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Transition Metal Catalyzed Synthesis of Arylamines and Aryl Ethers from
Aryl Halides and Triflates: Scope and Mechanism

John F. Hartwig*

-

The transition metal catalyzed synthe-
sis of arylamines by the reaction of aryl
halides or triflates (triflate = trifluoro-
methanesulfonyl) with primary or sec-
ondary amines has rapidly become a
valuable synthetic tool for a variety of
applications. This process can form
monoalkyl- or dialkylanilines as well
as mixed diaryl- or triarylamines. In
addition, the chemistry can be extend-
ed to the formation of aryl ethers from
aryl halides, although this process is
currently less general than the syn-
thesis of arylamines. The mechanism of
this reaction involves several novel

organometallic reactions. For example,
the C—N or C-O bond is formed by
reductive elimination of amines or
ethers, and the metal-amido com-
plexes that undergo reductive elimina-
tion can be formed in the catalytic
cycle by N—H activation. Side products
are formed by $-hydrogen elimination
from amides, examples of which have
recently been observed directly. This
review covers the development of
synthetic methods to form arylamines
by this palladium-catalyzed chemistry.
In addition to information on synthe-
ses, a description of the pertinent

mechanistic data on the overall cata-
Iytic cycle, on each elementary reac-
tion in the catalytic cycle, and on
competing side reactions is presented.
This review covers manuscripts that
appeared in press before July 1, 1997 as
well as those submitted by the author
and co-workers before this date. A
brief discussion of papers that ap-
peared between July 1, 1997 and March
1, 1998 is included as an appendix.
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1. Introduction

1.1. Synthetic Considerations

Arylamines and aryl ethers are commonplace. They are
part of molecules with medicinally important properties, of
molecules with structurally interesting properties, and of
materials with important electronic and mechanical proper-
ties. An arene —nitrogen or arene —oxygen linkage is included
in nitrogen or oxygen heterocycles such as indoles!"? and
benzofurans,? isodityrosine-based natural products such as
vancomycin,/2!)  conjugated polymers such as polyani-
lines,?228 readily oxidized triarylamines used in electronic
applications such as N,N'-diphenyl-N,N'-bis(3-methylphenyl)-
1,1’-biphenyl-4,4'-diamine (TPD)?32 and thermally stable
poly(aryl ether)s such as poly(phenylene oxide) (PPO).[33-3

Despite the simplicity of the arylamine and aryl ether
moieties, synthesis of these compounds is often difficult.

[*] Prof. J. F. Hartwig
Department of Chemistry
Yale University
PO Box 208107, New Haven, CT 06520-8107 (USA)
Fax: (+1)203-432-6144
E-mail: john.hartwig@yale.edu

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Procedures involving nitration, reduction, or substitution are
incompatible with many functional groups and often involve
protection and deprotection steps. Reductive amination,
which involves formation of an imine from an arylamine
and subsequent reduction of the imine, requires two steps, a
preformed C—N bond in an aniline, an excess of the amine,
and sluggish reductions.”” ) On the other hand, copper-
mediated (Ullmann) substitutions occur at high temper-
atures, " often give products from diarylation, and are
typically substrate specific. Addition of amines or alcohols to
benzyne intermediates gives regioisomers,*] and direct nu-
cleophilic substitution of aryl halides typically requires a large
excess of reagent, a highly polar solvent, and either high
reaction temperatures or highly activated aryl halides.[* 47)
Alternatively, transition metal —arene complexes have been
used to accelerate substitution of the aryl halide, but in this
case stoichiometric amounts of the transition metal complex
are required.s#! Therefore, a new, mild, general catalytic
method for replacement of aryl halogen atoms or triflate
groups (triflate = trifluoromethanesulfonyl) by amine or al-
cohol moieties would be an invaluable route to aryl ethers and
amines.

Palladium-catalyzed coupling chemistry has proven to be a
powerful method for formation of a new C—C bond at an aryl
halide or triflate by replacement of the aryl halogen or
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pseudohalogen with a carbon nucleophile.’1 A variety of
main group and transition metal reagents are used as the
source of the carbon nucleophile. Tin and boron compounds
are most commonly used, but aluminum, zinc, magnesium,
and silicon reagents are also effective in this cross-coupling
chemistry. Nickel and palladium complexes are now the most
common catalysts. There are a number of reviews on cross-
coupling chemistry, several of which are given in the list of
references.

1.2. C—X Bond-Forming Coupling Chemistry Related to
the Arylation of Amines and Alcohols

There is a substantial body of literature on the palladium-
and nickel-catalyzed formation of aryl sulfides, selenides, and
phosphanes from aromatic and heteroaromatic halides. A
recent review covers the types of transformations that can be
conducted and the types of catalysts that are used.®! In
general, either a stannyl sulfide, boryl sulfide, or alkali metal
thiolate will react under mild conditions with a variety of
aromatic and heteroaromatic halides to form mixed sulfides.
Reaction of secondary phosphanes or silylphosphanes and
aryl or heteroaryl halides and triflates also occurs with
palladium and nickel catalysts, and now provides a route
to enantiopure 2,2-bis(diphenylphosphanyl)-1,1’-binaphthyl
(BINAP) from resolved 1,1’-binaphthol.’” The soft thiolate
and phosphane makes formation of the palladium thiolate or
phosphane favorable; ironically their high nucleophilicity also
makes reductive elimination of phosphane and sulfide facile,
in accordance with results concerning electronic effects on
reductive elimination (Section 8.3.1).! However, C—S bond
cleavage can create problems in the synthesis of sulfides. A
mixture of sulfides can result from reaction of an aryl halide
with an arenethiol containing a different aromatic group.®-63

1.3. Novel Organometallic Chemistry

The reductive elimination to form C—C and C—H bonds/*
is a crucial step in cross-coupling processes as well as many
other transition metal catalyzed reactions. Reductive elimi-
nation reactions are the subject of an early chapter in any
organometallic textbook. Many examples of these reactions

have been studied, and a great deal is known about the
mechanisms of these processes. Similarly, the cleavage of C—H
bonds by oxidative addition, including the C—H bond in
methane, is now known.[ Again, questions remain about
how these reactions occur, but a variety of mechanistic studies
have revealed key features of these reactions. Even some
remarkably mild C—C cleavage reactions have now been
observed with soluble transition metal complexes.[% 7]

In contrast, few examples of reductive elimination reactions
that form the C—N bond in amines and the C-O bond in
ethers are known. Only in the past several years have
complexes been isolated that undergo these reactions.[%%-73
These reductive eliminations are the crucial C-N and C-O
bond-forming step of the aryl halide and triflate amination
and etheration chemistry discussed here. Information on how
these reactions occur and what types of complexes favor this
reaction have been crucial to the development of new
amination and etheration catalysts.[®]

The cleavage of alkylamine N—H bonds by late transition
metals is also rare.* 7 Reactions that cause cleavage of N—H
bonds—by either oxidative addition or exchange of o-bonded
ligands—produce a transition metal —amido complex. In the
case of late transition metals, the resulting amido complexes
are highly reactive.[® 77 It appears that the amination of aryl
halides can involve an unusual N—H activation process by a
palladium alkoxide to form a highly reactive palladium
amide.™ As a result, the discovery of N—H activation
processes is crucial to catalysis with amines as substrates,
including the amination of aryl halides.

In general, catalytic organometallic chemistry that forms
carbon —heteroatom bonds is less developed than that form-
ing C—C bonds and is less well understood. One organo-
metallic oxidation process, the oxidation of ethylene to
acetaldehyde (Wacker process),™! is conducted on a large
industrial scale.[’® 7 However, the detailed mechanism of the
Wacker process and most other oxidation chemistry is not
well understood. The oxidation of hydrocarbons remains an
area of active research today, despite many years of stud-
ies.[® 811 Other processes that form carbon — heteroatom bonds
by homogeneous catalysis include oxidative carbonylations of
amines and alcohols.” These carbonylations avoid the
formation of phosgene as an intermediate in the synthesis of
urethanes and carbonates. Nonoxidative carbonylation in-
cludes the reaction between an aryl halide, CO, and an alcohol

and borane complexes of metals.

John Hartwig, born in 1964, received his A.B. from Princeton University, and his Ph.D. with
Professors Bob Bergman and Dick Andersen at the University of California at Berkeley. He
was an American Cancer Society postdoctoral fellow in Professor Steve Lippard’s laboratory.
In 1992 he accepted an appointment at Yale University, where he is now Associate Professor of
Chemistry, and has worked on fundamental and catalytic chemistry of amido, alkoxo, boryl,

~

/

2048

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067



Aminations and Etherations

REVIEWS

or amine to form esters or amides.” These reactions
presumably involve attack of alcohol (or amine) at a
metal — phenacyl complex. Additional catalytic processes are
the amination and hydration of olefins to form the C—X bonds
in amines or alcohols (X=N and O, respectively). An
efficient, intermolecular hydration or hydroamination of aryl
halides is a highly sought process that is currently unknown,
despite some interesting intramolecular® #l and several slow
intermolecular examples.® Other nonoxidative organome-
tallic reactions that form C—N or C—O bonds are rare.

Thus, the selectivities, deactivation mechanisms, and po-
tential transformations of alkoxo and amido intermediates in
such reactions are not well understood. It is rare for transition
metal—amido and alkoxo complexes to even be clearly
identified as intermediates in catalytic chemistry. The hydro-
genation of imines and ketones presumably involves such
intermediates,® but they have not been clearly detected in
these reactions.®! The catalytic reduction of CO on surfaces
may involve alkoxides, but well-characterized homogeneous
analogues are unusual.[””]

1.4. Organization of the Review

This review will cover the recent developments in palla-
dium- and nickel-catalyzed amination and etheration of aryl
halides and triflates. The first sections deal with the useful
synthetic methodology that has resulted from recent studies
resting upon Kosugi’s initial finding!® %! that palladium
complexes catalyze the formation of arylamines from tin
amides and aryl halides. In the next sections recent develop-
ments in the formation of aryl ethers from aryl halides and
alkoxides are discussed. The final set of sections present a
detailed picture of the mechanism of these processes with
different catalysts.

2. Background
2.1. Early Palladium-Catalyzed Amination

In the 1980s a few results suggested that a general metal-
catalyzed method to form arylamines from aryl halides would
be possible. In 1983 Kosugi et al. published a short paper on
the reaction of tributyltin amides with aryl bromides catalyzed
by [PdACL{P(0-C¢H,Me);},] (1) shown in Equation (1).15% 38

R Ry
BugSn—N  + (

LPdCl] 1 Rz
o\ _p, LPdCll 1 @—NRR' + BuaSnBr 1)
R' — only for —

L=P(0-CgHsMe)3

The scope of this reaction appeared to be limited to
dialkylamides and electron-neutral aryl halides. For example,
the use of aryl halides with nitro, acyl, methoxy, and
dimethylamino substituents gave poor yields upon palladi-
um-catalyzed reaction with tributyltin diethylamide. Further-
more, aryl bromides were the only aryl halides that provided
any reaction product. Use of vinyl bromides resulted in
modest yields of enamines in some cases. Only unhindered
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dialkyltin amides gave substantial amounts of amination
product. The mechanism did not appear to involve radicals or
benzyne intermediates.

Boger et al. reported studies on palladium-mediated cycli-
zation to form the CDE ring system of lavendamycin
[Eq. (2)].%1 These reactions were conducted with stoichio-
metric amounts of [Pd(PPh;),] (2). When used in a 1 mol %

MeO,C N CO,Me MeO,C N CO,Me
A X

| \
4 /
HéN Me 4 [Pd(PPha)d 2 —= HN Me @
.

quantity, 2 failed to catalyze these reactions, presumably
because of the absence of a base. Until almost ten years later,
no palladium-catalyzed amination chemistry was reported,
and few citations of the early amination chemistry existed.

Paul, Patt, and Hartwig revealed the reactions involved in
the amination chemistry with tin reagents.’””! Although these
studies focused on what is now an outdated synthetic method,
the classes of stoichiometric reactions that make up the
catalytic cycle are general to many current amination
procedures. They showed that the active catalyst was
[Pd{P(0-CcH Me)s},] (3), which oxidatively added aryl halides
to give dimeric aryl halide complexes 4. These aryl halide
complexes reacted directly with tin amides to form arylamines
[Eq. (3)]. Thus, this chemistry could accurately be viewed as a
rough parallel to Stille coupling.

L Br Ar
o8 M RSNNR
ra-ys 2P pd pd T2

b, ArNR; + Pd® 3)
L=P(0-CgHsMe)3 Ar Br L
4

Guram and Buchwald showed that the chemistry could be
extended beyond electron-neutral aryl halides.’®! With tin
amides derived in situ, this chemistry was extended to aryl
halides bearing alkoxycarbonyl, amino, and alkoxo groups
[Eq. (4)]. However, reactions that proceded with 80 % yield
or greater were still limited to tin amides derived from
secondary amines.

[LoPdCI;] 1
L=P(o—C6H4Me)3 NRR'
EUUNRR! base i
BugSn—N —— Bu3SnNRR' X (4)
. X /7 =
Et 7N Br

2.2. Initial Synthetic Problems

The initial results concerning aryl halide amination and
related results in chemistry forming aryl sulfides and phos-
phanes strongly suggested that a mild, convenient route to
arylamines from aryl halides could be developed. However, a
source of the amido group must be less toxic, more thermally
stable, and less air-sensitive than tin amides. The types of aryl
halide that can undergo this reaction must extend beyond
electron-neutral aryl halides, for example to aryl chlorides and
iodides and aryl triflates. Of course heteroaromatic amines
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and halides are also important substrates. Perhaps most
important are reactions of primary amines, since the aryl
halide amination with primary amines would give secondary
alkylarylamines. These substrates are tedious to prepare by
classical methods. In addition, it would be highly desirable to
extend this type of reaction to the formation of aryl ethers and
phenols, since there are no truly mild and convenient methods
for this transformation. Finally, the rates and turnover
numbers provided by the catalysts must be much higher than
those in Kosugi’s chemistry and in Boger’s stoichiometric
cyclization reaction.

3. Initial Tin-Free Aminations of Aryl Halides

3.1. Intermolecular Amination of Aryl Bromides

In 1995 the research groups of Hartwig and Buchwald
published concurrently their results on tin-free amination of
aryl halides.”* 1 Instead of isolation or generation of a tin
amide in situ, the amination reactions were conducted by
reaction of an aryl halide with the combination of an amine
and either an alkoxide or silylamide base [Eq. (5)]. These

X L,PdCl] 1 X4
XN g + HnRrr AL @—NRR' ®)
— L=P(0-CgH4Me)3 \—
base

X=0-, m-, or p-alkyl, phenacyl, amino, alkoxy
base = NaOtBu or LiN(SiMe3),

reactions were typically carried out between 80 and 100°C in
toluene. The catalysts used initially were 1, 3, or a combina-
tion of [Pd,(dba);] (5a, dba=trans, trans-dibenzylideneace-
tone) and P(o-C4H,CH,);. Catalysts used subsequently will be
described in Section 4. As shown in Table 1, secondary amines
were viable substrates, whereas primary amines gave sub-
stantial yields with only electron-poor aryl halides. Little
product was obtained from reactions of primary amines with

Table 1. Tin-free aminations of aryl halides catalyzed by [PdCL{P(o-CcH,Me)},]

Amine

Aryl halide Basel? Product

Yield[%]

PhON o]

N O 86

N LiN(TMS), Bu—@—N Y 89

O ol Yo iy, ol ()
o]

MeQ

[¢]
g NaOBu ON: ><j 81
[e]
Me

NaOrBu

L NaOrBu N\(CHZ)ZAI' 78
(CHy)-Ar
Q, O,
H,NCH,; }—@—Br NaOBu }—QNHCGHH 7
Ph Ph

LiN(TMS),

H,NBu Bu—©~8r BU‘O—NHBU <2%

[a] TMS = trimethylsilyl.
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electron-neutral aryl halides. Arenes were the major product
instead. Zhao et al. showed that one could arylate piperazine
under conditions of excess piperazinel’ to form biologically
important aryl piperazines by palladium-catalyzed chemistry.

3.2. Intermolecular Amination of Aryl Iodides

Complexes other than those containing P(o-C;H,Me),
ligands have now been shown to catalyze amination of aryl
iodides in high yields.’] However, reaction conditions were
initially optimized for amination of aryl iodides with the P(o-
CsH,Me);-based catalysts.”” It was found that running the
reactions in dioxane solvent was important to obtain even
modest yields of product. In this solvent, secondary amines
are suitable substrates and primary amines couple with o-
substituted aryl iodides [Eq. (6)]. Primary amines, including

R.7

aniline, gave poor yields with unhindered aryl iodides. Even
electron-deficient, unhindered aryl iodides were poor sub-
strates for primary amines.

[Pdy(dba)] 5a/L
L=P(0-CgHsMe)3
NaOBu
I + HNRR'

— dioxane
65 or 100 °C

3.3. Intramolecular Amination of Aryl Halides

Intramolecular aryl halide aminations to form nitrogen
heterocycles were included in the initial reports on tin-free
aryl halide aminations.’” For example, the reactions in
Equation (7) occurred in greater than 80 % yield. In this case,
the halide could be iodide or bromide, and 2 was a more
effective catalyst than was 1.

NHBn
W” [PA(PPhg)a] 2 @Eb)

N 100 °C N @
NaOBu/ Bn

K»COs

X=Br, | PhCH;

83-96%, n=1-3

Subsequent to the initial report, Buchwald and co-workers
provided an extensive account of the intramolecular amina-
tion reactions.”® K,CO; was an efficient base, but a combi-
nation of NaOrBu and K,CO; was most effective. Aryl iodides
proved to be the preferred substrate under optimized
conditions with 2 as catalyst. lodide substrates also allowed
for the use of triethylamine as base. Screening of a variety of
combinations of phosphane ligands and palladium precursors
showed that chelating ligands such as Ph,P(CH,),PPh, (n=
2-4) or 1,1"-bis-(diphenylphosphanyl)ferrocene (DPPF) gave
good yields of cyclized product, as did a combination of Sa
and P(2-furyl);, but none were better than 2.

Amides and sulfonamides also undergo intramolecular
chemistry to form arylamides and arylsulfonamides [Egs. (8)
and (9)]. Cs,CO; was the optimal base for cyclization of
acetamides, but K,CO; was the best base for cyclization of
benzamides. A combination of 5a and P(2-furyl); was the best

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067



Aminations and Etherations

REVIEWS

ek [Pd(dba)s] 5alL WO ®
g © 100-110 °C N
M,CO3 Bn
R=Me, Bn, Bu PhCH3 n=1, 59-99%
M=Cs or K n=2, 44-82%
L=P(0-CgHsMe)3 or P(2-furyl)3 n=3, 5-44%

NHSO,CgHaMe )
A [Pdp(dba)s] 5a/L mo ©
gr © 100 °C

N
' K,CO3 S0,CeHaMe
PhCHa n=1, 88%
L=P(0-C¢HsMe)3 n=2, 87%

catalyst system for the cyclization of acetamides, and P(o-
C¢H,Me); was the optimal ligand for cyclizations of benz-
amides. For benzamides, reaction times were long; reactions
of sulfonamides required either 5 or 14 h depending on ring
size, and were conducted with K,COj; and a combination of 5a
and P(o-C4H,Me); as catalyst. Cyclizations to form five- and
six-membered rings gave good yields of heterocyclic product,
but they gave poor yields of seven-membered rings.

4. Second-Generation Catalysts with
Chelating Phosphanes

With the exception of intramolecular aminations, all of the
reactions described above were catalyzed by palladium
complexes containing the sterically hindered P(o-C;H,Me);
ligands. Furthermore, mechanistic studies, which are descri-
bed in Section 8.6.1, showed that the catalytic cycle involved
exclusively mono-phosphane intermediates. However, stoi-
chiometric studies on reductive elimination from PPh;-ligated
palladium amides[®® *! and on S-hydrogen elimination from
related d® square-planar iridium amides!'® suggested that
palladium complexes with chelating ligands would be partic-
ularly effective catalysts for the amination chemistry. In fact,
many of the reasons why such complexes should be effective
for this amination process parallel the reasons why they are
effective for cross-coupling chemistry involving nucleophilic
main group alkyl substrates.['!]

In papers published back-to-back in 1996, the research
groups of Hartwig and Buchwald reported amination reac-
tions with palladium complexes of DPPF and BINAP as
catalysts.[% 2] These palladium complexes provided amina-
tions of aryl bromides and iodides with primary alkyl amines,
with cyclic secondary amines, and with anilines. It is ironic
that the amination chemistry was first discovered upone use
of a particularly labile phosphane, but dramatically improved
by the use of chelating ligands.

Palladium complexes with DPPF ligands provided nearly
quantitative yields for amination of aryl halides with anilines
[Eq. (10)]. Electron-rich, electron-poor, hindered, or unhin-
dered aryl bromides or iodides all participated in the

. o [Pd@ppnCL] N
SN —x NaOtBu = =
X + HoN - | | (10)
_ N\ / dioxane s 2\
X=Br. | 650r100°C R
R=0-, m-, p-OMe, Me, Ph 80-94%
R'=p-Cl, Ph, H
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amination chemistry with only a few exceptions. Nitrohaloar-
enes gave no amination product with aniline substrates. Aryl
halides with enolizable carbonyl groups gave poor yields, and
esters were converted into the tert-butyl ester with fert-
butoxide as base. These groups have now been shown to be
amenable to amination processes that use Cs,COj as base.['”]
Palladium complexes with DPPF ligands also gave good yields
of mixed alkylarylamines with a variety of substrates
[Eq. (11)]. With electron-poor aryl halides excellent yields

7N\ S LA 1
Y<3X+ HaNTR NaOBu y- = N‘: "

X=Br, |

Y = o-, p-alkyl, CN,
C(O)Ph, C(O)NEt,

R=alkyl
Y = p-CN, C(O)Ph,
C(O)NEt,, 82-96%);
o-alkyl, 92%; p-alkyl, 52%

of N-alkylanilines were obtained, and with electron-neutral
aryl halides yields of 60-92 % were achieved, depending on
the location of alkyl substituents.[®> % For the coupling of
unhindered and electron-neutral aryl halides with unhindered
primary amines, diarylation can occur. In these cases, running
the reactions with excess amine prohibits the formation of
diarylation products.'™ For most of these reactions, 5 mol %
of catalyst was employed, although 1 mol% can be used in
most cases.

Palladium complexes with BINAP ligands provided higher
yields than those with DPPF ligands in the case of electron-
neutral aryl halides and alkyl amines, as shown in Table 2. The

Table 2. Selected aryl bromide aminations catalyzed by BINAP/[Pd,(dba);]

(5a).
Aryl Amine Product Cat. t[h]  Yield
bromide [mol %] [%]
Me B RNH, Me NHR 05 2 88
0.5 4 79
0.05 7 79
Me Me
Br BnHN
o} 0,
[ H,NBn C 05 2 8l
O (o)
Br BnHN
rsuozoO H,NBn 1BUOLC 0.5 35 71
NMe, Me,N

Me
Br N
MeNHPh ©/ \© 1.0 39 66
Me Me
Br N
©/ MeNHPh ©/ \©
Me

Me

0.5 36 94

increased yields resulted in large part from the lack of
diarylation products. Slightly less reduction product is formed
as well, although the yield of arene is low in both cases.
Furthermore, in favorable cases, it was shown that 0.05 mol %
of catalyst could be used. Racemic and resolved BINAP gave
identical results.

Weakly chelating ligands can be beneficial in some of the
amination chemistry. Buchwald and co-workders used the
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ligand 6 to improve yields in the amination of aryl halides with
acyclic secondary amines [Eq. (12)].l'%! It is unclear whether
the palladium complexes that are involved in the catalytic
//:\>—Br + HNRR  —oadba)s] Sal @—NRR' 12)
X= X =

NaOBu

R=alkyl, aryl  (ojyene, 80 °c  Me
X=4-tBu 52-93%
4-OMe
: OMe
4-CN L= Fe PPh;

3,5-Me;, é
or ArBr=2-, 3-, or 4-pyridyl bromideQ 6

cycle resemble the mono-phosphane complexes with P(o-
C¢H,Me); ligands or complexes containing chelating ligands
such as DPPF or BINAP. The complex isolated from the
reaction of the methoxy-substituted phosphane 6, 5a, and an
aryl halide is a monomer with Pd—O coordination. However,
it is difficult to determine if the Pd—O interaction also exists
during reactions of the catalytic cycle. Nevertheless, ligand
designs based on hemilabile phosphanes!'®! should be profit-
able.

5. New Substrates for the Second-Generation
Catalysts

5.1. Aminations of Aryl Triflates

Palladium complexes with chelating ligands are often more
effective in C—C bond-forming processes with aryl triflates
than are palladium complexes with monodentate ligands such
as P(0-C¢H Me),.[1% 1981 Similarly, they are not good catalysts
for the amination of aryl triflates. However, palladium
complexes with the chelating phosphane ligands DPPF and
BINAP are effective catalysts for the amination of aryl
triflates.'® 110 Selected aminations of aryl triflates by aniline
are shown in Equation (13), and selected aminations of aryl

' e

80-94%

DPPF/[Pd(dba)z] 5b

RQOTHWN@R toluene

R = MeO, Ph, Me
or ArOTf = 2-naphthyl triflate

triflates by alkylamines are presented in Equation (14). The

reaction conditions employed for the amination of aryl
triflates are similar to those for the amination of aryl halides

/N NH (14)

48-90%

L,/[Pd(dba),] 5b
or [Pdy(dba)z] 5a

7/ N\ NaOBu
OTf + H,N-R —————
P R=alkyl toluene
Y Y 85 °C

Y = 0-, m-, or p-alkyl, CN, C(O)Ph, OMe, Ph
L,=DPPF or BINAP

with one exception. Electron-poor aryl triflates were suscep-
tible to cleavage under the basic reaction conditions, presum-
ably because of the stable phenolate that results. This cleavage
reaction is likely to be first order with respect to the aryl
triflate. In contrast, the catalytic process is likely to be zero
order with respect to the aryl triflate, since the catalyst resting
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state should be an arylpalladium complex.!''!] Thus, low
concentrations of triflate will minimize the relative rate of
cleavage versus amination. Slow addition of the triflate in the
case of electron-poor triflates therefore allows amination to
occur in high yields with these substrates.['®] Alternatively, the
problem of triflate cleavage can be reduced by the use of
Cs,CO; as base.['®]

The amination of aryl triflates does not require added
halide and, in fact, added chloride or iodide inhibited the
amination process. Reactions in toluene gave higher yields
than those in THF, although good yields were obtained in
THF in some cases. The use of [Pd,(dba),,] (n=2,m=3:5a;
n=1,m=2:5b) or [Pd(OAc),] (7) as precursor, rather than
[L,PdCl,], was important for this chemistry; [(dppf),PdClL,]
gave much lower yields than did a combination of 5b and
DPPF.

As was the case for the amination of aryl halides, DPPF was
an effective ligand for amination reactions involving anilines
or electron poor-aryl triflates. The yields for formation of
mixed diarylamines were remarkable. All examples gave
yields exceeding 90 %.['%] Reactions of electron-neutral aryl
halides with alkylamines provided yields in the range of 42—
75 % with DPPF as ligand. This combination of substrate gave
yields in the range of 54—77 % with BINAP or 2,2'-bis(di-p-
tolylphosphanyl)-1,1’-binapthyl (Tol-BINAP) as ligand. Sev-
eral examples, particularly the triflate derived from p-
methoxyphenol, showed higher yields in reactions employing
BINAP as ligand rather than DPPF. The amination of aryl
triflates was effective for hindered or unhindered aromatic
systems, and for primary or secondary amines.

The amination of aryl triflates allows one to use a phenol
OH group as a directing group''? to conduct chemistry ortho
to a substituent, such as methoxy, that can ultimately act as a
leaving group. Furthermore, it is possible to conduct amina-
tion reactions with aminophenols; the reaction occurs selec-
tively at the amino group.'™ Thus, the phenol OH group,
which can be converted into a triflate or nonaflate group
(nonaflate = nonafluorobutanesulfonyl) in the presence of an
amino functionality, can act as a convenient source of a
leaving group for several applications. In principle, the triflate
is recyclable, and one could regenerate triflic anhydride from
the sodium triflate by-product. Triflate salts are also less
corrosive than alkali halides.

5.2. Amination of Heteroaromatic Halides

Many nitrogen heterocycles are strongly binding ligands for
late transition metals. As a result, heteroaromatic halides with
basic nitrogen atoms will displace weakly binding ligands such
as P(o-C¢H,Me);, so that the original catalyst system con-
taining P(o-C¢H,Me); as ligand was ineffective for aminations
with heteroaromatic substrates that could bind to palladium.
It has been shown in stoichiometric studies that pyridine
displaces P(0-C¢H Me); to form palladium - pyridine com-
plexes.['4] However, chelating phosphanes are not displaced
by pyridines. Thus, the advent of amination reactions with use
of chelating ligands now allows for the amination of pyridyl
halides.'3]

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067



Aminations and Etherations

REVIEWS

Results from aminations with use of two phosphane ligands
and two different precursors are presented in Table 3. The
most general palladium precursor is [Pd(OAc),] (7). Again,
BINAP was generally effective for amination with either
primary or secondary amines. However, unbranched primary
amines gave lower yields than did branched amines such
as cyclohexylamine. Propane-1,3-diylbis(diphenylphosphane)

Table 3. Palladium-catalyzed amination of pyridyl halides.

Pyridyl Amine Product Catalyst Yield
halide [%]
‘ A BnNHMe @ 5a/DPPP 86
N/ Br N/ N'Bn
Me
X X = =
L. L, L ) sapppp 87
N” " Br N” TNH, NTINTON
DN Br Me
| BnNHMe ~r N Bn 5a/(+)BINAP 77
N l P>
N
Br H
S HZ”\O Y Sa/(+)BINAP 8
g 0 \O
N
Br H
N =\ /\
|\ [] N, )N o 7/DPPP 91
P o \ _/
N
sHCI

@
=

H,NC,H,, 7/(£)BINAP 67

1

NC/>— NHCgHy3
2equiv 7 N\

A — =N
DU S
N” “Br N

(dppp), which is less expensive than BINAP, in combination
with S5a or 7, acted as an effective catalyst system for
amination of pyridyl bromides by secondary amines or amines
lacking hydrogen atoms a to the nitrogen atom. As was the
case for aminations of aryl halides with use of DPPF and
BINAP, acyclic secondary amines gave only low yields of the
aminopyridines.

.
I
o

7/(+)BINAP 71

5.3. Aminations of Solid-Supported Aryl Halides

Two groups have reported results on the solid-phase
amination of aryl halides with use of both P(0o-C;H,Me);
and chelating ligands."'® 7] Since the arylamine group is
present in many biologically active materials, the application
of amination chemistry in combinatorial chemistry may be
important for this approach to drug discovery. It has been
shown that Stille and Suzuki reactions are reliable, high-
yielding process for substrates loaded on solid supports.['!®]
Thus, aryl halides are now extremely versatile in solid-phase
combinatorial chemistry. They can be used to form new C—C,
C—N, and presumably also C—S, C—P, and C—O bonds (see
below).

Both Willoughby and Chapman!"®l at Merck and Farina
and Ward"'" at Boehringer Ingelheim have reported success-
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ful amination reactions for aryl halides supported on poly-
styrene Rink and Rapp TentaGel S RAM resin. The results
closely parallel those obtained in the solution phase. Secon-
dary amines are successfully coupled with solid-supported
aryl halides in high yields upon use of P(o-C¢H Me); as the
ligand on palladium. Primary amines required either BINAP
or DPPF for successful coupling with the aryl halides, and
similar results were obtained with either ligand. Compounds
with N-—H groups for which no arylation chemistry had been
reported in the solution phase were not suitable for chemistry
on the solid supports. For example, nitroanilines, amino-
triazine, S-aminouracil, 2,6-diaminoanthraquinone, histidine,
2-aminobenzimidazole, imidazole, and pyrazole gave no
products of N—C bond formation in the solid phase with use
of palladium complexes containing P(o-CsH,Me);, DPPF, or
BINAP ligands.

6. Applications of the Amination Chemistry

There have not been extensive studies on the applications
of the amination chemistry, since the reaction was discovered
only a few years ago. However, one application to the total
synthesis of biologically active molecules and two applications
to the synthesis of materials with potentially interesting
electronic properties have been reported.

6.1. Natural-Product Synthesis

Stoichiometric palladium-mediated cyclization was used in
natural-product synthesis by Boger et al. a number of years
ago, as was noted in the introduction. More recently,
Buchwald and co-workers reported the total synthesis or the
formal total synthesis of a series of tetrahydropyrroloquino-
lines by palladium-catalyzed amination.'""”] A brief descrip-
tion of the methods employed are shown in Schemes 1 and 2.
One approach involves formation of the six-membered ring
through palladium-catalyzed intramolecular amination. The
cyclization was carried out at high temperatures employing
K,CO; as base. However, the use of NaOrBu, which
presumably would have allowed for reaction at lower temper-
atures, led to cleavage of the carbamate; the cleavage
products apparently inhibited catalyst activity.

NHMe
NH» |
Br MeO o
N\ 10% [Pd(PPhg)s] 2
4 steps N K,COg3, NEt3
\ toluene, 200 °C
OMe EtO,C  81%

MeO Me,*N
S| 1.BBr3 g
2. Mel S\
- L ‘
Eto,c 0% Z N

H

Scheme 1. Palladium-catalyzed amination in the synthesis of dehydro-
bufoteinine.
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MeN/\/\

1 [CpZZr (Me)Cl]
2.1, CH,Cl, MeO

OMe 3.BnNH,, THF

l 2.5% [Pdy(dba)s] 5a \eN
P(0-CgHsMe)3

NaOtBu toluene

80 °C, 72%

2 10 % Pd/C

HCO,NH,4
MeOH reflux 80%

Scheme 2. Palladium-catalyzed amination in the formal total synthesis of
makaluvameine C and damirones A and B.

A second approach involved formation of the indole five-
membered ring by amination chemistry and the six-mem-
bered ring by Zr—benzyne chemistry. This strategy is shown in
Scheme 2. In this case, the optimal cyclization conditions
could be employed, and the reaction temperature was lower.
The product of the cyclization is an intermediate in total
syntheses of makaluvamine C and of damirones A and B.

6.2. Applications to Materials Science

Two groups have reported the synthesis of oligomeric or
polymeric arylamines by palladium-catalyzed chemis-
try.?0- 21 One group used the initial amination of aryl halides
with dialkylamines to prepare arylamine polymers.'””l This
chemistry is a step-growth polymerization. A bifunctional
diamine and a dihaloarene were used to generate the
polymers as shown in Equation (15). The highest molecular
weights achieved were in the range of 50006000, indicating
an average of 20 monomers in each chain.

[LoPdCI;] 1
Br Br + L=P(0-CgHsMe)3
toluene
HN (CHZ),,CNH NaOBu or (15)
LiN(SiMe3),

FO e,

A second group has prepared highly branched triaryl-
amines.'?!l The material contains exclusively p-phenylenedi-
amine linkages and triarylamine units. The triarylamines were
constructed with a combination of benzyl-protected 4,4-
dibromodiarylamines and lithium diarylamides. The forma-
tion of the triarylamine linkage from aryl bromides and
lithium diarylamides occurred in greater than 90% yields
under mild conditions with 3 as catalyst. The final products of
the reaction sequences in Scheme 3 are discrete oligomers of a
p-phenylene amine with the highest molecular weight. These
materials were characterized by conventional spectroscopic
means as well as microanalysis. Each carbon atom could be
observed by *C NMR spectrometry, and a molecular ion was
observed by mass spectrometry. The electrochemical behavior
of the dendrimer at the top of Scheme 3 was complex and
showed a large number of reversible redox waves in the
cyclovoltammogram. The radical cation was generated in
solution, was stable, and was observed by ESR spectroscopy.
This material also shows a high glass-transition temperature.
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Scheme 3. Palladium-catalyzed synthesis of triarylamine dendrimers. a) 3,
L; b) H,, Pd/C; c¢) BuLi; d) N(p-C¢H,Br);, 3, L; e) BuN(p-C,H,Br),, 3, L;
f) H,, Pd/C; g) 3, L, NaOrBu, (p-C¢H,Br),. L=P(0o-C¢H,Me);.

7. Synthesis of Aryl Ethers from Aryl Halides

Our group has shown that reductive elimination reactions
that form C—X bonds are faster with more nucleophilic
amides and thiolates (Section 8.3). Given this information and
the lower nucleophilicity of alkoxides than amides or
thiolates, it seems likely that formation of aryl ethers by
reductive elimination would be difficult to accomplish. In fact,
the first formations of aryl ethers by use of palladium catalysts
were observed only with substrates that could undergo
intramolecular formation of arene-oxygen bonds.'?2l We
have also shown that reductive eliminations are faster when
electron-poor aryl groups are bound to palladium. Thus,
electron poor-aryl halides might be activated enough toward
reductive elimination that they would react to form aryl ethers
in the presence of palladium catalysts, alkoxide, and base.
Indeed, the first examples of intermolecular formation of aryl
ethers involved electron-poor aryl halides as substrates.[""]
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Further work must be conducted to make this process as
general as the formation of arylamines from aryl halides.

71. Intramolecular Palladium-Catalyzed Synthesis of
Aryl Ethers

Intramolecular formation of oxygen heterocycles was
reported by Buchwald et al.l'?l His group showed that 3-
5mol% of [Pd(OAc),] and either Tol-BINAP or DPPF
catalyzed the cyclization of o-haloaryl-substituted alcohols
[Eq. (16)]. These reactions occur with the highest yields for

X on -0 R
n R n

X=Br, I; n=1,2,3

tertiary alcohols, but also take place for secondary alcohols.
They can produce either five-, six-, or seven-membered rings.
It is believed that the reaction occurs by an oxidative addition
of the aryl halide, subsequent generation of the palladium
oxametallacycle, and C-O bond-forming reductive elimina-
tion. Although aryl halide intermediates were generated
independently and were shown to be kinetically competent to
be intermediates, the oxametallacycles could not be observed
or isolated.

The first intermolecular etheration of aryl halides is shown
in Equation (17) and was reported by Mann and Hartwig.[""!
In these studies, a combination of DPPF and 5b was used as

R@X + NaOfBu

R=CN, CHO, C(O)Ph
X=Br

3-5 mol% [Pd(OAc),] 7
4-6 mol% L
L = Tol-BINAP or DPPF

base, solvent, 80—-100 °C
base = K,CO3, NaOtBu
solvent = toluene or dioxane

[Pd(dba),] 5b/DPPF
- > R

OBu 17)
toluene

91-100%

catalyst for the addition of NaOsBu to 4-bromobenzophe-
none, 4-bromobenzaldehyde, and 4-bromobenzonitrile. The
yields for these reactions are now greater than 90 %.[>
Reaction of n-butanol gave more reduction product than
etheration product. The tert-butyl ethers produced by this
chemistry are susceptible to deprotection to generatee phenol
by simple addition of acid directly to the reaction mixture
after completion of the etheration.

Buchwald et al. reported similar chemistry (Table 4) em-
ploying a larger range of alkoxides and showed that BINAP
provided improved generality.'?*l Nevertheless, this chemistry
remains limited to electron-poor aryl halides. Electron-
neutral aryl halides give modest yields for formation of aryl
tert-butyl ethers. Buchwald also compared the catalyzed and
uncatalyzed reactions that can occur in highly polar solvents
such as DMF. In some cases, the uncatalyzed reactions in
DMF gave yields similar to those for the catalyzed chemistry
in nonpolar solvents. However, in several cases the yields
were higher for the catalyzed reactions. Furthermore, one
could use the higher reactivity of aryl bromides toward
palladium and the higher reactivity of aryl chlorides for direct
nucleophilic substitutions to conduct selective formation of
aryl ethers. The use of palladium catalysts selectively con-
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Table 4. Palladium-catalyzed and uncatalyzed formation of aryl ethers
from aryl halides and a combination of alcohols and NaH.
T[°C] Yield[%]

with cat.!!  without cat.’

Aryl halide Alcohol

Br
50 80 76

Q

A

OH
\)\/ 70 50 48

AN

/@/ B pn oH 70 7 78
NC
Br
/©/ MeOH 70 81 65
NC
Br
/©/ NaOBu 100 53 <10

“ @ 70 65 <5

[a] In toluene. [b] In DMF.

verted a bromochloroarene into the chloro aryl ether
[Eq. (18a)], while the direct nucleophilic substitution con-
verted the bromochloroarene into a mixture of bromo aryl
and chloro aryl ethers [Eq. (18b)].

[Pd(dba)s] 5a
Tol-BINAP

CN
LG -
J@[ NaH, toluene o cl
HO \_uncatalyzed 54% total yield,
1:1 ratio of the two
NaH, DMF ) Substitution products
CN
Br o

7.2. Nickel-Catalyzed Etheration

Nickel complexes have been employed successfully in the
formation of protected phenols [Eq. (19)].1'*3] Selected exam-

[Ni(cod),] 8/L
Y X + NaOR ——— R OR 19)
toluene

= 989
Cl. Br L=DPPF or BINOL 68-98%
C

N, CHO, C(O)Ph
tBu, Me, tBuMe,Si

X=
Y=
R=
ples are presented in Table 5. A combination of [Ni(cod),] (8,
cod =1,5-cyclooctadiene) and either DPPF or BINAP suc-
cessfully formed fert-butyl, methyl, and silyl aryl ethers. A
combination of 8 and BINAP gave methyl aryl ethers in high
yields. A combination of 8 and DPPF provided higher yields
than palladium catalysts for the formation of ters-butyldime-
thylsilyl aryl ethers from aryl halides and NaOTBDMS
(TBDMS = tert-butyldimethylsilyl), and they did so at lower
temperatures. However, a combination of BINAP or DPPF
and palladium-catalyst precursors gave higher yields than did
nickel complexes for the formation of fert-butyl aryl ethers. Of
course, the methyl ethers are readily deprotected by a variety
of reagents including Lewis acids, while the silyl ethers are
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Table 5. Nickel- and palladium-catalyzed formation of aryl ethers from
aryl halides.

Catalyst Amount  Aryl halide =~ NaOR T[°C] Yield
[mol %] [%]
8/DPPF 15 B )-cN  NaOiBu 95 84l
8/ToL.BINAP 15 Br—@CN NaOMe 95 84l
[e]
8/DPPF 15 B,_@_Lph NaOMe 95 76
8/DPPF 15 Br—Q-CN NaOTBDMS 95 96k,
6710l
o]
Br@—/(
8/DPPF 15 H NaOTBDMS 95 98k
Br—@CN
5b/Tol-BINAP 10 NaOTBDMS 120 751
Br—OCN
5b/DPPF 10 NaOTBDMS 120 498

[a] Yields determined by gas chromatography (average of at least two
runs). [b] Yields are for pure, isolated product (average of at least two
runs).

conveniently deprotected by fluoride. As was the case for the
palladium chemistry reported above, the nickel catalysts were
effective for reactions of electron-poor aryl halides, but less
than 5% yield was achieved for aryl ethers formed from
electron-neutral or electron-rich aryl halides. As discussed at
the end of Section 7.1, some of the chemistry that forms aryl
ethers can occur in an uncatalyzed fashion in highly polar
solvents such as DMF. However, the metal-catalyzed chem-
istry allows for the etheration reactions to occur within
shorter reaction times under mild conditions in nonpolar
solvents that need not be rigorously dry.

8. Mechanism of Aryl Halide Amination and
Etheration

The previous sections described synthetic methods involv-
ing palladium- and nickel-catalyzed additions of alcohols and
amines to aryl halides and triflates. The development of
procedures and catalysts used in these processes has occurred
hand in hand with mechanistic analysis of the amination and
etheration chemistry. The following sections discuss our
current understanding about why these procedures and
catalysts are effective and how this understanding led to
some of the breakthroughs in synthetic methods presented
above.

8.1. Identification and Chemistry of [Pd{P(0-C;H,Me);},]

The original amination chemistry required the use of the
bulky monodentate ligand P(o-C¢H,Me);. Although this
ligand has been used in a wide range of cross-coupling
processes, as well as Heck reactions, few palladium complexes
of this ligand had been isolated. [Pd{P(o-C¢{H,Me);},] (3) was
reported in a patent,!'?] but the characterization described
was with IR spectroscopy. Paul, Patt, and Hartwig reported a
reliable synthesis of this complex as analytically pure yellow
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crystals by addition of P(o-CsH,Me); to 5b [Eq. (20)].% 14
Although none of the product could be detected in the reac-

1. benzene
— e

Pd(dba),] + P(0-CgHsMe
[l (5b )2] + P(0-CgHsMe)3 2 ELO

[(0-CgHaMe)3P-Pd-P(0-Ce¢HaMe)s] (20)
3

tion solution, addition of ether or pentane to the benzene
reaction solution led to precipitation of 3. This synthesis,
therefore, relies on rapid equilibria and the low solubility of 3.
The complex is a rare example of a 14-electron two-
coordinate transition metal complex.'18] It is air-stable as
a solid.

8.1.1. Structural Features of [Pd{P(o-C;H Me),},]

A crystal structure analysis of 3 (Figure 1) showed a
perfectly linear geometry." The o-tolyl hydrogen atoms
are located closer to the metal center than those of similar

Cc4a

_C10A c16A
&

Figure 1. ORTEP drawing of the structure of [Pd{P(o-C¢H,Me)s},].
Hydrogen atoms have been omitted for clarity.

two-coordinate complexes.'¢128] However, the absence of
unusual IR signals for vy or upfield chemical shifts in the 'H
NMR spectrum suggested that an agostic stabilization of 3 was
not occurring. Moreover, a derivative of 3 with one deuterium
at each methyl group!'® showed no isotopic perturbation of
the NMR chemical shifts,[3* 3! indicating that any agostic
interaction would have to be weaker than those detected
previously.[132 1331

8.1.2. Oxidative Addition to [Pd{P(o-C,;H ,Me),},] and Its
Mechanism

Complex 3 underwent oxidative addition of aryl halides to
provide the novel dimeric aryl halide complexes 4
[Eq. (21)].°> 14 Tt is unusual for phosphane-ligated aryl
halide complexes formed by oxidative addition to be dimeric.
These oxidative addition products were isolated and structur-

PhCHs Ar_ ,Br P(0-CgHsqMe)3
[(0-CeH4Me)3sP-Pd-P(0-CgHyMe)3] + ArBr ——= /P | pd
3 (0-CgHyMe)3P Br Ar
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ally characterized. They remain dimeric in solution, as
determined by molecular-weight measurements in solution,
but react as the monomers, as described below.

The mechanism of the oxidative addition was surprising.'*
It has been well established that aryl halides undergo
oxidative addition to L,Pd fragments.['3>138] Thus, one would
expect oxidative addition of the aryl halide to occur directly to
3 and ligand dissociation and dimerization to take place
subsequently. Instead, the addition of aryl halide to 3 occurs
after phosphane dissociation, as shown by an inverse first-
order dependence of the reaction rate on phosphane concen-
tration and the absence of any tris-phosphane complex in
solution.['34]

Three mechanisms consistent with phosphane dissociation
before oxidative addition are shown in Scheme 4. In one case,
a one-coordinate 12-electron intermediate adds the aryl

Ar Ar_ Br  P(0-CgHsMe)s
—/— L-Pd-L ——= Pd Pd

Br  (0-CeHaMe)sP” 'Bf CAr
2

ArBr
Ar Br
—pd- -L ArB AN
(L-Pd-L]3 [-Pd) 250 Pi —— 2
L= P(o-C5H4Me)3 +L (0—C6H4Me)3P
SH—S
ArBr Ar_ Br
[L-Pd-S] — /Pd\ — > 2
+ArBr | | — ArBr (0-CgHsMe)3P S
-L +L
Ar_ Br
L——~ [L—Pd-(ArBr)] —= Pd —— 2

(0-CeHaMe)sP”

Scheme 4. Potential mechanisms for oxidative addition of aryl halides to 3.
S =solvent.

halide. A second mechanism involves formation of a solvated
one-coordinate 12-electron intermediate ligand dissociation
and then addition of aryl halide to this solvated species. In a
third pathway reversible displacement of a phosphane ligand
by aryl halide takes place to generate an aryl halide complex
with the carbon-halogen bond intact. Reaction rates in
benzene, toluene, and p-xylene were all essentially identical,
despite their different abilities to coordinate a transition
metal. Thus, it is unlikely that a complex with solvent directly
bound to the metal is an intermediate. It was not possible to
distinguish between the other two intermediates, but a mono-
phosphane complex clearly lies on the reaction pathway for
this addition process and on the catalytic cycle for reactions
involving 3.

Oxidative addition to a mono-phosphane —palladium com-
plex is unusual, but is a reasonable pathway if one bears in
mind that reductive eliminations often occur from mono-
phosphane —palladium complexes.'* 41 These reductive
eliminations from mono-phosphane —Pd! species would form
a mono-phosphane-Pd’ complex as the initial metal
product; these Pd® products are similar to the intermediate
in the oxidative addition of aryl halide deduced from kinetic
studies.
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8.2. Transmetalation Processes

In the case of C—C bond-forming cross-coupling, as well as
amination and etheration, transmetalation processes convert
the palladium-aryl halide complexes into the intermediate
that undergoes reductive elimination of the final organic
product.’% 5L 1391411 There has been scattered evidence that
this reaction involves mono-phosphane intermediates,'*! but
much of this data was based on catalytic processes, rather than
direct, stoichiometric observation of the transmetalation
process. Further, no information was available on transmeta-
lations involving tin amides or thiolates.

8.2.1. Mechanism of Transmetalation with Tin Amides

The thermodynamics and relative reaction rates for indi-
vidual steps of the transmetalation and reductive elimination
varied depending on the type of tin reagent. However, the
mechanisms for the reactions of tin amides, tin thiolates, or
trialkylaryltin reagents all involved analogous mono-phos-
phane - palladium intermediates (Scheme 5).4*l The dimeric

L. Br RsSnR' L R
12 Pd/ —#— Pd / — AR’
S A
Ar 5 k r 2
1, L=P(0-CgH4Me)3

k)

L. BrRrgsnr Lo R '
Pd  — = Pd —AR
Ar 2 Ar

4, L=P(0-CgH4Me); + R3SnBr
5, L=PPhj

+ R3SnBr

Ky, L +L, ko

L. Brrgspr L. R
Pd Pd  — AR’
L

, .

AL K Ar
2, L=P(0-CHaMe)s + RaSNB
L'=HNMe,
3, L=L'=PPh,

Scheme 5. Potential mechanism for transmetalation between tin reagents
and palladium-aryl halide complexes. R =Me, Bu; R’'=Ph, StBu, SAr,
NMe,.

[Pd{P(o-CH,Me);}(p-CsH,Me)(Br) |, (4a) was cleaved rever-
sibly to form a 14-electron mono-phosphane complex before
reaction with Bu;SnPh. The monomeric [Pd(PPhs),(p-
C¢H,Me)(Br)] (9) underwent reversible dissociation of phos-
phane before reacting with Bu;SnPh or Bu;SnSsBu. The
transmetalation process with tin thiolates was endothermic
and reversible. Similarly, reaction of Bu;SnNEt, with 4a
reversibly formed the monomeric, mono-phosphane amido
intermediate [Pd{P(0-C;H,Me);}(p-CsH,Me)(NEL,)]. The re-
versibility of these reactions was determined by the inverse
reaction order in product Bu;SnBr. As a result of the
requirement for monophosphane intermediates, palladium
complexes with chelating ligands were not effective in the
amination chemistry involving tin amides.[*’]

8.2.2. Mechanism of Palladium — Amide Complex
Formation from Amines

The mechanism by which palladium — aryl halide complexes
are transformed into palladium — aryl amido complexes by the
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combination of amine and base is clearly very different from
that of transmetalation with tin, and is more relevant to the
most convenient method for conducting the amination
chemistry. One pathway for generation of the amido complex
from amine and base would be reaction of the metal complex
with the small concentration of amine that is present in the
reaction mixtures. This pathway seems unlikely considering
the two directly observed alternative pathways discussed
below and the absence of benzyne and radical nucleophilic
aromatic substitution products that would be generated from
a reactive alkali amide.

Paul, Patt, and Hartwig showed that the dimeric aryl halide
complexes 4 react with a variety of amines to form mono-
metallic, amine-ligated aryl halide complexes [Pd{P(o-
C¢H,Me)s}(amine)(Ar)(Br)] [10, Egq.(22)].l'*Y Buchwald

Ar_ Br R'RHN Ar
PN N

Pd_Pd —— Pd (22)
(0-CgHaMe)sP”  'Br Ar 2HNRR'  Br” “p(0-CqHsMe)s
4 10

LP(0-CgHsMe)3

and Widenhoeffer published similar results subsequently and
showed that primary amines can even displace the phosphane
ligand.['*+-14] These amine complexes are important in the
catalytic cycle because the acidity of the N—H bond is
enhanced when coordinated to the metal. Amine-ligated aryl
halide complexes can be formed in a similar fashion from
[Pd(PPh;),] in cases where the amine can coordinate intra-
molecularly.[* ]

The amine-ligated aryl halide complexes react with alk-
oxide or silylamide bases to form arylamines [Eq. (23)].147
The reaction of [Pd{P(o-CsH,Me);}(HNE,)(p-C¢H Bu)(Br) |
(10a) and LiN(SiMe;), occurred immediately at room tem-

RRHN_ A RRN, Ar
Pd _base _ Pd\e —Br
Br’ L Br’ L

L=P(0-CgHaMe)s 23)

RRN_  Ar

AL
Pd_ ——— AMRR'+ [L-Pd-L]
L

perature to form the arylamine in greater than 90 % yield.
Low-temperature reactions conducted in an NMR tube
allowed direct observation of the anionic haloamido complex
[Pd{P(o-C,HMe);}(NEL,)(Ar)(Br)]~.'* The neutral metal-
lacycle [{Pd(PPh;)(n*-NC.H,C¢H,)},] was formed after
deprotonation of the azametallacycle [Pd(PPh;)(#?-
NHC,H,C,H,)(I)] [Eq. (24)].%% %l One experimentally sup-
ported mechanism for generation of the amido aryl inter-
mediate is coordination of amine to form a square-planar 16-
electron complex that reacts with base.

PPh3 KN(TMS)2 O PPh3 SR
NHZ | O NH/ 20°C, 92% N

LiN(SiMe;), and alkoxides have similar basicities in organic
solvents'¥l and are both suitable for the tin-free amination
chemistry. LiOrBu is generally unreactive as a base in the
amination processes, while KOrBu tends to generate black

+ [L4Pd]
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solutions with inactive catalyst.” With the exception of
intramolecular chemistry at relatively high reaction temper-
atures,*®! bases weaker than alkoxides tend to be ineffective
for reactions employing P(o-C¢HMe); or PPh; as ligand
because the electron-rich metal center they create is only
weakly Lewis acidic.

An alternative pathway would involve reaction of a
palladium —amido aryl complex with alkoxide or silylamide
base to form an intermediate alkoxide or amide that might
react with amine to form the required amido aryl intermedi-
ate. This pathway seems to occur for aryl halide aminations
catalyzed by complexes with chelating ligands. The inorganic
chemistry involved in this transformation is unusual, since the
reaction between an alkoxide complex and an alkylamine to
form an amido complex had not been observed previous to
the work described below.

The reaction of [{Pd(PPh;)(Ph)(xu-OH)},] (11) with primary
alkylamines to generate palladium-amido complexes and
water [Eq. (25a,b)]7> ] was an initial indication that the

R
Ph, HZH— 80°C,2h  ph. NH pp
Pd Pd (25a)
PhgP’ /
3 QNHZ or HZNJ\/ PhsP” “ofy 'PPhs
20°C,8h
20°C,8h Ph, /N'j _Ph
Pd Pd (25b)

HoN \( PhsP \g,q “PPh,

conversion of an alkoxide into an amide could be occurring
during the catalytic cycle. These reactions are reversible, but
the equilibrium favors the amido complex. The Kkinetic
behavior of the reaction was counterintuitive. The reaction
of 11 with sec-butylamine was second order with respect to the
amine, even though a single amido group was formed during
the reaction [Eq. (25a)]. Extensive kinetic studies supported
the mechanism in Scheme 6 involving reversible reaction of

H
L. 0

O 2H,NR L_ JOH L. H0
Pd/ ~——= Pd —/= Pd
PR X —2H,NRPK "H,NR  Ph’ "HNR
11
L. OH L. OH
- Pd Pd

Ph" "H,NR || Ph¥ "H,NR

H H
L. 00 L —H,NR L. O HoNR
pd pd =—— Pd Pd 4+ H0

PR "N PN Ph \HR | Ph

Scheme 6. Mechanism for the reaction of a palladium hydroxide with
amine.

two amines to cleave the hydroxo dimer. After cleavage of the
dimer, internal proton transfer within the square-planar
complexes would occur, which is in contrast to the coordina-
tion and external deprotonation observed for the P(o-
C¢H,Me); complexes.

The potential of amines to convert alkoxo complexes into
amido complexes in analogous systems with chelating ligands
was evaluated recently.™ [Pd(dppf)(p-C¢H,Bu)(OrBu)}
(12a) reacted with diphenylamine, aniline, or piperidine as
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shown in Equation (26) to give the product of amine arylation
in high yields.[” Since no alkali metal is present in the system,
the palladium amide is formed by a mechanism that cannot
involve external deprotonation by alkali metal base.

Bu Bu
/C HNRR' C [D1s]PPhs
(dppf)Pd, (dppf)Pd, v +< >NRR' (26)
omu — BUOH NRR 25-75°C + Pd®
12a 92-100%

R=R'=p-CeHsMe
R=H, R'=Ph
NRR'=N_)

In the actual catalytic process, it is possible that coordina-
tion of amine and deprotonation are faster than substitution
and N—H bond cleavage. However, stoichiometric reactions
of [Pd(dppf)(p-C¢HytBu)(Br)] (13) with amine and alkoxide
base rapidly gave rise to 12a, indicating that substitution is
faster than coordination and deprotonation. This alkoxide
forms the arylamine product by reaction with amine.['* The
exact mechanism for N—H bond cleavages by palladium
complexes containing chelating ligands is not clear at this
time, but palladium —amido complexes are certainly thermo-
dynamically accessible by reaction of a palladium alkoxide
with free amine.

8.3. Reductive Eliminations of Amines and Ethers

Reductive elimination of amines and ethers is the key bond-
forming step in the catalytic amination and etheration
processes. These reactions were unknown a couple of years
ago. There are now several examples, and the factors that
control the rates of this process are beginning to be under-
stood. The identity of the intermediates in some of these
reductive elimination reactions has recently been uncovered.
In some cases the reactions appear concerted. In other cases,
particularly related reactions that involve eliminations from
nickel complexes to form alkyl —nitrogen bonds, the reductive
elimination may involve radical processes.

8.3.1. Reductive Elimination of Amines from
Palladium Complexes

The best understood examples of reductive eliminations
that form the C—N bond in amines involve palladium
complexes. Both Boncella et al.”!! and Hartwig et al.[6% 6 ]
have observed these reactions from palladium—amido aryl
complexes. Our group has studied the mechanism of this
process in detail.[®*1 Although monomeric and dimeric
amido complexes have been isolated, the monomeric species
undergoes reductive elimination. For complexes with mono-
dentate ligands, kinetic studies indicated that the actual C—N
bond formation occurs simultaneously from both three- and
four-coordinate intermediates. With chelating phosphanes,
the chemistry is, therefore, likely to occur from the four-
coordinate complexes observed in solution. The reductive
elimination of arylamines is favored by increasing nucleophi-
licity of the amido group and increasing electrophilicity of the
aryl group.
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The mechanisms of the reductive eliminations in Scheme 7
were studied.[®® *! Potential pathways for the reaction of 14
are shown in Scheme 8. The reductive eliminations from the
monomeric diarylamido aryl complex 14 illustrate two

80°C_
PhgP— Pd PPhs

PPhs )©/ \©\+[(Pph3)4pd]

90%
rate = Kops[14]

H
N—Ph

87%
rate = kops[15]2

NH _PPhs
/Pd/ o
Phep” X EXS
90%
rate = Kops[16]

16

Scheme 7. Reductive elimination of arylamines from PPh;-ligated Pd"-
amide complexes.

path A Ar g
Lpd. —> ArNAr, + PdO

+L N
K% NAr',

Ar L K L AN g
N 2 N 2 » Ar-NAr,

VAR . 0
L NAr2 pathB LU NAr + Pd

A

path C “NAr A

Ar-NAr',
—_—

ks + Pd°

Scheme 8. Potential mechanisms for reductive elimination of arylamines
from PPh;-ligated Pd"—amide complexes.

important points of the elimination reactions. First, these
reactions were first-order, demonstrating that the actual C-N
bond formation occurred from a monomeric complex. Sec-
ond, the observed rate constant for the elimination reaction
contained two terms [Eq. (27)]. One of these terms was

dire]_ Kops [14]
d[ — Robs
(27)
K; ks
where kg, = Kk, + ———
[PPh;]

inverse first order with respect to PPh; and the other was zero
order with respect to PPh;. These results were consistent with
two competing mechanisms, path B and path C in Scheme 8§,
occurring simultaneously. One of these mechanisms involves
initial, reversible phosphane dissociation followed by C—N
bond formation in the resulting 14-electron, three-coordinate
intermediate. The second mechanism involves reductive
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elimination from a 16-electron four-coordinate intermediate,
presumably after trans to cis isomerization.

The dimeric amido complexes underwent reductive elim-
ination after cleavage to form two monomeric, three-coor-
dinate, 14-electron amido complexes. In the case of the anilido
dimer 15, a half-order rate dependence in the palladium
complexes showed that the reductive elimination occurred
after reversible cleavage of the dimer to form two monomers.
In the case of the tert-butylamido complex 16 rapid reductive
elimination occurred after irreversible dimer cleavage. This
conclusion was supported by reaction rates that were first
order with respect to the palladium dimer and by the lack of
crossover during the reductive elimination reactions contain-
ing two doubly labeled dimers.

The observation that the reductive elimination process
involved a pathway through four-coordinate, presumably cis,
monomeric amido aryl complexes led to the preparation of
palladium —amido complexes with chelating ligands.! Re-
sults with these complexes confirmed this conclusion and led
to the development in our lab of second-generation catalysts
based on palladium complexes with chelating ligands.">!1 The
palladium —amido aryl complexes with DPPF ligand in
Scheme 9 underwent reductive elimination of arylamines in

Ph,
LiNolyl), &R _Ph 750
Fe 'Pd\ ~ PhN(tolyl),
THF 255" “Ntolyl),8 N
Ph,
Ph, Ph,
&R _Ph Vs S Ph  25°C
Fe  Pd_ Fe Pd|  yp HNPh
a N LNHPh 2S5 Syppy
Ph, Ph,

Scheme 9. Reductive elimination of arylamines from DPPF-ligated palla-
dium —amido complexes.

high yields.l ®! The rates for these reactions were first order
with respect to palladium and zero order with respect to the
trapping ligand. Thus, the data on the reductive elimination
reactions is consistent with a direct, concerted formation of
the C—N bond from the four-coordinate cis-DPPF complex.

Because the reductive elimination from DPPF-ligated
palladium complexes did not involve geometric rearrange-
ments or changes in coordination number before the rate-
determining step, the DPPF complexes allowed for an assess-
ment of the electronic properties of the transition state in this
reaction. The relative rates for elimination from amido groups
was alkylamido > arylamido > diarylamido. This trend im-
plies that the more nucleophilic the amido group, the faster
the elimination process. Variation of the aryl group showed
similar results to an extensive study of the electronic aspects
of C—S bond-forming eliminations of sulfides [Eq. (28)].%!

Ph,
P Ar 50 °C —~
Pd_ e ATSR (90-95%) + [(PPhg)sPd] + [(L L),Pd] (28)
P’ S-Bu 3
Ph,
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The data for electronic effects on sulfide and amine elimi-
nations presented in Figure 2 were similar. They point out that
electron-withdrawing groups accelerated the reductive elim-
ination process and that substituents with large oy values for

log(k/k,)

Figure 2. Analysis of electronic effects on the reductive elimination of aryl
sulfides (top; pr/o1=3, pr=2.3, p;=0.77) and arylamines (bottom;
Pr/p1=2, pr-=3.9, py=1.9) by considering a combination of the sub-
stitution constants o7 and 0%.

the resonance effect affected the reaction rates more than
substituents with large o; values for the inductive effect.
Resonance effects were stronger than inductive effects,
perhaps due to arene coordination during the reaction. In a
more rough sense, the amido group acts as a nucleophile and
the aryl group as the electrophile.

8.3.2. Reductive Elimination of Amines from
Nickel Complexes

Koo and Hillhouse have shown that the reductive elimi-
nation of amines can also occur from nickel complexes.[’? This
research group has prepared nickel-arylamido alkyl com-
plexes by insertion of the NAr fragment from aryl azides into
Ni—C bonds.'"?] A variety of the amido alkyl complexes
undergo reductive elimination to form alkylarylamines as
shown in Scheme 10. This transformation differs from the

NPh

PhN
. N3Ph ) 20 °C

(bpy)Ni W« T (bpy)Ni =
\ —N3z 48 h

[(AcCp)2Fe]* (85%)
I» (87%), O, (69%)

20°C
Scheme 10. Oxidatively induced reductive eliminations of amines from
Ni'—amido complexes generated in situ. Cp = cyclopentadienyl.

palladium chemistry by forming a C—N bond between an
amido group and an alkyl rather than an aryl group.
Furthermore, most of these reductive elimination reactions
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occurred only after initial oxidation by I,, O,, or [Cp,Fe]*,
although one example of thermally induced elimination from
the bpy-nickel fragment (bpy=2,2"-bipyridine) was ob-
served. In the case of acyclic amido aryl complexes, the yields
were lower for the reductive elimination process. This result,
coupled with the information that single-electron oxidation
triggers the elimination process, led Hillhouse to propose an
alkyl or aminyl radical as an intermediate in these reac-
tions.[!

A subsequent report from Hillhouse’s lab focused on
phosphane-ligated nickel complexes. He showed that con-
sumption of phosphane by the azide led to rapid nonoxida-
tively induced eliminations to form nitrogen heterocycles
(Scheme 11).'% Thus, the phosphane-ligated nickel centers
may react by different pathways than the bpy-ligated com-
plexes.

MgCI

ty,

3NgPh_

3N,
22 RN=PRs

[NiC|2(PR3)2]

Scheme 11. Reductive elimination of indolines from Ni! amides generated
in situ.

8.3.3. Reductive Elimination of Ethers from
Palladium Complexes

The reductive elimination of ethers from palladium com-
plexes was recently reported by Mann and Hartwig, and these
reactions were the first examples of C—-O bond-forming
reductive eliminations of aryl ethers.™ The ability of tran-
sition metal complexes to perform this reaction is crucial to
generalization of the catalytic conversion of aryl halides into
aryl ethers.

The reductive elimination chemistry reported by Mann and
Hartwig is shown in Equation (29). The scope of this reaction

J o
[D15]PPh3
dppf)Pd_ ———>OHC OBu + Pd°
(dpp )leOtBu 7 80°C &

(29)

can be understood in terms of the electronic effects on amine
and sulfide eliminations. The alkoxo ligand is less nucleophilic
than an amide or thiolate. As a result, its participation in high-
yielding reductive elimination reactions is so far limited to
electrophilic aryl groups. Thus, the DPPF-ligated alkoxo aryl
complex with an electron donating substituent, even a weak
one, does not undergo reductive elimination of ether in
significant yields. However, the alkoxo aryl complex 12b, in
which the aryl group contains a substituent that is an electron
acceptor in a resonance fashion, does give high yields of
alkoxo aryl complex under thermal reaction conditions.

8.3.4. Reductive Elimination of Ethers from
Nickel Complexes

Oxidation induces reductive elimination of ethers from
cyclic alkoxo alkyl complexes of nickel in a similar fashion to
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the oxidatively induced reductive elimination of amines from
bpy —nickel amido alkyl complexes. Hillhouse’s group has
prepared oxametallacycles of nickel by insertion of the
oxygen atom of N,O into nickel-alkyl compounds.['>4
Oxidation of these complexes by I,, O,, and [Cp,Fe]* led to
the reductive elimination of oxygen heterocycles, albeit in
fairly low yields [Eq. (30)].7%] The yields are only mildly

(bpy)NuC( me (bpy)Nl\:?< v S Z 30)

R=H, Me

dependent on substitution of the metallacycle. Acyclic alkoxo
alkyl complexes did not undergo oxidatively induced reduc-
tive elimination to form acyclic ethers. The reduced nucleo-
philicity of the alkoxo group relative to the amido group may
also be important in the mechanistically distinct chemistry of
the bpy-nickel complexes, or the greater M—O bond
dissociation energy relative to that of M-NI 151 may
disfavor the proposed radical intermediates.

8.4. Competing -Hydrogen Elimination

The amination chemistry depends on the absence of
irreversible f-hydrogen elimination from the amido com-
plexes before reductive elimination of amine. The conversion
of aryl halides into aryl ethers similarly depends on reductive
elimination being faster than -hydrogen elimination from an
alkoxide. At the early stages of the development of the
amination chemistry, it was remarkable that the unknown
reductive elimination of arylamines could be faster than the
presumed rapid”® 7! B-hydrogen elimination from late tran-
sition metal amides. In fact, directly observed f-hydrogen
elimination from late transition metal —amido complexes was
rare, and no examples occurred irreversibly from a simple
monomeric amido species.[® At this point, it is clear that C—N
bond-forming reductive elimination of amines and ethers can
be rapid, and that -hydrogen elimination can be slow.

8.4.1. f-Hydrogen Elimination from Amides

B-Hydrogen elimination from amido complexes is a process
that was assumed to be rapid, but that had not been observed
directly with monomeric amido complexes until recently.
Fryzuk et al. have studied the related insertion of imines into a
dimeric, bridging hydride of Rh! [Eq. (31)].%¢ Their results
showed that imine insertion was reversible upon use of
isoquinoline, suggesting that insertion and elimination proc-
esses are nearly thermoneutral.

~ Ph
RN
Ry Rz 18R,
N \ / 25°c Cemin NG P
RR RH Rh (31)
7 \ / \ /N 7
P PH P
Ry Rz R2

R=/Pr, OiPr

Recently, Hartwig prepared 16-electron, square-planar
amido complexes that undergo irreversible S-hydrogen elim-
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ination.'® This observation allowed the beginning of a
mechanistic understanding of this process, but also high-
lighted the unfounded assumption that this A-hydrogen
elimination process is typically rapid. Three different mono-
meric amido complexes with S-hydrogen atoms were pre-
pared from Vaska’s complex (Scheme 12). All three com-

LINCHPR)Ph  OCu,, PPhs 110°c NN

C \ > C.
PhsP N(CHzPh)Ph H” Ph 18
95% 95%

OCu,, wPPha  LiNMePh OCu,, wPPhs 135°C,1d NPh - o
' v N
PhsP cl PhgP NMePh  75%  .C
3 3 € H™ “N(Me)Ph
OCu,, wPPhs 700 _
+ — <
1.1 equiv PheP”” \ 1h HZNﬁ_ "
LINHCH,CHMe, ﬁ_ 45% 45%

+18 (85%)

Scheme 12. f-Hydrogen elimination from Ir'—amido complexes.

plexes underwent high-yielding S-hydrogen elimination proc-
esses, two of which gave unexpected products from imine
disproportionation. In the case of elimination from the N-
benzyl anilide 17 the reaction produced iridium hydride 18
and imine in nearly quantitative yields. f-Hydrogen elimi-
nation from the anilides required temperatures of 100°C or
above, and elimination from the alkylamide proceeded at
70°C. In contrast, Schwartz et al. showed that the analogous
alkyl complexes underwent S-hydrogen elimination below
room temperature.['36 157]

The mechanism for $-hydrogen elimination from 17, which
forms a stable imine product, involved monomeric amido
complexes. The intermediate that underwent C—H bond
cleavage was a l4-electron, three-coordinate complex that
formed by reversible phosphane dissociation [Eq. (32)].

OCIHH| \\\\‘Pph3 ——PPh3 OCI}"l ‘ —
Phgpf ‘N(Bn)Ph T PPhy PhgP N(Bn)Ph
(32)
PhN
OCu SCHPh . NPh
—
Ph3P( b e uC e

Importantly, there was no detectable competing S-hydrogen
elimination from a 16-electron, four-coordinate complex. The
mechanism for B-hydrogen elimination from a 14-electron
intermediate parallels that for S-hydrogen elimination from
square-planar alkyl complexes.['** 1% B-Hydrogen elimination
from the alkylamido complex and from the N-methyl anilide
were less well defined, and firm conclusions on the coordi-
nation number of the complex that loses the 3-hydrogen atom
requires further study.

p-Hydrogen elimination from alkoxo complexes has been
observed previously on two different types of systems, but
these studies led to ambiguous mechanistic conclusions. The
presence of a chelating phosphane on the complexes in
Equation (33) prevented determination of the coordination
number of the species undergoing [-elimination, and the
value of 1.33 obtained for the order with respect to MeOH for
the reaction in Equation (34) was difficult to explain.
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+ [(PPhg)3(CO)IrH]

R, OMe
\Pd/ _— (33)
RH + H,CO

AN
o R

Pha  R=Et, OMe

H
MesPs,. ! wOMe

H
MezPu,, ! WH
r 1rs (34)
MezP” é I‘PMe3

r + H,CO
r\/|e3|37(|:|‘|>r\/|e3 2

Unpublished studies on S-hydrogen elimination from Vaska-
type alkoxo complexes that are analogous to the amides in
Scheme 12 suggest a mechanism for $-hydrogen elimination
from alkoxo complexes that is distinct from that for (-
hydrogen elimination from amides.['® The rates for S-hydro-
gen eliminations from the alkoxides are also faster than in the
case of the amides.

8.5. Selectivity: Reductive Elimination versus
f-Hydrogen Elimination

Two studies have been conducted on the effect of steric and
electronic properties of ligands on the relative rates for
reductive elimination of amine and f-hydrogen elimination
from amides. One investigation focused on the amination
chemistry catalyzed by palladium complexes with P(o-
CeH,Me); ligands,'®!] while the second dealt with the chem-
istry catalyzed by complexes containing chelating ligands.'™¥

Studies of aryl halide amination with secondary amino-
stannanes and palladium catalysts bearing P(o-C;H,Me);
ligands is summarized in Scheme 13. They revealed four

= X

accelerated by:

reductive
elimination

7 32X 7 3 X 1. electron-withdrawing group X
= BusSnNRy = g :g;gg::. I_more donating group R
LPd] ————LPd] - 1arg
Br m NRz

p-hydrogen
elimination

H@ (+imine)

Scheme 13. Factors controlling the selectivity for amination versus hydro-
dehalogenation of aryl halides.

factors that control the relative degrees to which aryl halide
hydrodehalogenation and amination occur. First, a certain
amount of arene was formed by the reduction of Pd" dihalides
to the active Pd° catalyst; the mechanism for this reduction
was not explored. Second, electron-withdrawing groups on
the aryl ring gave more amination and less hydrodehaloge-
nation than those with electron-donating groups. This result is
consistent with the faster reductive elimination of amines with
electron-poor aromatic groups discussed above. N-Alkyl
arylamides provided more hydrodehalogenation, consistent
with arylamides undergoing reductive elimination of amines
more slowly than the dialkylamides. Further, deuterium-
labeling experiments showed that the majority of the deha-
logenation product formed after catalyst initiation resulted
from f-hydrogen elimination from the amido group.

The final point concerned the steric effects of the phos-
phane aryl groups on the relative amounts of arene and
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arylamine produced. Careful monitoring of the products from
both stoichiometric and catalytic reactions employing palla-
dium complexes containing P(0-CsH Me);, P(0-C,H,Me),Ph,
P(0-C,H,Me)Ph,, and PPh; ligands showed monotonically
decreasing ratios of amine to arene as the size of the ligand
decreased. Since arene formation by hydrodehalogenation
occurred predominantly by S-hydrogen elimination, it is clear
that larger phosphane ligands enhance the reductive elimi-
nation of amines at the expense of S-hydrogen elimination
processes. Reductive elimination of amine decreases the
metal’s coordination number, while S-hydrogen elimination
from an amide either increases the metal’s coordination
number because of formation of a coordinated imine along
with the hydride or maintains the same coordination number
if imine is extruded without coordination. Large groups on the
phosphane ligand will enhance the rate of the reaction that
decreases the coordination number, and will, therefore,
increase the rate for reductive elimination'® of amines
relative to that for S-hydrogen elimination.

Results obtained with chelating ligands that display varied
steric properties contrasted those with monodentate li-
gands.'" Large, chelating phosphane ligands such as bis-
1,1’-(di-o-tolylphosphanyl)ferrocene gave more hydrodehalo-
genation product than did DPPFE. Reactions employing
electron-poor DPPF derivatives, which should generate a
more electron-poor metal that favors reductive elimination of
amine, produced more arene than did those employing
electron-rich DPPF derivatives. Furthermore, ligands with
large bite angles gave more arene than those with small bite
angles, which is in contrast to what would be expected from
previous studies that showed an increase in rate of C—C bond-
forming reductive elimination with increasing bite angle.['%?!
Although the origin of the unusual results with chelating
phosphanes in the amination chemistry are not fully under-
stood at this time, it is clear that chemistry other than
reductive elimination of amine and B-hydrogen elimination
from an amide is occurring. The arene produced from
reactions of amines that are deuterated at the position a to
the nitrogen atom or at the N—H group was primarily
protiated when the catalysts contained any of several chelat-
ing phosphane ligands. The source of hydrogen is currently
unclear, but much of the arene generated in reactions
employing DPPF or BINAP does not form by a simple j-
hydrogen elimination and C—H bond-forming reductive
elimination sequence.

8.6. Overall Catalytic Cycle with Specific Intermediates

At this time, one can put together the results on reductive
elimination and oxidative additions to make a justified
prediction about the mechanism for the amination chemistry
catalyzed by palladium complexes containing both mono-
dentate and chelating ligands. The catalytic cycles differ in the
coordination number of the palladium complexes involved
and the factors that control amination or etheration versus
aryl halide reduction. We have shown that the catalytic cycle
for the amination of aryl halides catalyzed by palladium
complexes with P(o-CsH,Me); ligands exclusively contains
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mono-phosphane intermediates. In contrast, the chemistry
catalyzed by palladium complexes with DPPF or BINAP
ligands involves bis-phosphane complexes as a result of ligand
chelation and the fact that reductive elimination can occur
without ligand dissociation.

8.6.1. Mechanism for Amination Catalyzed by Palladium
Complexes with P(o-C;H Me); Ligands

Scheme 14 shows an experimentally supported mechanism
for amination catalyzed by P(o-CsH,Me); complexes. The Pd°
complex is a 14-electron two-coordinate species that loses one

reduc
[LoPd}e— <— [LoPdBr;]
1

red.
elim. RaNAr +Lﬂ -L ArBr

of LPd :
amine (L) gé‘é’h
Ar, Ar. Br +L L /Br
X LPd PdL == F’d/ Pd
“NR R T
B-H elim. 2
BugsnBr‘k\ _Br )}‘ R2NSnBug L'=NHR;
NRZSnBua

5
transmetalatlon of amido group

L=P(0-CsHaMe)s

Scheme 14. Overall mechanism for aryl halide amination catalyzed by
palladium complexes with P(o-C¢H,Me); ligands.

of the phosphane ligands before oxidative addition of the aryl
halide. This conclusion was supported by kinetic studies on
the stoichiometric oxidative addition of aryl halides to 3. This
process generates an aryl halide complex that is isolated as a
dimer, but which reacts in the catalytic cycle as a monomer.
During reactions involving amines in the presence of base,
amine cleaves the dimeric aryl halide complexes to form a
mono-phosphane, amine-ligated aryl halide complex. Stoi-
chiometric reactions of these amine complexes with base
show that the coordinated amine is deprotonated by base to
generate a three-coordinate amido species that undergoes
rapid reductive elimination. In addition to these stoichiomet-
ric studies, studies on the rates of kinetically well-behaved
catalytic reactions involving tin amides showed that mono-
meric, mono-phosphane complexes of palladium were the
intermediates of the actual catalytic cycle. Furthermore, the
kinetic studies revealed an inhibition by tin bromide by-
product, and this product inhibition allowed for kinetic
detection of the monomeric, mono-phosphane amido aryl
intermediate. In the case of monodentate ligands, the use of
large phosphanes accelerates the overall rate by favoring the
formation of mono-phosphane complexes, and leads to high
yields by accelerating reductive elimination relative to (-
hydrogen elimination.

8.6.2. Mechanism for Amination Catalyzed by Palladium
Complexes with Chelating Ligands

Scheme 15 shows a mechanism for the amination of aryl
halides catalyzed by DPPF —palladium complexes which is
presumably similar to that for reactions catalyzed by

2063



REVIEWS

J. F. Hartwig

ArNFlg?/ [(dppHPdC] \i O_

Phy
ellm L3P Ar @_—P Ar
blocked <—#— Fe Pd Pd
by chelation 25 p 'NHR L}p "X
Phy Phy
Phy
HO®BU @——P Ar
N
HoNR @—P OtBu _T\]Oafu

Phy

Scheme 15. Overall mechanism for aryl halide amination catalyzed by
palladium complexes with DPPF ligands.

BINAP -palladium complexes. In this case, the resting state
of the catalyst, the relative rates and reversibility of the
various steps, and the reaction orders with respect to the
different components for the overall reaction are not known.
Furthermore, a variety of ligand transformations can occur
over the course of the reaction. However, existing data do
provide a reasonable mechanism for the catalytic process,
assuming that ligand transformations do not disrupt the
chelating properties of the ligand.l'* In the case of palladium
complexes with chelating ligands, the Pd’ complex that
undergoes oxidative addition of aryl halide most likely
contains one chelating ligand. This reaction would lead to a
[PAL,(Ar)(X)] complex.l'3l The amido aryl complex that
would result from reaction of the aryl halide complex with
amine and base is also a bis-phosphane complex."”! Mecha-
nistic studies on the reductive elimination of amine from
amido aryl complexes show that these complexes would
undergo reductive elimination directly from the 16-electron,
four-coordinate complex, in contrast to reductive elimination
from the mono-phosphane, 14-electron, three-coordinate
amido complex containing P(o-C¢H,Me); ligands. For reac-
tions involving chelating phosphanes, the selectivity for
reductive elimination rather than S-hydrogen elimination
results from chelation blocking phosphane dissociation and
accompanying pathways for -hydrogen elimination from 14-
electron, three-coordinate species. Although many mechanis-
tic questions have not been answered at this point, these
results provided a general, experimentally supported pathway
for reactions catalyzed by complexes with monodentate and
chelating phosphane ligands.

9. Summary

The amination of aryl halides and triflates catalyzed by
palladium complexes is suitable for use in complex synthetic
problems. Many substrates will produce high yields of mixed
arylamines with one of the existing catalyst systems. Never-
theless, there are also many combinations of substrates for
which the amination chemistry must be substantially im-
proved. For the most part, these reactions involve nitrogen
centers, such as those in pyrroles, indoles, amides, histidines,
and other heterocyclic groups that are less basic than standard
alkylamines, or they involve arenes that are electron-rich.
Furthermore, it is important to develop increasingly mild
reaction conditions and to increase the number of turnovers.
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The palladium-catalyzed synthesis of aryl ethers from aryl
halides is more limited at this time, but could become a
synthetic method that may ultimately provide a general route
to aryl ethers. Currently, alkoxides will react with electron-
deficient aryl halides in good yields in nonpolar solvents to
generate ether products upon use of either palladium or
nickel catalysts. Diaryl ethers have recently been formed from
palladium-catalyzed substitutions of aryl halides with phenols,
but again this process is limited to electron-deficient aryl
halides. This combination of substrates is clearly important
since these ethers are not produced conveniently under mild
conditions by classical methods, and, as discussed in the
introduction, since they are important structural types in
thermally stable polymers and biologically active natural
products.

10. Appendix

Synthetic improvements, new mechanistic information,
further applications, and new classes of amination reactions
are constantly appearing. Several papers that describe im-
portant synthetic results have been published since the
submission of this manuscript. Thus, they are included in this
appendix for readers interested in the most recent develop-
ments.

Nishiyama et al. reported the use of tri-fers-butylphosphane
for the amination of piperazine at low catylyst loadings.['%]
Rossen, Pye, and co-workers described the amination of a
dibromocyclophane for kinetic resolution.l'®! They also
showed that 4,12-bis(diphenylphosphanyl)[2.2]paracyclo-
phane (PHANPHOS) is a more effective ligand than BINAP
for amination of some aryl halides.

Buchwald’s group has reported the amination of aryl
chlorides with nickel complexes,'] Tanaka’s group the
palladium-catalyzed amination of aryl chlorides with use of
tricyclohexylphosphane,'®®! and Beller and Herrmann the
amination of electron-poor aryl chlorides with a pallada-
cycle.l'¥] Senanayake et al. described the amination of a 2-
chloro-1,3-diazole derivative for the synthesis of H;-antihis-
taminic norastemizole.!'’"]

Buchwald and co-workers have published the use of
Cs,CO; in combination with Kumada’s ligand to give im-
proved functional group compatibility for the amination of
aryl halides,'’!! and the use of Cs,CO; for the amination of
aryl triflates!'’? to alleviate competing triflate cleavage. His
group has also reported the use of benzophenone imine as a
surrogate for ammonia.l'”” Darses et al. described the room-
temperature amination of arene diazonium salts,' and
Buchwald et al. reported the room temperature amination
of aryl halides with use of crown ether additives.['”]

In 1996 Ma and Yao had reported a synthesis of chiral N-
aryl-a-amino acids by Pd/Cu-catalyzed couplings of chiral a-
amino acids with aryl halides,'”® and Buchwald and co-
workers recently evaluated the enantiomeric integrity of
products obtained from the palladium-catalyzed arylation of
optically active amines in the absence of copper.'””! Belet-
skaya et al. reported the amination of polyamines,'”®l and
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Buchwald’s group prepared end-functionalized oligomers of
poly(p-aniline).!'7)

Buchwald’s group published mechanistic studies on the
reductive elimination of aryl ethers from aryl alkoxo com-
plexes generated in situ, but not isolated,™ and Hillhouse
and co-workers reported data on the selectivity for reductive
elimination versus f-hydrogen elimination from nickel —al-
koxo complexes.['8!]

Hartwig’s group reported the polymerization of N-aryl-
bromoanilines, as well as the copolymerization of dihaloar-
enes and diamines for formation of donor-acceptor poly-
mers.'® They extended aryl ether formation to the prepara-
tion of diaryl ethers from aryl halides and phenols; increased
yields were obtained upon use of electron-poor phosphane
ligands.'®] They also reported the arylation of pyrroles,
indoles, carbazoles, and benzophenone imine with DPPF-
ligated palladium complexes, along with information that
allows for a comparison of the relative rates for reductive
eliminations of arylamines, N-aryl azoles, and N-aryl
imines.'¥ Finally, they have demonstrated the arylation of
hydrazones and have isolated hydrazonato complexes that
allow for direct oberservation of the reductive elimination of
N-aryl hydrazones in high yields.['s"]

Portions of my group’s contributions to this work have been
supported by the National Institutes of Health and the Depart-
ment of Energy. We also gratefully acknowledge a DuPont
Young Professor Award, a Union Carbide Innovative Recog-
nition Award, a National Science Foundation Young Inves-
tigator Award, a Dreyfus Foundation New Faculty Award, and
a Camille Dreyfus Teacher— Scholar Award for support for this
work. The author is a fellow of the Alfred P. Sloan Foundation.
We also thank Johnson-Matthey Alpha/Aesar for donations of
palladium chloride. I am deeply indebted to Fred Paul, Michael
Driver, Janis Louie, Grace Mann, Blake Hamann, David
Barariano, Anna Davis, Steve Richards, and Joe Patt, the
graduate students, postdoctoral associates, and undergraduate
students in my laboratory who have contributed to this project
experimentally and intellectually.

Received: July 8, 1997 [A2411E]
German version: Angew. Chem. 1998, 110, 2154-2177

[1] R. A. Glennon, J. Med. Chem. 1987, 30, 1-12.
[2] H. Hugel, D.J. Kennaway, Org. Prep. Proced. Int. 1995, 27, 1-31.
[3] D. H. R. Barton, D. M. X. Donnelly, J. Finet, P. J. Guiry, J. M. Kielty,
Tetrahedron Lett. 1990, 46, 6637 —6640.
[4] G.J.S. Doad, J. A. Barltrop, C. M. Petty, T. C. Owen, Tetrahedron
Lett. 1989, 30, 1597 -1598.
[5] K. Hiroya, K. Hashimura, K. Ogasawara, Heterocycles 1994, 38,
2463 -2472.
[6] J. Setsune, T. Ueda, K. Shikata, K. Matsukawa, T. lida, T. Kitao,
Tetrahedron Lett. 1986, 42, 2647 —2656.
[7] D. L. Boger, D. Yohannes, Tetrahedron Lett. 1989, 30, 2053 —2056.
[8] D. L. Boger, D. Yohannes, Tetrahedron Lett. 1989, 30, 5061 —50064.
[9] D.L. Boger, D. Yohannes, J. Org. Chem. 1990, 55, 6000 -6011.
[10] D.L. Boger, D. Yohannes, J. Am. Chem. Soc. 1991, 113, 1427 -1429.
[11] D. L. Boger, D. Yohannes, J. Zhou, M. A. Patane, J. Am. Chem. Soc.
1993, 115, 3420-3430.
[12] D. L. Boger, J. Zhou, J. Am. Chem. Soc. 1993, 115, 11426-11433.
[13] D. A. Evans, J. A. Ellman, J. Am. Chem. Soc. 1989, 111, 1063 -1072.

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067

[14] H. Itokawa, K. Takeya, Heterocycles 1993, 35, 1467 -1501.

[15] A.J. Pearson, J. G. Park, J. Org. Chem. 1992, 57, 1744 -1752.

[16] S. Nishiyama, K. Nakamura, Y. Suzuki, S. Yamamura, Tetrahedron
Lett. 1986, 27, 4481 —4484.

[17] T. Kato, Y. Suzumura, S. Takamoto, K. Ota, Anticancer Res. 1987, 7,
329-334.

[18] K. Matsuzaki, H. Ikeda, T. Ogino, A. Matsumoto, H. B. Woodruff, H.
Tanaka, S. Omura, J. Antibiotics 1994, 47,1173 -1174.

[19] M. Nagai, M. Kubo, M. Fujita, T. Inoue, M. Matsuo, J. Chem. Soc.
Chem. Commun. 1976, 338 —339.

[20] N. Naruse, M. Oka, M. Konishi, T. Oki, J. Antibiotics 1993, 46, 1812 —
1817.

[21] A.J. Pearson, K. S. Lee, J. Org. Chem. 1994, 59, 2304 —-2313.

[22] A. Kitani, M. Kaya, J. Yano, K. Yoshikawa, K. Sasaki, Synth. Met.
1987, 18, 341.

[23] E-L. Lu, F. Wudl, M. Nowak, A. J. Heeger, J. Am. Chem. Soc. 1986,
108, 8311.

[24] A.G. MacDiarmid, J. C. Chiang, A. F. Richter, A. J. Epstein, Synth.
Met. 1987, 18, 285-290.

[25] A.G. MacDiarmid, A. J. Epstein, Faraday Discuss. Chem. Soc. 1989,
88, 317-332.

[26] A.G. MacDiarmid, A.J. Epstein in Science and Applications of
Conducting Polymers (Eds.: W.R. Salaneck, D.T. Clark, E.J.
Samuelsen), Hilger, New York, 1991, p. 117.

[27] A.Ray, A. F. Richter, D. L. Kershner, A. J. Epstein, Synth. Met. 1989,
29, E141 -E150.

[28] D. Vachon, R. O. Angus, F. L. Lu, M. Nowak, Z. X. Liu, H. Schaffer,
F. Wudl, A.J. Heeger, Synth. Met. 1987, 18, 297.

[29] M. Stolka, J. F. Yanus, D. M. Pai, J. Phys. Chem. 1984, 88, 4707.

[30] E. Ueta, H. Nakano, Y. Shirota, Chem. Lett. 1994, 2397.

[31] Y. Kuwabara, H. Ogawa, H. Inada, N. Noma, Y. Shirota, Adv. Mater.
1994, 6, 677.

[32] M. Strukelj, R. H. Jordan, A. Dodabalapur, J. Am. Chem. Soc. 1996,
118, 1213.

[33] P.E. Cassidy Thermally Stable Polymers: Synthesis and Properties,
Marcel Dekker, New York, 1980.

[34] T. M. Miller, T. X. Neenan, E. W. Kwock, S. M. Stein, J. Am. Chem.
Soc. 1993, 115, 356 -357.

[35] A.P. Melissaris, M. H. Litt, Macromolecules 1994, 27, 888 —892.

[36] J. A. Irvin, C. J. Neef, K. M. Kane, P. E. Cassidy, G. Tullos, A. K. St.
Clair, J. Polym. Sci. Part A: Polym. Chem. 1992, 30, 1675-1679.

[37] J. March, Advanced Organic Chemistry, 3rd ed., Wiley, New York,
1985.

[38] G. W. Gribble, P. D. Lord, J. Skotnicki, S. E. Dietz, J. T. Eaton, J. L.
Johnson, J. Am. Chem. Soc. 1974, 96, 7812 -7814.

[39] P. Marchini, G. Liso, A. Reho, J. Org. Chem. 1975, 40, 3453 —3456.

[40] C.F. Lane, Synthesis 1975, 135-146.

[41] 1. Lindley, Tetrahedron 1984, 40, 1433 —1456.

[42] H. L. Aalten, G. van Koten, D. M. Grove, Tetrahedron 1989, 45,
5565-5578.

[43] A.J. Paine, J. Am. Chem. Soc. 1987, 109, 1496 —1502.

[44] H. Weingarten, J. Org. Chem. 1964, 29, 977-978.

[45] H. Heaney, Chem. Rev. 1962, 62, 81-97.

[46] R. Rossi, R.H. de Rossi, Aromatic Substitution by the Sgyl
Mechanism, Vol. 178, American Chemical Society, Washington,
DC, 1983.

[47] J. E. Shaw, D. C. Kunerth, S.B. Swanson, J. Org. Chem. 1976, 41,
732-1733.

[48] A.J. Pearson, J. G. Park, S. H. Yang, Y.-H. Chuang, J. Chem. Soc.
Chem. Commun. 1989, 1363 —1364.

[49] 1. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke Principles and
Applications of Organotransition Metal Chemistry, University Sci-
ence Books, Mill Valley, 1987.

[50] J. K. Stille, Angew. Chem. 1986, 98, 504—519; Angew. Chem. Int. Ed.
Engl. 1986, 25, 508 -524.

Jpn. 1983, 56, 363 —364.

2065



REVIEWS

J. F. Hartwig

[57] T.N. Mitchell, Synthesis 1992, 803 —815.

[58] D.Barafiano, G. Mann, J. F. Hartwig, Curr. Org. Chem. 1997, 1, 287 -
305.

[59] D. Cai, J. F. Payack, D. R. Bender, D. L. Hughes, T. R. Verhoeven,
P. J. Reider, J. Org. Chem. 1994, 59, 7180.

[60] D. Barafiano, J. F. Hartwig, J. Am. Chem. Soc. 1995, 117, 2937 -2938.

[61] K. Takagi, Chem. Lett. 1987, 2221 -2224.

[62] M. Kosugi, T. Ogata, M. Terada, H. Sano, T. Migita, Bull. Chem. Soc.
Jpn. 1985, 58, 3657 —-3658.

[63] H. . Cristau, B. Chabaud, A. Chéne, H. Christol, Synthesis 1981, 892.

[64] J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, Principles and
Applications of Transition Metal Chemistry, 2nd ed., University
Science Books, Mill Valley, 1987, pp. 279 —-354.

[65] R. H. Crabtree, Chem. Rev. 1995, 95, 987 —-1007.

[66] S.-Y.Liou, M. Gozin, D. Milstein, J. Am. Chem. Soc. 1995, 117,9774 -
9775, and references therein.

[67] S.Y. Liou, M. Gozin, D. Milstein, J. Chem. Soc. Chem. Commun.
1995, 1965 —1966.

[68] M. S. Driver, J. E. Hartwig, J. Am. Chem. Soc. 1995, 117, 4708 —4709.

[69] M. S. Driver, J. F. Hartwig, J. Am. Chem. Soc. 1996, 118, 7217-7218.

[70] G. Mann, J. Hartwig, J. Am. Chem. Soc. 1996, 118, 13109-13110.

[71] L. A. Villanueva, K. A. Abboud, J. M. Boncella, Organometallics
1994, 13, 3921 -3931.

[72] K. Koo, G. L. Hillhouse, Organometallics 1995, 14, 4421 —4423.

[73] P. T. Matsunaga, J. C. Mavropoulos, G.L. Hillhouse, Polyhedron
1995, 14, 175-185.

[74] E. G. Bryan, B. F. G. Johnson, J. Lewis, J. Chem. Soc. Dalton Trans.
1977, 1328 -1330.

[75] M. S. Driver, J. E. Hartwig, J. Am. Chem. Soc. 1996, 108, 4206 —4207.

[76] M. D. Fryzuk, C. D. Montgomery, Coord. Chem. Rev. 1989, 95, 1—40.

[77] H. Bryndza, W. Tam, Chem. Rev. 1988, 88, 1163 —-1188.

[78] P. M. Henry, Palladium Catalyzed Oxidation of Hydrocarbons, Vol. 2,
Reidel, Boston, 1980.

[79] Applied Homogeneous Catalysis with Organometallic Compounds:
A Comprehensive Handbook in Two Volumes (Eds.: B. Cornils, W. A.
Herrmann), VCH, New York, 1996.

[80] R. A. Sheldon, J. K. Kochi, Metal Catalyzed Oxidations of Organic
Compounds: Mechanistic Principles and Synthetic Methodology
Including Biochemical Processes, Academic Press, New York, 1981.

[81] G. Cainelli Chromium Oxidations in Organic Chemistry, Springer,
New York, 1984.

[82] M. R. Gagné, T.J. Marks, J. Am. Chem. Soc. 1989, 111, 4108—-4109.

[83] M. R. Gagné, S.P. Nolan, T.J. Marks, Organometallics 1990, 9,
1716-1718.

[84] A.L. Casalnuovo, J. C. Calabrese, D. Milstein, J. Am. Chem. Soc.
1988, 110, 6738 - 6744, and references therein.

[85] Recent review: B. R. James, Chem. Ind. 1995, 62, 167 -180.

[86] M. D. Fryzuk, W. E. Piers, Organometallics 1990, 9, 986 - 98.

[87] M. Kosugi, M. Kameyama, T. Migita, Chem. Lett. 1983, 927 -928.

[88] M. Kosugi, M. Kameyama, H. Sano, T. Migita, Nippon Kagaku
Kaishi 1985, 3, 547-551.

[89] D.L. Boger, J. S. Panek, Tetrahedron Lett. 1984, 25, 3175-3178.

[90] D.L. Boger, S.R. Duff, J. S. Panek, M. Yasuda, J. Am. Chem. Soc.
1985, 50, 5790-5795.

[91] D.L. Boger, S. R. Duff, J. S. Panek, M. Yasuda, J. Org. Chem. 1985,
50, 5782 -5789.

[92] E Paul, J. Patt, J. F. Hartwig, J. Am. Chem. Soc. 1994, 116, 5969 -
5970.

[93] A.S. Guram, S.L. Buchwald, J. Am. Chem. Soc. 1994, 116, 7901 —
7902.

[94] J. Louie, J. F. Hartwig, Tetrahedron Lett. 1995, 36, 3609 —3612.

[95] A.S. Guram, R. A. Rennels, S. L. Buchwald, Angew. Chem. 1995,
107, 1456 -1459; Angew. Chem. Int. Ed. Engl. 1995, 34, 1348 —1350.

[96] S.Zhao, A. K. Miller, J. Berger, L. A. Flippin, Tetrahedron Lett. 1996,
37, 4463 — 4466.

[97] J. P. Wolfe, S. L. Buchwald, J. Org. Chem. 1996, 61, 1133 -1135.

[98] J. P. Wolfe, R. A. Rennels, S.L. Buchwald, Tetrahedron 1996, 52,
7525-7546.

[99] M. S. Driver, J. F. Hartwig, J. Am. Chem. Soc. 1997, 119, 8232 —8245.

[100] J. E. Hartwig, J. Am. Chem. Soc. 1996, 118, 7010-7011.
[101] T. Hayashi, M. Konoshi, Y. Kobori, M. Kumada, T. Higuchi, K.
Hirotsu, J. Am. Chem. Soc. 1984, 106, 158 —163.

2066

[102] J. P. Wolfe, S. Wagaw, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118,
7215-7216.

[103] J. E. Marcoux, R. Widenhoefer, A. Zhong, S. L. Buchwald, results
presented at the 213th American Chemical Society National Meet-
ing, San Francisco, CA, 1997.

[104] B. C. Hamann, J. F. Hartwig, J. Am. Chem. Soc. 1997, submitted.

[105] J.-F. Marcoux, S. Wagaw, S. L. Buchwald, J. Org. Chem. 1997, 62,
1568 -1569.

[106] J. C. Jeffrey, T. B. Rauchfuss, Inorg. Chem. 1979, 18, 2658 —2666.

[107] K. Takagi, Y. Sakakibara, Chem. Lett. 1989, 1957 -1958.

[108] S. Cacchi, P. G. Ciattini, E. Morera, G. Ortar, Tetrahedron Lett. 1986,
27,3931-3934.

[109] J. Louie, M. S. Driver, B. C. Hamann, J. F. Hartwig, J. Org. Chem.
1997, 62, 1268 -1273.

[110] J. P. Wolfe, S. L. Buchwald, J. Org. Chem. 1997, 62, 1264—-1267.

[111] V. Farina, B. Krishnan, D. R. Marshall, G. P. Roth, J. Org. Chem.
1993, 58, 5434 —5444, and references therein.

[112] V. Snieckus, Chem. Rev. 1990, 90, 879 —933.

[113] J. Louie, J. F. Hartwig, 1997, unpublished results.

[114] F. Paul, J. Patt, J. F. Hartwig, Organometallics 1995, 14, 3030 —3039.

[115] S. Wagaw, S. L. Buchwald, J. Org. Chem. 1996, 61, 7240-7241.

[116] C. A. Willoughby, K. T. Chapman, Tetrahedron Lett. 1996, 37, 7181 —
7184.

[117] Y. D. Ward, V. Farina, Tetrahedron Lett. 1996, 37, 6993 —6996.

[118] P. H. H. Hermkens, H. C. J. Ottenheijm, D. Rees, Tetrahedron 1997,
52, 4527 -4554.

119] A.J. Peat, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118, 1028 -1030.

120] T. Kanbara, A. Honma, K. Hasegawa, Chem. Lett. 1996, 1135-1136.

121] J. Louie, J. F. Hartwig, J. Am. Chem. Soc. 1997, 119, 11695 -11696.

122] M. Palucki, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118,
10333-10334.

[123] G. Mann, J. F. Hartwig, J. Org. Chem. 1997, 62, 5413 -5418.

[124] M. Palucki, J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1997, 119,
3395.

[125] The preparation provides mixtures of L,Pd and [L,PdCl,] in low
yields (only citation in the Chemical Abstracts database): S.
Enomoto, H. Wada Nishida, S. Y. Mukaida, M. Yanaka, H. Takita,
Jpn. Kokai Tokkyo Koho, 1978, Tpp, (JP-A 53144552, [Chem. Abstr.
1979, 90, P205124y]).

[126] S. Otsuka, T. Yoshida, M. Matsumoto, K. Nakatsu, J. Am. Chem. Soc.
1976, 98, 5850 —5858.

[127] T. Yoshida, S. Otsuka, J. Am. Chem. Soc. 1977, 99, 2134 -2140.

[128] T. Yoshida, S. Otsuka, Inorganic Syntheses, Vol. 28, 1985, pp. 113 -
119.

[129] A. Davis, J. F. Hartwig, 1996, unpublished results.

[130] M. Saunders, L. Telkowski, M. R. Kates, J. Am. Chem. Soc. 1977, 99,
8070-8071.

[131] R. B. Calvert, J. R. Shapley, J. Am. Chem. Soc. 1978, 100, 7726.

[132] M. Brookhart, M. L. H. Green, L.-L. Wong, Prog. Inorg. Chem. 1988,
36,1-124.

[133] M. Brookhart, M. L. H. Green, J. Organomet. Chem. 1983, 250, 395.

[134] 1. F. Hartwig, F. Paul, J. Am. Chem. Soc. 1995, 117, 5373 - 5374.

[135] E. Negishi, T. Takahashi, K. Akiyoshi, J. Chem Soc. Chem. Commun.
1986, 1338.

[136] A recent synopsis of these mechanisms and their accompanying data
is included in C. Amatore, F. Pfluger, Organometallics 1990, 9, 2276 —
2282.

[137] C. Amatore, A. Jutand, A. Suarez, J. Am. Chem. Soc. 1993, 115, 9531.

[138] J. K. Stille, K. S. Y. Lau, Acc. Chem. Res. 1977, 10, 434.

[139] A. Gillie, J. K. Stille, J. Am. Chem. Soc. 1980, 102, 4933 -4941.

]
]

[140] A. Moraviskiy, J. K. Stille, J. Am. Chem. Soc. 1981, 103, 4182 —4186.

[141] C. Mateo, D.J. Cardenas, C. Fernandez-Rivas, A. M. Echavarren,

Chem. Eur. J. 1996, 2, 1596 —1606.

[142] V. Farina, B. Krishnan, J. Am. Chem. Soc. 1991, 113, 9585-9595.

[143] 1. Louie, J. F. Hartwig, J. Am. Chem. Soc. 1995, 117, 11598 -11599.

[144] R. A. Widenhoefer, S.L. Buchwald, Organometallics 1996, 15,
3534-3542.

[145] R. A. Widenhoefer, S.L. Buchwald, Organometallics 1996, 15,
2755-2763.

[146] R. A. Widenhoefer, H. A. Zhong, S. L. Buchwald, Organometallics
1996, 15, 2745-2754.

[147] J. Louie, F. Paul, J. F. Hartwig, Organometallics 1996, 15,2794 —3005.

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067



Aminations and Etherations

REVIEWS

[148] A. Streitweiser, Jr., 1997, personal communication.

[149] M. S. Driver, J. F. Hartwig, Organometallics 1997, 16, 5706.

[150] J. F. Hartwig, G. Mann, unpublished results.

[151] The use of BINAP in Buchwald’s lab was initiated by studies on
kinetic resolution of chiral amines.

[152] P. T. Matsunaga, C. R. Hess, G. L. Hillhouse, J. Am. Chem. Soc. 1994,
116, 3665 -3666.

[153] K. Koo, G. L. Hillhouse, Organometallics 1996, 15, 2669 —2671.

[154] P. T. Matsunaga, G. L. Hillhouse, A. L. Rheingold, J. Am. Chem. Soc.
1993, 115, 2075-2077.

[155] H. E. Bryndza, L. K. Fong, R. A. Paciello, W. Tam, J. E. Bercaw, J.
Am. Chem. Soc. 1987, 109, 1444 —1456.

[156] J. B. Cannon, J. Schwartz, J. Am. Chem. Soc. 1974, 96, 2276 -2278.

[157] J. Evans, J. Schwartz, P. W. Urquhart, J. Organomet. Chem. 1974, 81,
C37-C39.

[158] R.J. Cross in The Chemistry of the Metal-Carbon Bond, Vol. 2 (Eds.:
F. R. Hartley, S. Patai), Wiley, New York, 1985, p. 559.

[159] G. M. Whitesides, J. F. Gaasch, E. R. Stedronsky, J. Am. Chem. Soc.
1972, 94, 5258 -5270.

[160] H. S. Hesslink, J. F. Hartwig, unpublished results.

[161] J. E. Hartwig, S. Richards, D. Baranano, F. Paul, J. Am. Chem. Soc.
1996, 118, 3626—-3633.

[162] W.D. Jones, V. L. Kuykendall, Inorg. Chem. 1991, 30, 2615-2622.

[163] J. M. Brown, P.J. Guiry, Inorg. Chim. Acta 1994, 220, 249 -259.

[164] We recently observed backbone-cleavage processes with both DPPF
and BINAP: L. Alcazar-Roman, J. F. Hartwig, 1997, unpublished
results.

[165] M. Nishiyama, T. Yamamoto, Y. Koie, Tetrahedron Lett. 1998, 39,
617 -620.

[166] K. Rossen, P.J. Pye, A. Maliakal, R. P. Volante, J. Org. Chem. 1997,
62, 6462 —6463.

[167] J. P. Wolfe, S. L. Buchwald, J. Am. Chem. Soc. 1997, 119, 6054 —6058.

[168] N.P. Reddy, M. Tanaka, Tetrahedron Lett. 1997, 38, 4807 —4810.

[169] M. Beller, T. H. Reirmeier, C. Reisinger, W. A. Herrmann, Tetrahe-
dron Lett. 1997, 38, 2073 -2074.

[168] J. P. Wolfe, S. L. Buchwald, Tetrahedron Lett. 1997, 38, 6359 —6362.

[170] Y. P. Hong, G.J. Tanoury, H. S. Wildinson, R. P. Bakale, S. A. Wald,
C. H. Senanyake, Tetrahedron Lett. 1997, 38, 5663 — 5666.

[171] J. P. Wolfe, S. L. Buchwald, Tetrahedron Lett. 1997, 38, 6359 —6362.

[172] 1. Ahman, S. L. Buchwald, Tetrahedron Lett. 1997, 38, 6363 —6366.

[173] J. P. Wolfe, J. Ahman, J.P. Sadighi, R. A. Singer, S.L. Buchwald,
Tetrahedron Lett. 1997, 38, 6367 —6370.

[174] S. Darses, J.-P. Genét, J.-L. Brayer, J.-P. Demoute, Tetrahedron Lett.
1997, 38, 4393 —4396.

[175] J. P. Wolfe, S. L. Buchwald, J. Org. Chem. 1997, 62, 6066 —6068.

[176] D. Ma, J. Yao, Tetrahedron: Asymmetry 1996, 7, 3075 -3078.

[177] S. Wagaw, R. A. Rennels, S. L. Buchwald, J. Am. Chem. Soc. 1997,
119, 8451 -8458.

[178] 1. P. Beletskaya, A.G. Bessermertnykh, R. Guilard, Tetrahedron
Lett. 1997, 38, 2287 —2290.

[179] R. A. Singer, J. P. Sadighi, S. L. Buchwald, J. Am. Chem. Soc. 1998,
120, 213 -214.

[180] R. A. Widenhoefer, H. A. Zhong, S. L. Buchwald, J. Am. Chem. Soc.
1997, 119, 6787 -6795.

[181] R. Han, G. L. Hillhouse, J. Am. Chem. Soc. 1997, 119, 8135.

[182] F. E. Goodson, J. F. Hartwig, Macromolecules 1998, 31, 1700-1703.

[183] G. Mann, J. F. Hartwig, Tetrahedron Lett. 1997, 38, 8005 —8008.

[184] G. Mann, M. S. Driver, C. Fernandez-Rivas, J. F. Hartwig, J. Am.
Chem. Soc. 1998, 120, 827 -828.

[185] J. F. Hartwig, Angew. Chem. 1998, 110, 2249-2252; Angew. Chem.
Int. Ed. 1998, 37,2090 -2093

Angew. Chem. Int. Ed. 1998, 37, 2046 -2067

2067



