 Me 0
’}‘ o Me
Bn
) Y
l}l O
Bn
S Cl 70
fI@“
l}l O
Bn
6 (I©/0Me 99
l}l o]
Bn
7 F 82
OZQF
’\.l o]
Bn

Scheme 64. o-Arylation of N-Tosyl- and
N-Benzoyl-2-piperidinone with Aryl Bromides

1) LIHMDS (2.0 equiv)
(IAI'

ZnCl, (2.2 equiv)

THF, - 20 °C
N™ ~O  2) ArBr (1.0 equiv) N”~0
R Pd(dba), (5 mol %) R
(R'=Ts, Bz) DavePhos (7.5 mol %) 160:R'=Ts, Bz
THF, 65 °C
(37 - 92 %)

BuLi and ZnCl,, can efficiently be arylated with aryl
bromides using a Pd(dba),/DavePhos catalyst system (Table
56).21%

As shown in this table, the aryl bromides employed in
the arylation reactions contained electron-donor or electron-
withdrawing substituents but lacked potentially reactive protic
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Table 57. Pd-Catalyzed Arylation of Isolated Reformatsky
Reagents with Aryl Bromides
(0] (0]

1 Pd{(dba), (3 mol %) 1
R\HkNEt2 + ArBr R NEt,

Q-Phos (2 mol %)

ZnBreTHF dioxane, 1, 6 h Ar

161 (1.2 equiv)

entry R! Ar yield (%)
1 H 4—t—BuC6H4 92
2 Me 4-t-BuCgH, 88
3 H 4-EtOOCC¢H, 94
4 Me 4-EtOOCC¢H, 95
5 Me 4-O,NCC¢Hy 97
6 H 4-NCCCgHy 86
7 H 4-MeOCC¢H,4 81
8 Me 3-MeOCCg¢H, 88
9 Me 4-CF3C¢Hy 88
10 H 4-CF;C¢Hy 91

Table 58. Pd-Catalyzed Arylation of N,N-Diethylacetamide and
N,N-Diethylpropionamide Reformatsky Reagents Generated in
situ from the Corresponding o-Bromoamides and Activated
Zinc Metal

o]
R! Zn* (1.5 equiv)
NEt; ~ THF, rt, 0.5 h

Br
(1.1 equiv)
O o]
Ri Pd(dba), (1 mol %) Ri
W)LNEtz Q-Phos (1 mol %) H)LNEtz
ZnBreTHF ArBr, dioxane, rt- 70 °C, 6 h Ar
161
reaction yield
entry R! Ar temp. (°C) (%)
1 H 4-1-BuCgHy It 90
2 H 4-MCOOCC6H4 It 89
3 H 4-NCC6H4 rt 87
4 H 4-O,NCC¢H, t 81
5 H 2,4,6-(Me);CeHa 1t 91
6 H 2—FC6H4 It 91
7 Me 4-Me,NCeH,y 70 89
8 Me 4-MeOOCC¢H, rt 87

or functional groups such as hydroxyl, amino, keto, nitro,
and ester groups. Cossy et al. also investigated the arylation
of N-tosyl- and N-benzoyl-2-piperidinone with different aryl
bromides and observed that the enolates generated by
treatment of these substrates with LIHMDS and ZnCl, were
efficiently arylated with aryl bromides in the presence of
Pd(dba), and DavePhos to give the required a-arylated
derivatives 160 in good-to-excellent yields (Scheme 64).2!3
Again, the presence and nature of the phosphine ligand on
the palladium center proved to be crucial to the outcome of
the arylation reaction.

On the other hand, Maier has very recently described a
novel strategy to 1,5-methano-3-benzazocines in which a key
step is the intramolecular arylation of N-benzylpiperidones
that carry a 2-bromobenzyl substituent in the 5-position.?!*
The reaction, which was carried out in THF in the presence
of NaHMDS as the base and catalytic amounts of Pd(dba),
and P(#-Bu);, was found to require the use of ZnCl, as an
additive and produced the required pharmaceutically interest-
ing tricyclic compounds in moderate yields.?'*

Before closing this paragraph, we think it right also to
mention that, in the past few years, a few limited examples
of syntheses of o.-monoarylated carboxyamides that involve
palladium-catalyzed cross-coupling reactions of zinc enolates
of carboxyamides with aryl bromides have been reported.!*-!>
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Table 59. Pd-Catalyzed Arylation of Zinc Enolates of
N,N-Diethylacetamide and N,N-Diethylpropionamide Generated
via the Corresponding Lithium Amide Enolates

o}

o 1) sec-BuLi (1.2 equiv), THF, - 78 °C, 1 h
R! R!
\)J\NETZ %NETZ

2) ZnCl, (2.4 equiv), rt, 10 min
3) ArBr, Method A, B, Cor D, 24 h, rt
(1.2 equiv) Ar
Method A: Pd(dba), (1 mol %), Q-phos (1 mol %)
Method B: Pd(dba), (2 mol %), Q-phos (2 mol %)

Method C: Pd(dba}, (3 mol %), Q-phos (3 mol %)
Method D: {PdBr{P(t-Bu);]}, (0.5 mol %), KH {1.05 equiv})

entry R! Ar method yield (%)
1 H 4—t—BuC(,H4 A 93
2 H 4-CIC¢H4 A 94
3 H 4-MeSC¢Hy A 91
4 H 4-MeOCgHy A 93
5 H 4-MeOOCCsH,4 A 97
6 H 4-NCCgHy A 96
7 H 4-O,NCCgHy A 90
8 H 4-BzCeHy A 92
9 H 4-ACC6H4 B 92
10 H 4-M62NC6H4 C 90
11 H 2-FC¢Hy C 92
12 H 2,4,6-(M€)3C(,H2 A 96
13 H 4-HOC¢H,4 D 80
14 H 4-HoNCeHy D 80
15 Me 4-CF;CgHy A 90
16 Me 2-MeOCg¢H,4 C 88
17 Me 4-HOCsH,4 D 95
18 Me 4-Ho,NCeHy D 90
19 Me 4-MeSCsHy A 94
20 Me 4-02NCC6H4 C 87

The reactions were limited to zinc enolates of N,N-disub-
stituted acetamides and propionamides and were conducted
with isolated zinc amides formed from the corresponding
o-haloamides.

In 2006, Hartwig et al. presented a full account of the
scope and limitations of the a-arylation of carboxyamides
by palladium-catalyzed coupling of aryl bromides with zinc
enolates of amides (Table 57)*" and reported that the reaction
takes place in high yields with isolated Reformatsky reagents
161 generated from o-bromoamides, with Reformatsky
reagents generated in situ from o-bromoamides (Table 58),
and with zinc enolates generated by quenching lithium
enolates of amides with ZnCl, (Table 59).21

As shown in Table 57, the arylation of isolated Refor-
matsky reagents 161 was found to occur at room temperature
with electron-neutral, electron-rich, and electron-poor aryl
bromides in the presence of the Pd-catalyst generated from
Pd(dba), and Q-Phos as the ligand. Interestingly, the reaction
also occurred in high yields with aryl bromides containing
ester, nitro, and cyano groups.”’® The palladium catalyst
generated from Pd(dba), and Q-Phos was also used for high
yielding reactions of reagents 161, generated in situ from
o-bromoacetamide and a-bromopropionamide and activated
Zn metal, with aryl bromides containing electron-donating
or electron-withdrawing substituents (Table 58).

On the other hand, Table 59 shows that most of the
arylation reactions of the zinc enolates of N,N-diethylaceta-
mide and N,N-diethylpropionamide, generated from the
corresponding lithium amide enolates, furnished yields
exceeding 90% and that the reactions also occurred with aryl
bromides containing the hydroxyl or amino group provided
that 1.05 equiv of KH were added to deprotonate these
groups prior to addition of the zinc enolates. The reactions
with these aryl bromides occurred in high yields when [P(z-
Bu);PdBr], was used as the catalyst precursor.”!> However,
a catalyst system composed of Pd(dba), and ligand Q-Phos
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Table 60. Diastereoselective Arylation of Silyl Keteneimides Bearing the Evans Auxiliary with Aryl Bromides

0SiMe, Pd(dba)s (5 mol %) )OL o
P(t-Bu)g (10 mol %)
O\_/N NR? + ArBr Zinc additive (0.5 equiv) O\_/N/Zg/R2
R DMF, 12 h RIAT
product
entry zinc additive reaction temp. (°C) R! R? Ar yield (%) d.r.
1 7ZnF, 80 i-Pr Me Ph 67 87:13
2 Zn(O-1-Bu), rt i-Pr Me Ph 70 91:9
3 7ZnF, 80 t-Bu Me Ph 58 92:8
4 Zn(O-t-Bu), t t-Bu Me Ph 61 95:5
5 ZnF, 80 i-Pr Et 3-AcCeHy 75 84:16
6 7ZnF, 80 i-Pr Et 4-t-BuCgHy 57 83:17
7 ZnF, 80 i-Pr Et 4-NCC¢H,y 65 77:13
8 ZnF, 80 i-Pr t-BuCH, Ph 35 89:11
Xy Rz Scheme 65. Cul-Mediated Synthesis of
162: X = Y = COOR 171: R = H, alkyl; Z= COOR 3-But-3-enylisochromen-1-one 17
163: X = COOR; Y = CN 172 :R = Ar; Z = PhSO, 0 N | 1) Cul, KOH, H,0
164 : X = RCO; Y = COOR' 173 : R = allyl; Z = R'R2NSO, 150 °C (80 psi), 1 h
165: X =Y =CN 174 : R = alkyl; Z = NO, x * 2) dit HCI
166 : X = PhSOy; Y = COOR o 175 COCH
167 : X =Y = PhSO, x X
168 : X = BzN=S(Ar)=0; Y = COOR
169: X =Y =RCO 0
170 : X = ArN(Me)SO,; Y = COOR O 176

Figure 12. Chemical structures of compounds 162—174.

Table 61. Equilibrium Acidities in DMSO at 23 °C*8

Compound pKa
2,2-Dimethyl-1,3-dione-4,6-dione (Meldrum’s acid) 7.3
PhCOCH,CN 10.2
1,3-Cyclohexanedione 10.3
CH,(CN), 11.0
PhSO,CH,COPh 11.4
PhSO,CH,CN 12.0
PhCH,NO, 12.3
MeCOCH,COMe 13.3
MeCOCH,COOEt 14.2
Nitrocyclopentane 16.0
CH,(COOE}), 16.4
PhCH,COOEt 22.6
PhCOMe 24.7
y-Valerolactone 25.2
2-Piperidinone 26.4
Cyclohexanone 26.4
MeCN 313
Ph. .0 33.0
Me/<\NMe

was preferred for arylation reactions of the zinc enolates of
morpholine acetamide and propionamide,?" the products of
which are able to undergo functional group interconversions
similar to those of Weinreb amides.?'®

8.3. Arylation of Silyl Keteneimides

In 2004, Liu and Hartwig'” investigated the palladium-
catalyzed arylation of trimethylsilyl keteneimides and found
that the Pd(dba),/P(¢-Bu);-catalyzed reaction of aryl bromides
with silyl keteneimides bearing the Evans auxiliary?'’ in the
presence of ZnF, or Zn(O-#-Bu), as an additive proceeds in
satisfactory yields and diastereoselectivities up to 90%
diastereomeric excess (de) (Table 60).

Interestingly, the reactions conducted with Zn(O-#-Bu), as
an additive occurred at room temperature in modest-to-
satisfactory yields and gave enhanced diastereoselectivities.!”

9. a-Arylation of f3-Dicarbonyl Compounds, Ethyl
Cyanoacetate, Malononitrile, Ethyl
Phenylsulfonylacetate, Methanesulfonamides,
N-Sulfoximines, and Nitroalkanes

Since the 1980s, the a-arylation of substrates 162—170
bearing two electron-withdrawing moieties linked at a
methylene group and of compounds 171—174, where only
one electron-withdrawing group is linked at a methylene
group (Figure 12), has attracted much attention.

The significance of the products of these arylation reactions
is due to the fact that these substances are useful synthetic
intermediates and some of them, including dialkyl arylma-
lonates and alkyl 2-arylacetoacetates, represent important
precursors to nonsteroidal anti-inflammatory drugs.

Table 61 illustrates that many of the substrates reported
in Figure 12 possess values for C—H acidity significantly
higher than those of simple ketones, carboxylic acid esters,
nitriles, lactones, and lactams containing a sp’-hybridized
C—H bond in the o-position. On the other hand, the values
for C—H acidity of these substrates have represented an
important parameter to be considered in the choice of the
experimental conditions, including the nature of the base,
for their direct palladium-, nickel-, or copper-catalyzed
arylation reactions with aryl halides or pseudohalides.

In this section, the discussion and comments of the
literature data on the transition metal-catalyzed reactions of
the substrates reported in Figure 12 has been subdivided in
two subsections. The former is concerned with the results
of copper-catalyzed arylations of 3-diketones, f3-ketoesters,
ethyl cyanoacetate, diethyl malonate, and malononitrile, and
the second subsection regards the literature data on the
palladium-catalyzed o-arylation reactions of diethyl mal-
onate, malononitrile, S-ketoesters, -diketones, sulfonyl C—H
acids, ethyl cyanoacetate, and nitro compounds with aryl
halides as well as the results obtained in the nickel-catalyzed
monoarylation of malononitrile with aryl halides.
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Table 62. Cul-Catalyzed Arylation of Ethyl Cyanoacetate,
Malononitrile, and Acetylacetone with Aryl Iodides

Ar
—~ Cul (10 mol %) A
X2y y Ar.I KoCO4 (4 equiv) Xy
eV puso, 120 °C
entry X Y Ar reaction time (h) yield (%)

1 CN COOEt Ph 20 78
CN COOEt 4-MeCgHy 20 75
3 CN COOEt 4-CIC¢Hy 18 81
4 CN COOEt 1-naphthyl 9 47
5 CN COOEt 2-naphthyl 4 70
6 CN CN Ph 16 55
7 CN CN 2-naphthyl 20 73
8 Ac  Ac Ph 4 65

Scheme 66. Synthesis of the Sodium Salts of
3-Methoxycarbonylbenzofuran-2(3H)-ones

X R2 1) NaH (2.0 equiv)
dioxane, rt
~ ,
MeOOC~ "COOMe + HOD/ 2) CuBr (20 mol %)
R 80 °C
®
N
MeOOC. O a R2
@]
(e]
R1
Scheme 67. Cu-Mediated Synthesis of Ketoacid 177
O

o o COOH
Br EtONa (2.3 equiv)
PhMMe * B Cu powder (0.33 equiv)

) S EtOH, 24 h, reflux '
(1.5 equiv) S 177

HOOC Ph
A

9.1. Copper-Catalyzed a-Arylations

In the 1970s, McKillop et al. established that C—H acids,
such as ethyl acetoacetate, acetylacetone, 1-phenylbutane-
1,3-dione, and diethyl malonate, can be C-arylated in good-
to-excellent yields by reaction with a variety of 2-bromoben-
zoic acids and other haloaromatic carboxylic acids in the
presence of NaH and a catalytic amount of CuBr.2!
Nevertheless, in the 1980s and in the early 1990s, many
arylations of activated methylene compounds with aryl
halides were performed using stoichiometric or even supra-
stoichiometric amounts of copper salts.??°"2?5 These non-
catalytic reactions, which date back to the development of
the Hurtley reaction,??%??” were found to give good yields
only with aryl halides bearing electron-withdrawing groups
or ortho-substituents capable of coordinating to copper and
when they were performed at high temperature in polar
solvents such as dimethyl sulfoxide (DMSO), pyridine, or
hexamethylphosphoramide (HMPA); unfortunately, under
these experimental conditions, the reaction products easily
decomposed.

More recently, a stoichiometric amount of Cul has been
used for the synthesis of 3-but-3-enylisochroman-1-one 176
by arylation of dione 175 with o-iodobenzoic acid in near
critical water at 150 °C in a synthetic microwave pressure
reactor (Scheme 65).228

In 1993, Miura et al. described a synthetically interesting
procedure for the o-arylation of active methylene com-
pounds, including acetylacetone, ethyl cyanoacetate, and
malononitrile, with aryl iodides, in which a catalytic amount
of air-stable Cul was employed and the use of a large molar
excess of the arylating reagents was involved (Table 62).2%°

Bellina and Rossi

Table 63. Cul/2-Phenylphenol-Catalyzed Arylation of Diethyl
Malonate with Aryl Iodides
Ar
Cul (5 mol %)
2-PhCgH,OH (10 mol %)

Et00C” “COOEt + Arl Et00C” “COOEt

162a (2 equiv) Cs2C03 (1.5 equiv)
THF, 70°C, 24 -31h
entry Ar yield (%)

1 Ph 91
2 3,5-(Me),C¢H3 95
3 1-naphthyl 96
4 2-i-PrCeHy 84
5 4-CICeHy 94
6 3-pyridyl 73
7 3-CF;C¢Hy 89
8 2,4-(Me)2C6H3 87
9 3-FC¢H4 84
10 4—ACC6H4 86
11 3-EtOOCC¢H4 86
12 4-HOC¢H4 80
13 3-NCC¢Hy 61
14 4-AcNHCHy 75
15 4-NH,C¢Hy 79
16 3-NO,C¢Hy 84

EtO

o}
Cuel,
~0
EtO

Figure 13. Required bidentate binding of copper diethyl malonate
enolate.

In 1999, Konopelski et al. developed a copper-catalyzed
arylation of dimethyl malonate,?® but the substrate scope
was limited. In fact, only ortho-halophenols and ortho-
haloanisoles were used as electrophiles and the copper
catalyst was CuBr, which is an air-sensitive compound. As
shown in Scheme 66, the reaction, which was carried out in
the presence of NaH as the base, produced the sodium salts
of 3-methoxycarbonylbenzofuran-2(3H)-ones.?*°

In the same year, the original EtONa/Cu powder/EtOH
conditions of the Hurtley reaction??® were used to effect the
coupling of 1-phenylbutane-1,3-dione with 4-bromothiophene-
3-carboxylic acid combined with a retro-Claisen reaction to
provide compound 177 in 22% yield (Scheme 67).%!

Remarkably, the yield of 177 could be raised to 40% by
addition of NaH (2.4 equiv) to 4- bromothiophene-3-
carboxylic acid (1 equiv), 1-phenylbutane-1,3-dione (5
equiv), and a catalytic amount of CuBr in toluene, followed
by heating the reaction mixture under reflux for 2 days.?!

A mild, general method for accessing a variety of diethyl
arylmalonates from diethyl malonate 162a and aryl iodides
in good-to-excellent yields was described by Hennessy and
Buchwald in 2002.%? It involves treatment of a molar excess
of 162a with aryl iodides in THF in the presence of Cs,CO;
and catalytic amounts of Cul and 2-phenylphenol as a
supporting ligand (Table 63).23%233

It is worth noting that the functional groups expected to
be problematic in the corresponding Pd-catalyzed arylation
reactions (e.g., NO,, OH, NH,) were in general well-tolerated
using this Cu-based catalyst system. However, when the
reaction conditions of Table 63 were applied to the attempted
arylation of Meldrum’s acid, 1,3-cyclopentadienone, and 1,3-
cyclohexadienone, no desired products were observed. This
suggested that a bidentate binding of the diethyl malonate
enolate through the oxygen atoms to copper is required for
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Table 64. Types of Ligands Used for the Cul-Catalyzed Inter- and Intramolecular C-arylation of Activated Methylene or Methine
Compounds with Aryl Halides

Activated Methylene or Methine Aryl Halide Ligand Ref.
Compound
Et00C” ™ COOEt Arl Q 234
N:‘:I NE=
\—/N N/ A
Chxn-Py-Al 178

Me Arl 178 234
EtOOC)\COOEt

NG CN Arl 178 234

o] Arl 178 234

EtOOCJ\/CN

o o Arl O_ coon 235
Me)J\/U\Me N
H 179
I _Ac - 179 242
L L
NS0
RZ
o ArX 179 236a,b
AL cooEt (X=BrT)
(R = Me, Ph, 1Pr)
Et00C” “COOEt ArX 179 236
(X=Br,D)
Me Arl HO,, 237
Me%coo}q Q—com
o \
H 180
[} Arl H. o~ 238
N"COOH
e - COOE v
181
Br o] - MeoN
2 \/\NM62 239
@A)K/cooma a2
o ArX 176 240a,b
R)J\/Cooa (X = Br, I)
(R = Me, iPr, CH,0Bn,
Ph, CHy=CH-(CHy)p)
Et00C” “COOEt ArX X 241
(X=Br, 1) |
N” ~COOH
183
2-H,NCH,I

0
A COOE!

99 .
OH

BINOL 184

Scheme 68. Synthesis of 2,3-Disubstituted Indoles via a Cascade o-Arylation—Condensation Process

|
R
Ny OCooR! + Y@
o NHCOCF,

1) Cul (10 mol %) COOR'
L-proline (20 mol %) R
Cs,00;, (4.0 equiv) o
DMSO, 1, 3- 20 h NHCOCF,

2) 37 % HCI, MeOH, 60 - 80 °C

a successful arylation reaction (Figure 13).23? The role played
by 2-phenylphenol in the reaction was not elucidated, but it
was observed that, in the absence of this additive, the
arylation reactions proceed to only 80% conversion.?*

COOR!' COOR!
R
v — v N—r
® 0 N
IG) NH3 H

The importance of a supporting ligand in the Cul-catalyzed
arylation of activated methylene compounds, which was
displayed for the first time in the above-mentioned investiga-
tion, was subsequently proved in several studies.??* 2%
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Scheme 69. Possible Reaction Mechanism for the Synthesis of 3-Alkoxycarbonyl-2-(trifluoromethyl)-1H-indoles

Cul, L-proline

X )
R ,
N cooR! + Y—@[ C5,C0; DMSO Ym
o NHCOCF, O

RCOO @E&
N CFs N

Scheme 70. Cul/L-Proline-Catalyzed Intermolecular
Arylation of Activated Methylene Compounds

[¢] Cul, L-proline Q COOE
RJ\/COOEt + Arx  Cs2CO3 DMSO, 40 - 50 °C Rk(
Ar
NHBoc
COOMe 9/000'\"6 e
EtOOC~ "COOEt
MeOOC” “Ac MeOOC™ "Bz
EtO0C COOEt
(87 %) (90 %) (83 %) (81 %)

Scheme 71. Synthesis of 3-Acyl Oxindoles via
Intramolecular Arylation of f-Keto-2-iodoanilides

RZ
OH
Cul (10 mol %) /
@ L-proline {20 mol %) Y o)
Cs,CO; (4 equiv), DMSO N
n,22-24h R
(67 - 83 %)
’gOH Gl i /\< z C ;&
(71 % (83 %) (78 %) (72 %)

Several different ligand types used for Cul-catalyzed inter-
and intramolecular arylation reactions of activated methylene
and methine compounds with aryl iodides and bromides are
reported in Table 64. Remarkably, as far as we are aware,
aryl chlorides have never been used as arylating reagents in
Cul-catalyzed arylations of activated methylene and methine
compounds.

Cristeau, Taillefer et al. found that chelating Schiff base
Chxn-Py-Al 178 generates a remarkable general copper
catalyst for the C-arylation of diethyl malonate, diethyl

Ph
/ OH // //
s
o) OH 0
iy ° o | "
HN” N N o M
H OH N 0
J~NH N)\
COOH ¢ z ¢
185 186 187
(Tenidap)

Figure 14. Chemical structures of compounds 185—187.

(0]
CHOOR1 R1OOC
el _r
Y o
N CFa
NHCOCF, b

COOR!
S—cr,

H

Scheme 72. Cul/(2S,4R)-4-Hydroxyproline-Catalyzed
Enantioselective Arylation of Alkyl 2-Methylacetoacetates
Cul (20 mol %)
NHCOCE o 180 (40 mol %)
3 COOR NaOH (4.0 equiv)
Y +
| Me DMF / H,O (a trace amount)
Me

-20+-45°C,3-48h

(29 - 80 %)
NHCOCF,

v o
- Me

M

RoOC *'°

(60 - 93 % ee)

methylmalonate, and ethyl cyanoacetate with aryl iodides
under mild conditions.?*

In 2005, Jiang et al. showed that the coupling reaction of
acetylacetone and alkyl cyanoacetates with aryl halides under
catalysis of Cul/L-proline works at relatively mild conditions
to provide 3-aryl-2,4-pentanediones and a-aryl cyanoacetates,
respectively, in moderate-to-good yields.?*

Subsequently, L-proline was also employed by Ma et al.
as a ligand in the Cul-catalyzed coupling of -ketoesters with
2-iodotrifluoroacetanilides.*® In situ acidic induced hy-
drolysis of the resulting C-arylated compounds furnished 2,3-
disubstituted indole derivatives with high regioselectivity
(Scheme 68).2402

In the same year, Tanimori et al. synthesized these
heterocycles by a one-step process involving the coupling
of f-ketoesters with o-iodoaniline in DMSO in the presence
of K,COj; or Cs,COj; as the base and catalytic quantities of
Cul and ligand 179, 181, 182, or 1,1'-bi-2-naphthol (BINOL)
184.24%

More recently, 3-alkoxycarbonyl-2-(trifluoromethyl)-1H-
indoles have been synthesized in good-to-excellent yields
via a cascade coupling/condensation/deacylation process,
which occurs when 2-halotrifluoroacetanilides are reacted
with f-ketoesters in anhydrous DMSO under the action of
Cs,CO; at 40—80 °C in the presence of catalytic amounts
of Cul and L-proline.?*®® A possible reaction mechanism for
this cascade process is reported in Scheme 69.

In 2007, Yip et al. employed 2-picolinic acid as an
ancillary ligand in the copper-catalyzed o-arylation of
malonates.>*' In the presence of catalytic amounts of this
ligand and Cul, the coupling of diethyl malonate with aryl
iodides was found to proceed smoothly even at room
temperature and proved to offer a high level of functional
compatibility.

L-Proline has also been used as an ancillary ligand for the
Cul-catalyzed arylation of diethyl malonate, ethyl benzoyl
acetate, and ethyl acetoacetate with aryl bromides and iodides
(Scheme 70), and it has been found that the coupling
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Table 65. Cul-Catalyzed Arylation of Ethyl Acetoacetate under Ligandless Conditions
Cul (5 - 20 mol %) lo)

o
V1o S\ COOEL+ ATX

K,COj3 (7.5 equiv) COOEt o~
DMSO, 80 °C, 20 Me +tAr” "COOEt

188 A7

189
Entry ArX Conversion of Products
acetoacetate
188 (yield %) 189 (yield %)
1 PhI 77 Oy, Me Ph” > COOEt
ji (89 %)
Ph” >COOEt
(@ %)
2 4-MeOCH, 78 Os_Me 4-MeOCHs ~COOEt
i (93 %)
4-MeOCgHy COOEt
(7 %)
3 2-MeC H,I 90 Os_Me 2-MeGgHy” ~COOEt
I (19 %)
2-MeCgH,” “COOEt
(41 %)
4 4-AcC¢H,1 76 Oy Me 4-AcCeHy “COOEt
(63 %)
4-AcCeHy” “COOEt
(35 %)
5 4-EtOOCCH,I 80 Oy Me 4-Et00CCeH;” ~COOEt
i (53 %)
4-EtO0CCgHy COOEt
(41 %)
6 4-AcC¢H,Br 80 Oy Me 4-AcCgH,” ~COOEt
(48 %)
4-AcCeHy” “COOEt
(22 %)
7 4-NCC,H,Br 94 Os_Me 4-NCCeHs COOEt
(6 %)
4-NCCgHy COOEt

(13 %)

Table 66. Synthesis of Isoquinolines via Cul-Catalyzed Reaction of f-Dicarbonyl Compounds with 2-Halobenzylamines

v X Cul (10 mol %) Ox R Oy, R
R‘\n/\n/ﬂ2 . II K,CO5 (1.5 equiv) v Rel _ar_ R2
; S X - x
LR . NH, FPrOH, 90°C, 24 h
(1.5 equiv) 4 NH z 2N
190 191
entry X Y Z R! R? yield (%) of 191

1 Br H H OMe Et 90
2 Br H H OMe i-Pr 53
3 Br H H OEt but-3-enyl 80
4 Br H H OMe Bn 59
5 Br H H OEt 4-02NC6H4 53
6 Br H H OMe 4-CIC¢H,4 51
7 Br H OMe OEt Me 73
8 I Cl H OEt Me 76
9 Br H H Me Me 23
10 Br H H (CHy)s 61

11 Br 0O—CH,—0 OMe Me 76

12 Br O—CH,—0 OMe 4-MeOCgH,4 72

13 Br H H OMe 4-(EtCONH)CgH4 79
14 Br H H CH,—C(Me),-CH, 51

reactions involving aryl iodides generally occur at 40 °C
while those concerning aryl bromides occur at 50 °C in
DMSO.236Q‘243

The reactions provide the required 2-aryl-1,3-dicarbonyl
compounds in good yields but must be carried out in an argon
atmosphere using a high loading of Cul (20 mol %) and
L-proline (40 mol %).23%

The Cul/L-proline catalyst system was also used by Lu
and Ma in 2006 for the high-yielding synthesis of 3-acy-
loxindoles via intramolecular coupling of S-keto-2-iodoa-
nilides in DMSO at room temperature in the presence of
Cs,CO; as the base (Scheme 71).2*? The starting materials

were prepared from aryl chlorides, Meldrum’s acid, and
N-protected 2-iodoanilines in a one-pot procedure

It should be noted that 3-acyloxindoles, which represent
a common structural motif in a number of pharmaceutically
important compounds, including influenza endonuclease
inhibitor 185,243 Tenidap 186,>*3® which is a potent inhibitor
of cyclooxygenase, and GSK3 kinase inhibitor 187> (Figure
14), are usually prepared by acylation of the corresponding
oxindoles with acyl chlorides or by condensation of the
oxindoles with esters.?**?*> However, these methods are
hampered by the poor solubility of the substrates.
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Scheme 73. PdCl,(PPh;),-Catalyzed Arylation of Alkyl
Cyanoacetates with Aryl Iodides
1) KOt-Bu (1.7 equiv) )A\r
monoglyme, rt, 10 min
2) Arl (0.77 equiv) NC™ "COOR
PACI,(PPhg)s (3 mol %)
70°C,6-24h
(36 - 88 %)

NC” >COOR

Scheme 74. PdCl,(PPh;),-Catalyzed Synthesis of
Arylmalononitriles

®
Na @ Ar
NaH Pyd ArX (X=Br, 1) )\
NC”™CN THF NC”CN  PdCl(PPhg), (14 mol %)  NC” “CN
THF, reflux
(56 - 95 %)

(2S,4R)-4-Hydroxyproline 180 was used by Ma et al. in
2006 as a homochiral ancillary ligand in the highly enanti-
oselective Cul-catalyzed arylation of alkyl 2-methylacetoacet-
ates with 2-iodotrifluoroacetanilides (Scheme 72).2*7 Re-
markably, the reaction could be performed at —45 °C when
a trace amount of water was added to DMF, the reaction
solvent. However, the reason for this action of water was
not elucidated.

Ma et al. also observed that increasing the size of the ester
moiety of 2-methylacetoacetates significantly improved the
enantioselectivity.?*” In fact, several a-arylations of zert-butyl
2-methylacetoacetate were found to occur with enantiose-
lectivity values up to 93% ee.?’

One year later, Parkinson demonstrated that ethyl acetoac-
etate can undergo Cul-catalyzed coupling reaction with aryl
iodides as well as electron-deficient aryl bromides in DMSO
at 80 °C in the absence of additional ligands to yield mixtures
of ethyl 2-arylacetoacetates 188 and ethyl arylacetates 189
(Table 65).2% Prolonged heating was found to shift the
product distribution toward compounds 189.24

More recently, Ma et al. have developed a Cul-catalyzed
cascade process for the assembly of substituted isoquinolines
from f-ketoesters or 3-diketones and o-halobenzylamines in
isopropanol under the action of K,CO; (Table 66).2
Remarkably, 1,2-dihydroisoquinolines 190, which are the
coupling/cyclocondensation products, were found to undergo
smooth dehydrogenation under air atmosphere to produce
isoquinolines 191.%# It is also worth noting that the reaction
conditions allowed for the presence of a number of functional
groups in both the S-dicarbonyl compound and the haloben-
zylamine moieties.

9.2. Pd- and Ni-Catalyzed Arylations

Examples of palladium-catalyzed arylations of substrates
containing activated methylene groups, such as -dicarbonyl
compounds, ethyl cyanoacetate, and malononitrile, with aryl
halides date back to the 1980s, but these reactions, which
sometimes represent useful alternatives to the corresponding
copper-catalyzed reactions, have undergone significant de-
velopment especially over recent years and have been
extended to the o-arylation of sulfonyl C—H acids and
nitroalkanes.

In 1984, Takahashi et al. synthesized a variety of alkyl
arylcyanoacetates in modest-to-good yields by treatment of
alkyl cyanoacetates with KO#-Bu in monoglyme, followed
by addition of aryl iodides and a catalytic amount of
PdCL,(PPhs), (Scheme 73).24

Similar reaction conditions were subsequently employed
for the arylation of ethyl cyanoacetate with dihaloarenes.?*

Bellina and Rossi

Scheme 75. Pd-Catalyzed Intramolecular Arylation of
f-Diketones 192 and 194
1) NaH (1.2 equiv), THF
2) Filtration
3) PA(PPhg) (10 mol %), 130 °C
(68 %)

193
0O OMOM

1 0O

Et,N 1) NaH, DMF
’ 2) Pd(PPhy), 135 °C
Me (76 %)
194 ©
Et,N

195

Table 67. Pd-Catalyzed Arylation of Phenylsulfonylacetonitrile
under Phase-Transfer Conditions
Ar

aq NaOH (1.25 equiv
NC”SOPh + ArX PhEl, n-Bu4l£lI RE r‘?‘nol °)/o) NC)\SC’zPh
PACI,(PPhs), (5 mol %)
70°C, 4-6h
entry Ar X yield (%)
1 Ph Br 72
2 Ph I 90
3 4-MeC¢H,4 Br 70
4 4-MeC¢H,4 I 91
5 4-B1‘C(,H4 Br 68
6 4-B1'C6H4 1 87
7 2-naphthyl Br 72
8 1-naphthyl Br 69

Scheme 76. Pd-Catalyzed Synthesis of Dialkyl Phenyl
Malonates 196 and 197

Pd(dba), (2 mol %) Ph
O,
+BU0OC” " ~C00#BY+PhCI —DTBPEAMOI%) 5666 coorsy
NaO¢tBu (1.1 equiv)
dioxane, 100 °C, 12 h 196
(78 %)
PA(OAG), (2 mot %) Ph
P(t-Bug) (2.5 mol %) P
AN 3,
E10OC” COOEt + PhBr— o more— Et0OC” “COOEt
(80 %) 197

On the other hand, catalytic amounts of PdCl,(PPh;), were
also used to prepare arylmalonitriles in moderate-to-excellent
yields by treatment of the sodium salt of malononitrile with
aryl iodides in THF (Scheme 74).2%°

In 1987, Ciufolini and Browne synthesized the spyrocyclic
derivative 193 by Pd(PPh;),-catalyzed intramolecular ary-
lation of 3-diketone 192,%! and shortly afterward, compound
195 was similarly prepared in 76% yield from diketone 194%3
(Scheme 75).

In 1993, a-aryl-a-cyanosulfones were prepared under mild
conditions with good yields by PdCl,(PPhj),-catalyzed
coupling reactions between a-cyanosulfones and aryl halides
in benzene in the presence of aqueous NaOH and a phase-
transfer catalyst (Table 67).2%
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Table 68. Pd/Zeolite-Catalyzed Arylation of Diethyl Malonate
with Aryl Bromides

Ar
o~ Pd / Zeolite catalyst (2 mol %)
EtOOC™ ~COOEt +ArBr NaO£Bu (2 equiv) EtOOC”™ "COOEt
(1.5 equiv) THF, reflux, 20 h
entry catalyst Ar Yield (%)

1 Pd(OAc),—NaY 4-MeCgHy 29
2 Pd(NH3),—NaY 4-MeCgH,4 38
3 Pd(NH3)4_NaY 4-MCOC6H4 45
4 Pd(NH3),—NaY Ph 41
5 Pd(NH3);—NaY 4-AcCgHy 60
6 Pd(NH;)4—NaY 4-FC6H4 50
7 Pd(NH;)4—NaY 4-02NC6H4 84

Since the late 1990s, much attention has particularly been
turned to the development of efficient methods to prepare
dialkyl arylmalonates. In 1999, Kawatsura and Hartwig
reported that the use of either DTBPF or P(#-Bu); in
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combination with Pd(dba), and Pd(OAc),, respectively,
allows mild arylation of dialkylmalonates.>! Thus, reaction
of chlorobenzene with di-tert-butyl malonate in dioxane in
the presence of NaO#-Bu and a combination of DTBPF and
Pd(dba), as the catalyst precursor gave the required arylma-
lonate 196 in a high yield (Scheme 76).

However, the efficient synthesis of diethyl phenylmalonate
197 from diethyl malonate and bromobenzene was found to
require the use of a combination of P(#-Bu); and Pd(OAc),
as the catalyst precursor (Scheme 76).%"!

Catalytic quantities of {[Pd(NH;),-NaY} or [Pd(OAc),-
NaY] were used by Djakovitch and Kohler in 2000 for the
highly selective monoarylation of diethyl malonate with
different para-substituted aryl bromides (Table 68).2* These
heterogeneous catalysts could easily be separated from the
reaction products and reused without a real loss in activity.?*%>

Table 69. Pd(OAc),/MDBPB-Catalyzed Arylation of Diethyl Malonate, 1,3-Diketones, and Nitroalkanes

Pd(OAc), / MDBPB Ar
— (Ligand/ Pd =2.2: 1) PY
XY+ AX KaPO, (2.3 equiv) XY
(1.2 equiv) or NaOtBu (1.2 equiv)
THF, 80 °C
or dioxane, 95 - 120 °C
I P(t-Bu),
Me
O MDBPB
Entry Activated Methylene ArX Mol % Base Solvent  Reaction Yield
Compound Pd time (h) (%)
1 Et00C” “COOEt 4-1-BuCH,Br 1.0 K;PO, THF 10 92
2 4@ 35 (Me),CHBr 1.0 K,PO, THF 15 84
¢] @]
3 ¢Q§ 3-MeOOCCH;Br 1.0 K;PO,  dioxane 20 73
O (0]
4 4©< 4-4-BuC H,Br 1.0 K,PO, THF 23 96
(e} 0]
5 Et/\NOZ 4-MeC4H,Br 3.0 NaOs-Bu  dioxane 20 76
[ Me” NO, 4-t-BuC,H,Br 3.0 NaOr-Bu  dioxane 22 80

(@ 1.0 equiv of aryl halide, 2.0 equiv of nitroalkane, and 1.2 equiv of NaOz-Bu were used.

Table 70. Pd-Catalyzed Arylation Reactions of Malonates and Ethyl Cyanoacetate Involving the Use of P(#-Bu);, Q-Phos, or

(1-Ad)P(t-Bu), as the Supporting Ligand

Pd(dba), (2 mol %) Ar
Ligand (4 mol %)
XY+ AX 1 equiv), THE, 70 C or U
(1.1 equiv) K3PO, (3 equiv), PhMe, 100 °C, or
NazPO, PhMe, 70 °C
Entry  Activated Methylene ArX Ligand Base Reaction  Yield
Compound time (h) (%)
1 EtOOC” “COOEt PhBr P(+-Bu), NaH 1 39
2 Et00C” >COOEt 2-MeOC,H,Br P(:-Bu), NaH 8 89
3 Et0oc” NCooEt  4-MeOOCCH,Br P(+-Bu), NaH 3 9l
4 Et00C” COOEt 0 Br Q-Phos 21 85
T
5 +BuOOC” >COOBuU 4-F,CC,H,Br P(1-Bu), K,;PO, 6 88
6 +BuOOC” ~COO-Bu o) Br P(1-Bu), NaH 6 87
A
7 +BUOOC” >CO0-Bu 2-MeOC,H,Br P(#-Bu), NaH 12 86
8 Et00C” >CN 2-MeOC,H,Br P(t-Bu), NaH 6 85
9 Et0OC” CN 4-PhOCH,Br P(1-Bu), Na,PO, 6 90
10 Et00C” > CN 2-MeOC,H,CI Q-Phos Na,PO, 6 81
11 Et00Cc” > CN 4-F,CCH,Cl (1-Ad)P(s-Bu), K,PO, 81 86
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Scheme 77. Pd(dba),/P(t-Bu);-Catalyzed Arylation of Diethyl
Fluoromalonate with Aryl Bromides

/Fk Pd(dba), (2 mol %) A
r
P(tBug) (4 mol %) ><
EtOOC” “COOEt + ArBr NaH (11 equiv) EtO0C” ~COOEt
THF,70°C,6h Ar = Ph (84 %)

Ar = 4-MeOCgH, (88 %)

Ar = 4-MeOOCCgH, (89 %)
Ar = 4-BuCgH, (86 %)

Ar = 2-Naph (79 %)

Scheme 78. One-Pot Synthesis of Diethyl
2-Aryl-2-methylmalonates
1) Pd(dba), (1 mo! %)
P(t-Bug) (4 mol %) Ar Me
KsPO, (4.5 equiv), PhMe  EtOOC™ "COOEt
70°C,10h Ar = Ph (91 %)
2) Mel (3.0 equiv), 70°C, 3h  Ar=4-CFzCgH, (91 %)
Ar = 4-MeOCgH, (90 %)
Ar = 6-MeO-2-Naph (89 %)

EtOOC” “COOEt + ABr

Scheme 79. Pd-Catalyzed Synthesis of Symmetrical and
Unsymmetrical Ethyl Diarylcyanoacetates 198 and 199,
Respectively

Pd(dba}, (4 mol %)

P(t-Bus) (8 mol %) Ph._Ph
EtOOC” >CN  + PhBr NazPO, (3.0 equiv) F100G~<CN
(2.2 equiv) PhMe, 70°C,12h 198
(90 %)

Pd(dba), (2 mol %)

P Br P(+Bug) (4 mol %) Phy Ph
EtOOC)\CN N NazPO, (3.0 equiv)  EtOOC”™ “CN
PhMe, 70 °C, 12 h 199
(93 %)

Nevertheless, they could not rival the best homogeneous
catalysts developed by Hartwig*>!!°! and Buchwald.**%

On the contrary, a homogeneous catalyst system composed
of a mixture of Pd(OAc), and 2-methyl-2'-di-fert-butylphos-
phinobiphenyl (MDBPB) in a 2.2:1 molar ratio was em-
ployed by Buchwald et al. in 2000 to perform high-yielding
arylation reactions of diethyl malonate, 1,3-diketones, and
nitroalkanes with aryl bromides and chlorides in THF in the
presence of K3POy, as the base (Table 69).>*

In 2002, the influence of various bases on yield and
selectivity in the palladium-catalyzed o-arylation of diethyl
malonate with chloro-, bromo-, and iodobenzene was inves-
tigated by Aremandia et al., and it was found that Ba(OH),
gives excellent results for reactions performed in DMA at
100 °C in the presence of 2 mol % Na,PdCl,.>*® The bases
used were easily removed from the reaction medium by
filtration.

In the same year, the oi-monoarylation of diethyl malonate,
di-tert-butyl malonate, and ethyl cyanoacetate with sterically
hindered and unhindered aryl bromides and chlorides was
performed in high yields by Beare and Hartwig using a
catalyst system composed of Pd(dba), and P(¢-Bu);, Q-Phos,
or (1-Ad)P(+-Bu), as the supporting ligand.?>’ Table 70
summarizes representative examples of these reactions.

Interestingly, the use of Q-Phos or (1-Ad)P(z-Bu), allowed
for the prevention of hydrodehalogenation of the aryl
chlorides in the o-arylation of diethyl malonate. On the other
hand, the catalyst system composed of Pd(dba), and P(z-
Bu); exhibited a good activity toward the arylation of diethyl
fluoromalonate with aryl bromides (Scheme 77).2%

Unfortunately, the catalyst systems used in Table 69 did
not enable the o-arylation of alkyl cyanoacetates with pyridyl
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Scheme 80. Pd,(dba)s;/Ligand 129-Catalyzed Arylation of
Ethyl Cyanoacetate with Aryl Bromides'®?> and Chlorides's*

Pdy(dba)s (2 mol %)

Ar
Ligand 129 (8 mol %)
(a) Etooc/\pN + ABr —KGrBu 2.0 equv] EtOOC)\CN
(1.1 equiv) PhMe, 90 °C, 5 h 200

Ar = 3-CF5;CgH, (96 %)

Ar = 4-NCCgH, (98 %)

Ar = 4-MeOOCCgH, (92 %)
Ar = 4-BrCgH, (92 %)

Ar = 2-MeCgH, (93 %)

Ar = 2-pyridyl (94 %)

Pdy{dba); (2 mol %)
Ligand 129 (8 mol %)
(b) E1OOC” CN + ArCI EOI.T,(OequiV)’ EtOOC)\CN
(1.1 equiv) dioxane, 90 °C, 5 h 200

Ar = CgHs (93 %)
Ar = 2-MeCgHy (92 %)
Ar = 4-MeCgH, (93 %)
Ar = 2,6-(Me)oCgH3 (90 %)
Ar = 4-CF3CgH, (92 %)
Ar = 4-NCCgHg4 (96 %)
Ar = 4-MeOOCCgH, (87 %)
Ar = 2-pyridyl (91 %)
Ar = 4-MeOCgH, (90 %)

Ar

Table 71. PdCl,/PPh;-Catalyzed Coupling of Malononitrile and
Ethyl Cyanoacetate with Aryl Bromides

PdCl, (2 mol %) Ar
PPhs (4 mol %)
Y7OCN + ArBr NaH (2.7 equiv) Y)\CN
(1.25 equiv) pyridine, 85 °C, 10- 12 h
entry Y Ar yield (%)
1 CN Ph 88
2 COOEt Ph 84
3 CN 2-MeC¢H, 73
4 COOEt 2-MeC¢H, 77
5 CN 4-MeOCgH,4 72
6 COOEt 4-MeOCgH,4 75
7 CN 4-FCgHy 73
8 COOEt 4-FC¢Hy 85
9 CN 1-naphthyl 82
10 COOEt 1-naphthyl 67
11 CN 2-MeOC¢H, 75
12 COOEt 2-MeOC¢H, 73

halides, halobenzonitriles, 4-haloacetophenones, 4-haloben-
zophenones, and methyl 4-halobenzoates as well as the
coupling of aryl halides with dialkyl alkylmalonates and ethyl
alkylcyanoacetates.>’ Nevertheless, Beare and Hartwig suc-
ceeded in performing a high-yielding one-pot preparation of
diethyl 2-aryl-2-methylmalonates from diethyl malonate via
sequential palladium-catalyzed arylation and alkylation reac-
tions (Scheme 78).%7

On the other hand, it was found that reaction of ethyl
cyanoacetate with 2 equiv of aryl bromides in the presence
of NazPO, as the base and catalytic quantities of Pd(dba),
and P(#-Bu); furnishes symmetrical ethyl diarylcyanoacetates
such as 198 in high yields (Scheme 79).2%

Diarylation of ethyl cyanoacetate was also observed as a
side-reaction in some palladium-catalyzed reactions with
electron-poor aryl halides in which P(-Bu); or Q-Phos was
used as the supporting ligand.?>” However, this side-reaction
did not occur when the arylation of ethyl cyanoacetate was
carried out using 0.9 equiv of alkyl bromides or chlorides,
including electron-poor derivatives, in the presence of KOz-
Bu as the base and a catalyst system composed of Pd,(dba);
and bicyclic triaminophosphine 129 as the supporting



Transition Metal-Catalyzed Direct Arylation of Substrates

Scheme 81. Ni-Catalyzed Monoarylation of Malononitrile
with Aryl Halides

« NBra(PPhy), (5 mol %) CN
PPhg (20 mol %)
P 3
NC” T CN + /©/ Zn (30 mol %) /@)\CN
R THF, 60 °C, 24 - 48 h =
(45 - 85 %) (R=H, CF3 CN)

(93 - 100 % selectivity)

Scheme 82. Pd/NHC-Catalyzed Arylation of Malononitrile
with Aryl Chlorides and Bromides
Pd(dba), (1 - 5 mol %)
Imidazolium salt 201, 202 or 203 )A\’
NaH, pyridyne, 85 °C, 10-14h NG SCN
(45 - 94 %)

NG CN + ArX
(X =Cl, Br)

R! R!

~
Cle
R! R!
201:R'=Me

202 : R' = Et
203:R'=iPr

Table 72. PdCl,/PCys-Catalyzed Coupling of Malononitrile with
Aryl Halides

PdCl, (1 mol %) Ar

PCyj3 (4 mol %)
NaO#Bu (3 equiv)

NC”CN + ArX NC” ™ CN

(1.1 equiv) xylenes, 80 - 160 °C
entry ArX reaction conditions (°C/h) yield (%)
1 2,4,6-(Et);CsH,Br 160/20 92
2 2,4,6-(Me)3C6H2Br 80/20 86
3 2,4,6-(Et);CgH,Br 8/20 58
4 3-F3CC6H4Br 160/3.5 83
5 2-bromopyridine 160/2.2 94
6 4-MeOCgH,4Cl 140/16 74
7 PhI 80/20 91
8 4-MeCgH,Cl 140/16 39
9 4-AcC¢H,Br 160/4.4
10 4-NCCgH Br 160/20 15
11 4-MeOCgH,4Cl 160/4 70
12(@  4-CIC¢H,Br 160/15 80

@ No reaction of the Ar—CI bond.

ligand.'3%!84 Representative examples of these highly selec-
tive monoarylation reactions are shown in Scheme 80.

In 2003, a simple catalyst system composed of PdCl, and
PPh; was systematically studied by Huang et al. in the cross-
coupling reactions of ethyl cyanoacetate and malononitrile
with aryl bromides in pyridine,® and it was found that this
catalyst system is highly active to produce arylmalononitriles
and ethyl arylcyanoacetates in good-to-excellent yields when
electron-neutral, electron-rich, and electron-poor aryl bro-
mides are used as arylating reagents and NaH is employed
as the base (Table 71).>°

In the past decade, some other catalyst systems have been
developed to achieve the selective monoarylation of mal-
ononitrile with aryl halides.?®°~2%3 In 2000, Cristeau, Taillefer
et al. described that Ni(PPh;s);, generated in situ from
NiBr,(PPh;3),, PPh;, and Zn metal, allows arylation of
malononitrile with iodobenzene and aryl bromides or chlo-
rides bearing electron-withdrawing substituents in the pres-
ence of KOz-Bu as the base in good yields and selectivitites
(Scheme 81).2°

In 2002 and 2003, Huang et al. reported that malononitrile
undergoes cross-coupling reactions with aryl chlorides and
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Scheme 83. Pd,(dba)s;/P(¢-Bu);-Catalyzed Coupling of
Malononitrile with 4-Bromobenzotrifluoride

5, Pdeldoa; (2mol %) CN
;
P(t-Bu); (6 mol %)
o~
NC™ "CN + /©/ NaH (2.5 equiv) CN
(1.3 equiv) FaC dioxane, 70 °C, 12h  F,C
(82 %)

Scheme 84. Pd-Catalyzed Intramolecular Arylation of
f-Ketoester 204

MeOOC

o} Me  b4(0Ac), (30 mol %) ‘ H

Br Me  ptBu), GO mol %) OO » '\:Ae
KO#-Bu (2.0 equiv) ©
N PhMe, 70 °C, 4 h ‘ b
N (74 %) N
204 Me Me

Table 73. Pd-Catalyzed Synthesis of Ethyl Arylacetates from
Ethyl Acetoacetate

Me
N COOEt | A
0

Pd(OAc), (0.2 - 2 mol %)
Ligand (0.4 - 4 mol %)
K3PO, (2.75 equiv)

(1.1 equiv) (X =Br, Cl PhMe, 90 °C, 16 h
Ar
Me COOEt| — Ar”>COOEt
O
mol % ligand yield
entry ArX Pd(OAc), (mol %) (%)
1 PhBr 1 JohnPhos (2) 56
2 PhBr 2 JohnPhos (4) 68
3 PhBr 2 MDBPB (4) 93
4 PhCl 0.2 MDBPB (0.4) 49
5 PhCl 0.5 MDBPB (1) 75
6 4-MeOCgH,Br 1 HP(-Bu);BF, (2) 40
7 4-AcC¢H, Br 1 HP(t-Bu);BF, (2) 30
8 1-bromonapthalene 1 HP(z-Bu);BF, (2) 15
9 PhBr 1 HP(t-Bu);BF, (2) 55
10 4-MeOCgH4Cl 0.5 MDBPB (1) 75

bromides in pyridine under the influence of catalyst systems
obtained by a combination of Pd(dba), and the NHC ligand
derived from the reaction of imidazolium salt 201, 202, or
203 with NaH. Arylmalononitriles were so obtained in
45—94% yield (Scheme 82).2%! It was noticed that a higher
loading of the catalyst system was required for reactions
involving the use of aryl chlorides instead of the correspond-
ing bromides and that the presence of the electron-donating
methoxy group in 2-methoxyphenyl chloride led to a sharp
decrease in the yield of the Pd/NHC-catalyzed reaction.?!

In 2006, Schneider et al. developed a convenient and
technically feasible method for the synthesis of hindered
arylmalononitriles in high yields consisting of the reaction
of malononitrile with aryl halides in xylene in the presence
of NaO#-Bu and a catalyst system composed of PdCl, and
PCy; (Table 72).22 Remarkably, the arylation reaction
involving the use of 2,6-diethyl-4-bromotoluene (entry 1,
Table 72) could be carried out on a 100 kg scale, demon-
strating that the method is easy to scale up for technical
applications.?%?

Kashin et al. had previously reported that the arylation of
malononitrile with 4-bromobenzotrifluoride can be achieved
in high yield using 2.5 equiv of NaH in dioxane and a catalyst
system composed of a mixture of Pd,(dba);* CHCl; and P(z-
Bu); (ligand/Pd = 3:1) (Scheme 83).2%* The arylation
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Table 74. Pd(OAc),/LHX/Cs,CO;—Catalyzed Synthesis of Ethyl
Arylacetates from Diethyl Malonate
Pd(OAc), (1.5 mol %)
LHX 205 - 209 (3 mol %)
Cs,C0;3 (2.0 equiv)
dioxane, 80 °C

Ar” COOEt

EtOOC” “COOEt + ArX

R‘\_ /6\ 205: R' = R? = 2,4,6-(Me);C¢H,
NN\ 206 R' = R? = 3,4,5-(Me0)3CeH,
© R 207:R'=R%=2,4,6-(Me0)3CeHy

Cl
208 : R' = MeOCHy; R? = 2,4,6-(Me)3CgH,

LHX 209 : R = EIOCH,; R? = 2,4,6-(Me)3CgHa
entry ArX LHX reaction time (h) yield (%)

1 Phl 205 24 93

Phl 206 24 91
3 PhI 207 24 89
4 PhI 208 24 96
5 PhI 209 24 95
6 4-MeOOCC¢H,Br 208 24 91
7 4-O,NC¢H,Br 205 24 87
8 4—0OHCC¢H,Br 209 24 91
9 4-AcCgH,Cl 205 24 92
10 PhBr 208 48 87
11 4-MeOCgH,4Cl 208 24 87
12 2,4,6-(Me);C¢HBr - 209 24 95

reactions of malononitrile and other C—H acids, including
certain sulfones and ethyl cyanoacetate, were found to
proceed smoothly provided that a base stronger than the
initial carbanion was present in the reaction mixture. In fact,
in the absence of this type of base, the reactions did not
proceed at all.?®3

An interesting example of palladium-catalyzed intramo-
lecular arylation of a f3-ketoester was reported by Rawal et
al. in 2005.%%* The reaction (Scheme 84), which was used as
a key step in an efficient convergent synthesis of the
bicyclo[4.3.1]decane ring system of welwitindolinones, a new
class of indole alkaloids, gave the best result when Pd(OAc),,
the P(#-Bu); ligand, and the base were premixed at room
temperature, followed by addition of a toluene solution of
substrate 204.%%

Intriguing examples of syntheses of ethyl arylacetates via
palladium-catalyzed intermolecular arylation of ethyl ac-
etoacetate with aryl bromides and chlorides, followed by
deacylation under the reaction conditions, were described
by Parkinson et al. in 2004.%% As expected, the deacylation
step proved to be dependent on the base concentration. Table
73 illustrates that the bulky and electron-rich phosphine
MDBPB was the ligand of choice for the efficient synthesis
of ethyl phenylacetate from ethyl acetoacetate and chloro-
or bromobenzene in toluene using K;PO, as the base.
Remarkably, no arylation of ethyl phenylacetate was ob-
served employing this base, while the use of NaOz-Bu under
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Table 75. Pd-Catalyzed Cyclization Reactions of Benzylated and
Benzoylated Sulfoximines 213 and 214, Respectively

o, _Ph PA(OAC), (5 mol %) NN
LN Yo r S\ R?_ rac-BINAP (10mol %) R It_Ph
R ﬁ Cs,C04 or K,COs (4 equiv) 3y

& Br PhMe, 100 °C R2
213:Y =CH, 215:Y =CH,
214:Y=CO 216:Y =CO

substrate

1 ) reaction yield

entry Y A R R base time (h) (%)
1 CH, CH H H Cs,COs3 16 93
CH, CH H H K,CO; 16 88
3 CH, CH 5-NO, H K,CO;4 16 83
4 CH, CH 5-MeO H Cs,CO;3 72 91
5 CH, CH H n-Bu  Cs,CO; 16 40
6 CO CH H H K,CO; 16 62
7 CO CH 5-NO, H K,CO; 16 0
8 CO CH 5-MeO H K,CO; 16 74
9 CH, N H H Cs,COs3 16 92
10 CO N H H Cs,COs 72 16

identical reaction conditions furnished ethyl diphenylacetate
in a good yield.?%

As previously reported in subsection 9.1, a similar C-
arylation followed by an in situ deacylation reaction was
recently observed in the copper-catalyzed arylation of ethyl
acetoacetate with aryl iodides in DMSO in the presence of
K,CO; as the base under ligandless conditions.?*®

It should be noted that ethyl arylacetates have also been
prepared by palladium-catalyzed arylation of diethyl mal-
onate with aryl halides, followed by in situ dealkoxycarbo-
nylation.>® In fact, Ozdemir et al. reported that imidazolium
salts 205—209 are precursors to the most efficient NHC
supporting ligands and furnish ethyl arylacetates in high
yields also when the Pd-catalyzed reactions are run under
an oxygen atmosphere.”®® Representative examples of syn-
theses of ethyl arylacetates from diethyl malonate and aryl
halides in the presence of Cs,CO; as the base and catalytic
quantities of Pd(OAc), and these 1,3-bis(alkyl)imidazolium
halides (LHX) are shown in Table 74.

Recently, attention has also been directed to investigate
the palladium-catalyzed a-arylation of sulfoximines,?®”-2% 3
class of compounds that has found widespread interest in
the chemical community.?® In 2002, Bolm et al. reported
that the Pd,(dba)s/rac-BINAP-catalyzed reaction between
dibromoarenes and sulfoximines in the presence of NaOz-
Bu as base affords 6- to 8-membered heterocycles in
excellent yields.?™ In fact, the coupling of 1,8-dibromonaph-
thalene with a molar excess of sulfoximine 210 did not give
the expected C,-symmetric bissulfoximine but furnished
compound 211 instead in 99% yield (Scheme 85, eq a).

Scheme 85. Pd-Catalyzed Synthesis of Heterocycles 211 and 212 from Sulfoximine 210

NH Br Br

0
Pdy(dba)s (4 mol %) a
rac-BINAP (8 mol %) Br N%)

Me,( o

A

y

S Me

1
e

210 (5.0 equiv)

NaO#Bu (4.0 equiv)
PhMe, reflux, 20 h

—_—

<o)
211

Me

PhMe, reflux, 20 h

" O Pd,(dba)g (4 mol %) O
g Br rac-BINAP (8 mol %) ,Ph
b) oeSCPR * l Br  NaOZBu (4.06 equiv) 2

210 (5.0 equiv)

.
212
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Scheme 86. Synthesis of N-Benzoyl Benzyl Sulfoximines 219

Ba. Pd(OAC), or Pdy(dba)s (3 mol %)
N AB PCys (9 mol %)
pp S~ COOEt * AT NaO*Bu (3.0 equiv)
o dioxane, reflux
217 (1.2 equiv) (50 - 90 %)
Bz.
-y NaoH_ N
al 1"
S.__COOEt
Ph7 I~y MeOH ph/f,)\/Ar
Ar
218 219

Table 76. Pd-Catalyzed Monoarylation of Functionalized
Sulfones Bearing a C—H Bond in the o-Position
Pd,(dba)z*CHClj (2 mol %)

~ PPhj (12 mol %) Ar
?(1.3 928\3;3 n A NaH (3 equiv) Y)\SOZPh
dioxane or DME, 70 °C

reaction yield

entry Y ArX solvent time (h) (%)
1 SO,Ph  4-CF;C¢H4Br dioxane 3 85
2 SO,Ph 1-bromonaphthalene  dioxane 6 77
3 SO,Ph  3-bromoquinoline dioxane 6 76
4 COOEt 4-MeCgH,Br dioxane 8 91
5 COOEt 4-FC¢H4Br dioxane 4 64
6 COOEt  3-bromopyridine dioxane 6 51
7 CN 4-CF;C¢H4Br DME 4.5 30
8 NO, 4-CF;C¢H4Br DME 7.1 72
9 COOEt 4-MeOC¢Hyl dioxane 3 71
10 COOEt 4-CF;C¢HyCl dioxane 27 25
11 SO.F 3-FC¢H,Br dioxane 4 81
12 Bz 4-CF;C¢H4Br DME 4.5 30
13 C6F5 4-CF3C6H4BF DME 5 0

Analogously, the Pd,(dba)s/rac-BINAP-catalyzed reaction of
210 with 2, 2'-dibromobiphenyl gave 212 in 98% yield
(Scheme 85, eq b).

Mechanistic studies revealed that these transformations
involve two steps that occur sequentially and without
detectable racemization at the stereogenic sulfur atom. First,
the sulfoximine undergoes a palladium-catalyzed intermo-
lecular N-arylation reaction that then gives the resulting
heterocycle by a Pd-catalyzed a-arylation, which involves
the acidic protons of the sulfoximine methyl group.?¢7

Bolm et al. also established that sulfoximine derivatives
such as N-(2-bromobenzyl)- and N-(2-bromobenzoyl)sul-
foximines 213 and 214, respectively, which lack the N-
arylsulfoximine nitrogen bond, are able to undergo palladium-
catalyzed cyclization to afford the six-membered heterocycles
215 and 216, respectively, in moderate-to-good yields.?¢”"
In both cases, the reactions were performed in the presence
of a base such as K,COj; or Cs,CO; and catalytic amounts
of Pd(OAc), and rac-BINAP. Representative examples of
these reactions are illustrated in Table 75.

Finally, in 2005, Cho and Bolm investigated the Pd-
catalyzed a-arylation of N-benzoyl protected sulfoximine
ethyl ester 217 with a large variety of electron-poor, electron-
rich, and electron-neutral aryl bromides and observed that
the reaction, when performed in refluxing dioxane in the
presence of NaOr-Bu as base and catalytic amounts of PCy;
and Pd(OAc), or Pd,(dba);, leads to the a-arylated products
218 in good-to-excellent yields. Interestingly, these deriva-
tives can easily be converted to the corresponding N-
protected benzyl phenylsulfoximines 219 by treatment with
NaOH in methanol (Scheme 86).768

In recent years, several examples of intermolecular pal-
ladium-catalyzed a-arylation reactions of sulfonyl C—H acids

Chemical Reviews, 2010, Vol. 110, No. 2 1137

Scheme 87. o-Arylation of Benzyl Trifluoromethyl Sulfones
Pd,(dba)s*CHCls (2 mol %)

PPhg (6 mol %) Ar
ArTSOCFy + APBr .
NaH (3.0 equiv) A" SO,CF,
DME, 70 °C
(36 - 81 %)

Table 77. a-Arylation of N,N-Disubstituted
Methanesulfonamides with Aryl Bromides

0. 0 Pd(OAC), (8 mol %)
R .87 PPhs (23 mol %)
'T‘Z Me + ABr N 0rBu (1.75 equiv)
R PhMe, 110 °C, 15 h
220
(1.1 equiv)
1 N~ 1 O\\ o
R\N,S Ar R\N,s Ar
R2 R2 Ar
221 222
yield (%) yield (%)
entry R! R? Ar of 221 of 222
1 iPr i-Pr Ph 34 14
2 i-Pr i-Pr  2-MeC¢H, 50 10
3 i-Pr i-Pr  4-MeOC¢H, 52 2
4 (CH»), Ph 35 6
5 (CH,)—O—(CH,), Ph 60 5
6 Me Ph  Ph 34 4

Scheme 88. Synthesis of Benzylic Sulfonamides 225 via
a-Arylation of Sulfonamide 223

Pd(OAc); (5 mol %)
HP(#-Bu)3BF, (15 mol %)

0.0 0.0
Me0OC. 7 .M MeOOC._S7  Me

Me
N7 ArBr NaOZBu (3.0 equv) N
Ph dioxane, 90 °C, 15 min - 18 h Ar Ph
223 (7 - 85 %) 224

1 1R2 : ° o\\ //O

) RFPNH (5.0 equiv), NMP, 100°C,1-2h A s !

2) 1M NaOH, 25 °C N
225 R?

with aryl halides have also been described.?’°"273 In 2002,
Beletskaya et al. reported that functionalized sulfones bearing
a C—H bond at the a-position are able to undergo arylation
with (hetero)aryl halides in dioxane or DME in the presence
of NaH as the base and catalytic quantities of Pdy(dba); and
PPh; to give monoarylated products in high yields (Table
76).270

Remarkable limitations of the reactions were as follows:
(1) A side-process resulting in aryl halides reduction to the
corresponding arenes accompanied the reactions, reducing
the yield of the required arylated products. (ii) The reactions
did not proceed when BuLi was used as the base. (iii) Weak
sulfonyl C—H acids, being precursors to highly nucleophilic
carbanions, proved unreactive, and the reactions proceeded
only in the case of sulfonyl C—H acids possessing pK, values
in DMSO in the range 7.1—12.2.270:273

A protocol similar to that illustrated in Table 76 was used
by Kashin et al. in 2004 for the o-arylation of benzyl
trifluoromethyl sulfones with electron-poor aryl bromides
(Scheme 87).27

One year later, it was demonstrated that methanesulfona-
mides 220 can undergo a-arylation by treatment with aryl
bromides in toluene in the presence of NaOz-Bu as the base
and catalytic amounts of Pd(OAc), and PPh;.?"! The required
monoarylation products 221 were so obtained in moderate
yields, but diarylation to give compounds 222 in varying
amounts was also observed (Table 77).%"!
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Table 78. Pd-Catalyzed Intermolecular Monoarylation
Reactions of Nitroalkanes with Aryl Halides
Pd,(dba)s (1.5 - 3 mal %)

i~ MDBPB (3 - 6 mol %) Ar
?2 . qu"i‘82 (; :‘gﬁ By Cs,C05 (1.1 equiv) R1J\NOZ
DME, rt - 55 °C
reaction _.
entry R! ArX 1;1;)1})3’0 temp. y(l%)d
(°0)
1 Me PhBr 3 50 90
2 Me 4-MeOOCC¢H,Br 2 50 85
3 Me 3---BuOOCC¢H,Br 3 50 82
4 Me 3-Me,NCeH,yBr 1.5 50 98
5 Et 4-MeOCH,Cl 1.5 50 68
6 n-Pent 4-t-BuCgH,4Br 2 50 92
7 CH,=CH(CH,); 4-AcC¢H,Br 3 t 64
8 MeOOC(CH,), 4-MeOOCC¢H,Cl 5 50 67
9 MeOOC(CH,), 3-Me,NC¢H,Br 5 50 75
10 MeOOC(CH,), 2-bromonaphthalene 5 50 78
11 Et 4-AcCgH Br 3 45 80
12 Me 3--BuOOCC¢H,Br 3 50 82
13 Et 3-MeOOCC¢H,4Cl 1.5 55 65
14 Et 3-AcCe¢HyBr 3 45 63

Scheme 89. Synthesis of Bicyclic Tetralones 227 and 228

NO, o)
PACI,(PPhy), (5 mol %)

PhMe, 140 °C, sealed tube, 3-8 h R; R

Cs,C05 (2.0 equiv)
P\‘_’R Br

226:R=H
227 : R-R = O(CHy)y0

228: R = H (59 %)
229 : R-R = O(CHy);0 (46 %)

Other byproducts frequently found in the final reaction
mixtures were the biphenyl derivatives derived from the aryl
bromides used as arylating reagents.

More recently, an efficient two-step strategy to access
diversely functionalized benzylic sulfonamides, in which the
first step involves the palladium-catalyzed o-arylation of
sulfonamide 223 with aryl bromides, has been developed by
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Northrup et al.?’? These authors found that P(+-Bu); was the
supporting ligand of choice for the preparation of o-arylated
sulfonamides 224 from 223 in low-to-good yields. Benzylic
sulfonamides 225 were then prepared by a metathesis
reaction of compounds 224 with diverse amines followed
by saponification (Scheme 88).2”> Importantly, the a-arylation
reaction was tolerant of various functionalities including
nitriles, esters, and ketones. Moreover, the couplings of
chloro-substituted aryl bromides proved to be highly halogen-
selective, exclusively furnishing chloro-arylated sulfonamides
in good yields.?"?

At the end of this subsection we wish also to mention that,
over recent years, the o-arylation chemistry involving
substrates bearing activated sp*-hybridized C—H bonds has
been expanded to include nitroalkanes.**!12827* The first
intermolecular version of this reaction was described by Vogl
and Buchwald in 2002, who found that substituted aryl
bromides as well as aryl chlorides can efficiently be coupled
with a variety of nitroalkanes in DME in the presence of
Cs,CO; as the base and a catalytic system composed of
Pd,(dba); and MDBPB to selectively yield monoarylated
nitroalkanes in good-to-excellent yields.””* Several repre-
sentative examples of these reactions illustrating the ability
of the method to tolerate a number of functional groups are
reported in Table 78.

The intramolecular version of the o-arylation of properly
designed substrates bearing a nitro group was investigated
by Muratake et al.**<128 In 2004, in a conclusive paper, these
authors reported that cyclization of compounds 226 and 227,
which are substrates with high stereochemical flexibility, in
the presence of Cs,CO; and a catalytic amount of
PdCl,(PPh;), produces bicyclic a-tetralones 228 and 229,
respectively, in moderate yields (Scheme 89).4¢

In contrast, when similar experimental conditions were

employed for cyclization of the stereochemically more
restricted substrates 229 and 232, tricyclic products were

Scheme 90. Pd-Catalyzed Synthesis of Tricyclic Derivatives by Intramolecular Arylation of Properly Designed Nitro Derivatives

NO,

H NO, H o}
a) PACI,(PPhg), (5 mol %)
< Cs,CO; (2.0 equiv) +
[eNe) PhH, 140 °C, sealed tube, 6 h [oNe) [e e}
\_/ Br \_/ J/
230 231 (a-H, a-NOy) (58 %) 232 (8 %)
OxN Me Me
Me
PdCI5(PPhs), (5 mol %) .

b) . Cs,C05 (2.0 equiv) +

o~ o B xylenes, 140 °C, sealed tube, 6 h o~ o o o

\/ 233 \/ 234 47%) — 235(35%)
O.N
\ e} o]
H H

) PACIy(PPhg) (5 mol %) O O

o o~ Br Cs,C0;5 (2.0 equiv) +

\/ PhMe, 140 °C, sealed tube, 20 h o o [e o)

\/ \/
237 238-trans (10 %) 238-cis (5 %)
-
) PdCI,(PPh 5 mol %

o Br o(PPhg)z ( )

Cs,CO3 (2.0 equiv)
O\) PhMe, 140 °C, sealed tube, 22 h

239

S
qv% 5 S5

240 (33 %)

241 (41 %) 242 (14 %)
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obtained in high yields (Scheme 90).*¢ Specifically, a
mixture of compounds 231 and 232 was obtained from 230
(Scheme 87, eq a), and cyclization of 233 produced
compounds 234, 235, and 236 (Scheme 90, eq b). On the
other hand, a mixture of stereoisomeric compounds cis- and
trans-238 was obtained from 237, but cyclization of 239 gave
a mixture of compounds 240, 241, and 242 in which the
first two substances were the main components (Scheme 90,
eqs c¢ and d, respectively). The formation of the ketone
derivatives 242, cis-238, and trans-238 was explained
considering that the cyclization products bearing a secondary
nitro group partly undergo a Nef reaction?’> in the presence
of an excess of Cs,CO; and a saturated aqueous NH,Cl
solution or an aqueous solution of citric acid used for
quenching the reaction.

On the other hand, formation of styrene-type products such
as 235, 236, 241, and 242 was rationalized supposing an
elimination reaction involving the nitro group present in
compounds 234 and 240.4

10. Conclusions

In this review, we have highlighted the use of transition
metal-catalyzed arylation reactions of substrates with acti-
vated sp*-hybridized C—H bonds and some of their synthetic
equivalents with aryl halides and pseudohalides as a route
of paramount importance toward the formation of alkyl—aryl
bonds in the a-position of electron-withdrawing groups
including keto, formyl, alkoxycarbonyl, cyano, nitro, sul-
foximino, and sulfonyl groups. Over the last few years, this
methodology that avoids the preparation and use of orga-
nometallic reagents, exploits a broad scope and high func-
tional group tolerance, and allows access to compounds for
which conventional synthetic procedures would consist of
many tedious and costly steps has evolved into a powerful
synthetic tool for the efficient, straightforward, regio- and
chemoselective preparation of fine chemicals including
pharmacologically active compounds, their synthetic precur-
sors, and some interesting naturally occurring substances. It
can also be expected that the application of this cost-effective
and environmentally attractive methodology will gain in-
creasing importance in the near future.

Palladium and copper have been the transition metal
components of the catalyst systems used in most direct
o-arylation reactions, but some very interesting nickel-
catalyzed arylations have also been described. However, the
high toxicity of Ni catalysts can represent a significant
limitation to the use of Ni-catalyzed reactions in industrial
applications.

Direct arylations performed in the presence of Pd-catalysts
have been particularly investigated, and on the basis of the
very important contributions by Miura’s, Buchwald’s, and
Hartwig’s research groups, it is now possible to achieve some
palladium-catalyzed reactions at room temperature, the use
of base-sensitive substrates, and the implementation of highly
enantioselective transformations. Nevertheless, it must be
pointed out that most of the direct palladium-catalyzed
a-arylations of substrates with activated sp>-hybridized C—H
bonds in the o-position, on a par with several protocols
developed in recent years for (hetero)aryl—(hetero)aryl bond-
forming reactions that involve palladium-catalyzed couplings
of (hetero)aryl halides with (hetero)arenes®’® or regard
palladium- or palladium/copper-catalyzed decarboxylative
cross-coupling reactions of (hetero)aryl iodides with (het-
ero)arylcarboxylic acids,?’” suffer from problems due to the
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high catalyst loadings, the high current cost of Pd, and the
use of expensive and patented phosphine ligands, which are
frequently required at present as catalyst components.
Consequently, in order that the palladium-catalyzed alkyl—aryl
bond-forming reactions via direct arylation become attractive
procedures to be used in crucial steps of commercial
production processes, studies aimed at developing more
practical, cost-saving, and environmentally benign procedures
that involve either very low loadings of air-stable, robust
catalyst systems composed of well-defined Pd-complexes
with inexpensive ligands or ligandless conditions should be
intensified. Ligand-free catalysis in particular offers several
advantages that include reduced costs and an easier workup.

In contrast, application for industrial-scale synthesis can
already be anticipated for some copper-catalyzed direct
arylations of substrates with acidic sp-hybridized C—H
bonds. In fact, Cul, which is frequently used as a component
of catalyst systems for these reactions, is an air-stable salt.
In addition, even though the copper-catalyzed arylations
require at present high catalyst loadings, they involve the
use of inexpensive ligands that can be easily removed from
the reaction products. Finally, it should be taken into account
that the cost of copper, which is a metal of common
occurrence, also defined as a base metal,”’® is significantly
lower than that of palladium. In addition, copper can be more
easily removed than residual palladium from polar reaction
products, particularly in the late stages of the synthesis of
drug substances.”’*?% Nevertheless, the palladium-catalyzed
arylation reaction of substrates with activated sp-hybridized
C—H bonds still represents a thriving research area, and very
recently, the following major developments have appeared.

Asymmetric versions of palladium-catalyzed intramolecu-
lar arylation reactions both of amides in the presence of chiral
N-heterocyclic carbene ligands to give chiral 3-alkoxy- or
3-aminooxindoles?®! and aldehydes using axially chiral
ligands to give o-arylated aldehydes in high yields and
enantioselectivities?®? have been reported.

An improved protocol for the palladium-catalyzed inter-
molecular arylation of aldehydes with aryl halides including
challenging electron-rich aryl bromides®* has been de-
scribed. The coupling of electron-rich aryl bromides was
better carried out with Pd(OAc), as the palladium precursor
and SPhos or QPhos as the ligand. On the other hand, the
recently developed one-component XPhos precatalyst***® was
found to be optimal for electron-rich aryl chlorides under
reaction conditions identical to those using unbranched aryl
aldehydes.?8%

Benzofurans have been prepared in moderate-to-excellent
yields via a one-pot process that utilizes a Pd(OAc),/rac-
DTBPB-catalyzed enolate arylation.?®* The method has been
used in a key step of the synthesis of the natural product
eupomatenoid 6.2%4

An array of substituted isoquinolin-1(2H)-ones have been
synthesized in moderate yields by a Pd(OAc),/tri(2,6-
dimethoxyphenyl)phosphine-catalyzed cyclization of diethyl
(2-iodoaryl)malonates with imidoyl chlorides and carbon
monoxide. It has been suggested that the first intermediates
of this one-pot process are obtained by o-arylation of diethyl
(2-iodoaryl)malonates with imidoyl chlorides.?®

A new ligand, diphenylmethylcyclopropylphosphine, has
successfully been used in the palladium-catalyzed o-arylation
of ketones with aryl chlorides.?®® An asymmetric coupling
between 2-methylindan-1-one and anisyl chloride has also
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been tested, giving 41% ee and 80% yield with 1 mol %
palladium.?8¢

The bulky and electron-rich MOP-type phosphine ligand
2-di(tert-butyl)phosphino-2'-isopropyloxy-1,1'-binaphthyl has
been shown to exhibit good catalytic activity in palladium-
catalyzed a-arylation of 1,3-dicarbonyl compounds.?®’

[-(2-Todoanilino) carboxamides have been found to un-
dergo Pd(PPhs),-catalyzed intramolecular o-arylation in the
presence of large molar excesses of phenol and KO-7Bu in
refluxing THF.?® However, -(2-iodoanilino) carboxamides
undergo intramolecular acylation when treated with K;PO,
and Et;N in toluene solution at 110 °C in the presence of 20
mol % of Pd(PPhs),.?8

N-Heterocyclic carbene ligands derived from C,-symmetric
diamines with naphthyl side-chains have been recently
introduced as chiral monodentate ligands, and their palladium
complexes (NHC)Pd(cin)Cl (cin = cinnamyl) have been
prepared.”® These compounds exist as a mixture of diaste-
reoisomers, and the palladium complexes have been suc-
cessfully separated and their absolute stereochemistry has
been established. It has been shown that, when used in the
asymmetric intramolecular a-arylation of carboxyamides,
oxindoles with quaternary carbon stereocenters can be
obtained in high yield and selectivity when correctly match-
ing the chirality of the NHC complexes.?®’

Niwa, Yorimitsu, and Oshima have developed an effective
catalyst system consisting of a mixture of [PdCI(17*-C3Hs)],
and P(c-CgHj3); for the direct arylation of benzyl sulfones
with aryl halides.?”® The catalytic reaction provides a facile
route to diarylmethyl sulfones.*° Yorimitsu, Oshima et al.
have also described that N-benzylxanthone imines undergo
[PACI(173-C3Hs)]o/P(c-CgH, 3)s-catalyzed arylation at the ami-
nated benzylic positions with aryl chlorides in the presence
of cesium hydroxide, yielding the corresponding benzhy-
drylamine derivatives.?!

The first catalytic method for the high-yielding asymmetric
palladium-catalyzed intramolecular o-arylation of o-branched
aldehydes with high enantioselectivities has been published
by Garcia-Fortanet and Buchwald in October 2008.2%> The
reactions were perfomed in the presence of catalytic amounts
of Pd(OAc), and the tetrafluoroborate salt of a homochiral
phospanyloxazoline-based ligand in +-BuOH at 80 °C in the
presence of Cs,CO; as the base.?”

An efficient approach to valuable quaternary 3-aminoox-
indoles, which involves the microwave-assisted Pd(OAc),/
HPCy;BF,-catalyzed intramolecular arylation of enolates of
substituted amino acids, has been described by Marsden et
al.?®® They have found that the cyclization of N-indole-
substituted substrates is accompanied by direct C—H aryla-
tion of the indole, leading to indolofused benzodiazepines.?*?

A new method for the highly diastereoselective Pd(OAc),/
P(+-Bu); *HBF,-catalyzed a-arylation of (25,55)-2-tert-butyl-
5-phenyl-1,3-dioxolan-4-one, easily obtained from (S)-
mandelic acid, with aryl and heteroaryl bromides in toluene
at room temperature in the presence of LHMDS as the base
has been recently described by Jansat et al.>**

On the other hand, Guo et al. have reported that o-fluoro-
o-arylketones can be synthesized by palladium-catalyzed
cross-coupling of aryl bromides with either o-fluoroketones
or their corresponding silyl enol ethers.?”> The arylation
reactions of o-fluoroketones require the use of K—Oz#-Bu as
the base, but under these conditions, the presence of a base-
sensitive functional group is not compatible. However, good
functional group tolerance can be achieved when the anionic
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coupling moieties are generated from the silyl enol ethers
obtained by reaction of o-fluoroketones with tetrabutylam-
monium(triphenylsilyl)difluorosilicate as the fluoride
source.?”

An intramolecular Pd(OAc),/P(c-C¢H3),-catalyzed o-ary-
lation reaction has been used by Pfefferkorn and Choi for
the synthesis of 1,1'-H-spiro(indoline-3,3'-piperidine) from
a suitable functionalized o-bromoanilide in a mixture of
dioxane and THF at 85 °C in the presence of K—OrBu as
the base.?

Barluenga et al. have reported a new modular synthesis
of indoles from imines and o-dihalobenzenes or o-chloro-
arylsulfinates.”” The cascade reaction involves two pal-
ladium-catalyzed processes, an imine o-arylation followed
by an intramolecular C—N bond-forming reaction, both
promoted by the same palladium catalyst. Remarkably, the
reaction with 1,2-dibromobenzene allows the introduction
of aryl, vinyl, and alkyl substituents at different positions of
the five-membered ring of the indole.?*’

A telescoped sequence involving Pd(OAc),-catalyzed
intramolecular enolate arylation followed by an in situ
Horner—Wadsworth—Emmons olefination has been devel-
oped by Taylor et al. to provide rapid access to 3-alkeny-
loxindoles from readily available bromoanilines and aro-
matic, heteroaromatic, and aliphatic aldehydes.?*® This one-
pot process is greatly accelerated by microwaves and
proceeds with low loading of Pd(OAc), (0.2—1.0 mol %).>*

A mild, racemization-free Pd(OAc),/2-di-tert-butylphos-
phino-2',4',6'-trisopropylbiphenyl-catalyzed o-arylation of
homochiral tetramic acids (2,4-pyrrolidinediones) with aryl
chlorides, bromides, or triflates in THF in the presence of
K,COj; or K;PO, as the base has been developed by Tanner
et al.?*® However, aryl iodides and tosylates as well as
o-substituted aryl chlorides do not work in this process.?

Finally, it should be noted that the copper-catalyzed direct
arylation of substrates with activated sp*-hybridized C—H
bonds is still an active research area. Recently, substituted
homophthalimides have been synthesized in good yields by
Ma and co-workers via Cul-catalyzed reaction of 2-bro-
mobenzamides and at 90 °C in i-PrOH in the presence of
Cs,CO; as the base under ligandless conditions.*® This
synthesis involves a cascade coupling/condensation process,
which allows assembly of a wide range of substituted
homophthalimides by varying -ketoesters and 2-bromoben-
zamides.

Fu, Jiang et al. have developed a simple and efficient Cul-
catalyzed method for the synthesis of 3,4-disubstituted
isoquinolin-1(2H)-one derivatives via cascade reactions of
2-halobenzamides with f-ketoesters under mild conditions
without addition of any ligand or additive.?"!

Very recently, an excellent account concerning the main
results obtained in Ma’s laboratory on the copper/amino acid-
catalyzed cross-coupling of aryl and vinyl halides with
nucleophiles has been published.**?
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