
III.3.2 Palladium-Catalyzed Amination 
of Aryl Halides and Related Reactions

JOHN F. HARTWIG

A. INTRODUCTION TO AMINATION

A.i. Cross-Coupling and Early Amination Studies

From reading the other sections of this book, one readily sees that palladium complexes
serve as catalysts for a variety of C—C bond-forming cross-coupling processes. This
cross-coupling chemistry involves the metal-catalyzed reactions between nucleophiles
and electrophiles that display a wide variety of steric and electronic properties. It is,
therefore, surprising that carbon–heteroatom bond formation by cross-coupling processes
lay close to dormant until roughly five years ago. 

There were a few isolated examples of coupling reactions that form C—P and C—S
bonds.[1] Tunney and Stille had reported the Pd-catalyzed formation of the C—P bonds in
aromatic phosphines,[2] and several groups had reported the formation of C—S bonds in
sulfides using catalysts based on both palladium and nickel.[3]–[6] In addition there were
suggestions that simple procedures for C—N bond formation could be developed and that
palladium complexes could act as catalysts for C—N bond-forming cross-coupling
processes. For example, Boger and co-workers used stoichiometric amounts of palladium
to form aromatic C—N bonds in a �-carbolide natural product by an intramolecular
process (Eq. 1).[7]–[9] Perhaps more closely related to the work discussed in detail here,
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Kosugi and co-workers reported that palladium complexes with P(o-tolyl)3 as ligand
would catalyze the formation of arylamines from aryl halides and aminostannanes 
(Eq. 2).[10],[11] A subsequent full paper demonstrated the scope and limitations of this
chemistry. Although a small range of aromatic halides and aminostannanes were shown to
undergo this process, the work of Kosugi and co-workers revealed one class of catalyst
that could be used to form tertiary amines. It also demonstrated the potential for palla-
dium chemistry to provide a general route to arylamines and other related compounds by
aromatic C—N bond formation.

A.ii. Basic Principles

Some fundamental inorganic chemistry that is important for understanding which com-
plexes will undergo the aromatic C—N and C—O bond-forming processes will be pre-
sented before the catalytic transformations. First, the three reaction types involved in the
catalytic cycle to form arylamines are similar to those found in the catalytic cycle for 
C—C bond formation: oxidative addition of aryl halide to Pd(0) complexes, 
“transmetallation” that converts an arylpalladium halide complex to an arylpalladium
amido complex, and reductive elimination to form a C—N or C—O bond. The oxidative
addition step is identical to the addition that initiates C—C bond-forming cross-
couplings,[12]–[15] but the steps that form the arylpalladium amido complexes and that pro-
duce the arylamine product are different. The mechanism for these steps is discussed after
presentation of the scope of the amination process.

Several properties of amido and alkoxo complexes are different from those of alkyl
complexes, and initially one might expect these properties to generate large differences in
reactivity. First, amido groups are harder ligands than alkyls, and alkoxo groups are even
harder than amides.[16],[17] Low-valent metal centers such as those in Pd(II) phosphine
complexes are soft. This mismatch of the hard ligand with the soft Pd(II) center[18]–[20] had
been predicted to produce highly reactive species, and low-valent amido and alkoxo com-
plexes often resisted isolation and characterization.[16],[17] Most significant for the cross-
coupling, it was believed that this class of amido or alkoxo complex would undergo rapid
�-hydrogen elimination to form metal hydrides. Indeed, reaction with basic alcohol solu-
tions is a standard method for metal reduction.[16] Moreover, reductive eliminations of
amines and ethers had not been observed prior to the work discussed in this section.

Second, amido and alkoxo ligands can act as �-donors. This property, in combination
with the presence of filled metal d orbitals, was another means to rationalize the typically
high reactivity of late metal amido and alkoxo complexes.[17] Furthermore, the nitrogen
and oxygen electron pairs allow these groups to act as efficient bridging ligands to gener-
ate multinuclear complexes. There are many bridging arylamido, hydroxo, and phenoxo
complexes of late metal systems.[17],[21]–[24] Presumably, it is important to prevent forma-
tion of these dimeric complexes to observe efficient catalysis.[23]–[25]

Before considering the different types of amination reactions, one must also understand
the structural aspects of phosphine ligands. Standard cone angles can predict steric proper-
ties,[26] but one must keep in mind that many conformations are possible for symmetrical
phosphines and even more conformations are available for unsymmetrical phosphines,
making it difficult to calculate a cone angle in many cases. The relative geometries of the
two phosphines in chelating ligands is also important. “Natural bite angle” is a property
that has been used to describe the P—Pd—P angle (more generally P—M—P).[27]–[29] In
general, Pd(0) complexes adopt sterically preferred geometries such as tetrahedral, trigonal
planar, or linear, because they are d10, and Pd(II) complexes prefer square planar or 
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T-shaped geometries because they are d8. Thus, one Pd(0) or Pd(II) complex may be more
or less stable than another because of the natural bite angle of the bisphosphine ligand. Of
course, more complex phosphine ligands are available, including those with accompanying
nitrogen or oxygen donors.

Phosphine electronic properties also vary widely. Alkylphosphines are stronger �-
donors than are arylphosphines, and arylphosphines of different donating ability have
been created by changing substituents on the phosphine aromatic groups. The electronic
properties of different phosphine ligands have been assessed by measuring the C—O
stretching frequencies of Ni(CO)3L complexes.[26] However, it is difficult to assess how a
particular change in stretching frequency will translate to differences in reactivity, and it
is even more difficult to predict how these electronic perturbations will balance the rela-
tive rates of different steps in the catalytic cycle.[30] Nevertheless, this measurement pro-
vides a relative donating ability of different phosphine ligands.

A.iii. Classes of Amination Reactions

When choosing the appropriate catalyst for the amination processes, it is suitable to di-
vide the types of substrates into categories. The amines can be divided into four cate-
gories: secondary alkylamines, secondary arylamines, primary alkylamines, and primary
arylamines. Alkylamines can, of course, undergo �-hydrogen elimination as intermediate
palladium amides, while the arylamines cannot. Similarly, indoles, imines, hydrazones,
primary amides, and carbamates cannot. These nitrogen nucleophiles can be divided into
two classes: weakly nucleophilic reagents such as indoles, pyrroles, carbazoles, amides,
and carbamates, and more strongly nucleophilic reagents such as hydrazones and imines.
The aryl electrophiles can also be divided into categories with different reactivity pat-
terns. Aryl iodides, bromides, and chlorides have dramatically different reactivity. Aryl
triflates and tosylates should also be considered separately from halides because not all
catalysts that react with aryl halides react with aryl triflates, and most do not react with
aryl tosylates. Highly reactive aryl electrophiles bearing p-CN, p-C(O)R, or p-NO2

groups should also be considered separately from unactivated or deactivated aryl groups
such as those bearing alkyl, alkoxy, and amino substituents.

The number of different ligands that can be used in amination chemistry is becoming
bewildering. The intention of this review is to assist researchers wishing to conduct 
Pd-catalyzed aminations of aryl halides in their selection of a catalyst for a particular
transformation. Although a synopsis of mechanistic data is provided in the final section,
reviews with more detailed accounts of the mechanistic aspects of these reactions can be
found elsewhere.[31]–[33] Several reviews of catalyst development for Pd-catalyzed amina-
tion have been published, and a review of Pd-catalyzed carbon–heteroatom bond forma-
tion has been published.[31],[34]–[37] However, catalyst development for these processes has
been rapid, and this review contains several new systems and synthetic applications. This
development is likely to continue in the near future. Thus, some comments and predic-
tions are made by the author about certain transformations that are likely to be developed
based on known synthetic and mechanistic information.

A.iv. Overview of Catalyst Selection

Table 1 provides a classification of the types of amination reactions and the classes of cat-
alysts that are most appropriate for the different reactions. Of course, catalyst development
is an ongoing and evolving area of research, and this table includes results with systems in
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the open literature by May 15, 1999, and some results in papers submitted by the author
prior to this date. The ordering of ligands within each category is certainly subjective, and
one ligand may be more or less effective within the categories for a particular substrate
combination.

In general, arylphosphine ligands are suitable for reactions with aryl bromides, iodides,
and activated aryl chlorides, but not for those with unactivated aryl chlorides. Furthermore,
monophosphines tend to be less suitable ligands for amination of aryl triflates or tosylates
than are chelating phosphines, although exceptions exist. Finally, it was originally believed
that chelating ligands were necessary for reactions of halopyridines,[38] but amination
chemistry with bromopyridines has now been accomplished with the simple monophos-
phine P(t-Bu)3.[39] In general, monophosphines can be used for reactions of aryl halides
with secondary amines, and many reactions of acyclic or cyclic secondary amines with
aryl halides occur in high yield when using catalysts bearing t-butylphosphines, such as
those generated by a 1:1 ratio of P(t-Bu)3 and Pd(dba)2.[40] Although more expensive lig-
ands that are commercially available in optically pure form give good yields for reactions
of secondary amines,[41] their reaction rates are lower and they do not provide higher
yields; similarly, the standard chelating ligands for aromatic C—N bond formation, 
BINAP and DPPF, provide no advantage over P(t-Bu)3 in most cases. In general, chelating
ligands provide high yields for reactions with primary alkylamines or with ary-
lamines.[42],[43] The chelating ligands tend to prevent rapid �-hydrogen elimination by the
primary amido intermediate,[23],[42] although reactions of primary amines with aryl halides
can be conducted with t-butylphosphine ligands. The chelating ligands also tend to reduce
diarylation of the primary amine.[43] Until recently, reactions of primary arylamines with
aryl halides also required chelating phosphines. The reason for the success of these sys-
tems is unclear, but it has recently been shown that a 1:1 ratio of P(t-Bu)3/Pd(dba)2 will
catalyze the amination of aryl bromides using primary arylamines at room temperature.[40]

B. SPECIFIC EXAMPLES OF AMINATION

B.i. Secondary Alkylamines

This section will cover the amination of secondary alkylamines, defined here as amines
containing two alkyl groups or one alkyl and one aryl group bound to nitrogen. The reac-
tions of secondary amines with aryl bromides, along with the reaction of primary amines
with activated aryl bromides in the presence of stoichiometric amounts of base and a pal-
ladium catalyst containing P(o-tolyl)3 as ligand, were the first aminations of aryl halides
that did not involve main-group amido reagents (Table 2).[44],[45] Under these conditions,
one could prepare dialkylanilines from either cyclic or acyclic secondary amines at 80 °C
in aromatic or ether solvents (Eq. 3). Reactions of cyclic secondary amines occurred in
significantly higher yields with some aryl halides. Reactions using t-butoxide as base

[L2PdCl2], L /Pd(OAc)2

or L /Pd(dba)2
+

L = P( o-C6H4Me)3 
base

HNRR′

X =o , m , or p- alkyl, phenacyl, amino, alkoxy 
base = NaO-t-Bu, or LiN(SiMe3)2

X
Br

X
NRR′

(3) 
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occurred in higher yields than those with silylamide bases. Sodium counterion was im-
portant; lithium t-butoxide gave no reaction and potassium t-butoxide gave low yields and
dark-colored reaction solutions.[44]

A second development in the formation of dialkylanilines was the use of chelating
phosphines. For example, Hartwig and Buchwald concurrently reported the use of 
BINAP and DPPF for amination chemistry.[42],[43] These ligands are suitable for some am-
ination chemistry with secondary alkyl amines. In some cases, turnover numbers were
improved over the original system for the reactions of secondary amines with aryl
bromides,[43] but the improvement in yield for reactions of secondary amines over that ob-
served with the original catalyst system was modest. Moreover, the reactions of second-
ary amines using catalysts derived from BINAP and DPPF typically require higher cata-
lyst loads and are less efficient than those developed subsequently containing
t-butylmonophosphines. However, these catalysts did allow for reactions of secondary
alkylamines with aryl iodides. Even after screening various reaction conditions, the origi-
nal system was not particularly valuable for aminations of aryl iodides.[46] Most important
for this section of the review, the catalysts with chelating ligands still gave variable yields
for amination with acyclic secondary amines.

A remarkable advance was reported by Nishiyama, Yamamoto, and Koie, which in-
volved the use of P(t-Bu)3 for the amination of cyclic secondary amines with high
turnovers (Eq. 4).[39],[47] With this simple, commercially available ligand, they were able to
obtain roughly 7000 turnover numbers for the amination of aryl bromides with piperazine,
although at high temperatures. Little cross-coupling with this ligand had been 
reported previously, and this paper precedes the use of P(t-Bu)3 in other types of C—C
bond-forming cross-coupling chemistry.[48]–[50]

0.01 mol % Pd(OAc)2
0.04 mol % P(t-Bu)3+

NaO-t-Bu
120 °C

X
Br

X
NHN NH NH

73% conversion
88% selectivity

100% conversion with 0.02 mol % (4)

X
Br  +  HNRR′

X
NRR′

Fe
OMe

Me

PPh3

[Pd2(dba)3]/L

NaO- t-Bu 
toluene, 80 °C

4- t-Bu 
4-OMe 
4-CN 
3,5-Me2

X =

R = alkyl, aryl

L =

52–93%

or ArBr = 2, 3, or 4-pyridylbromide
1

(5) 

The solution to the problem of catalysts for a general reaction of acyclic secondary
amines with aryl halides began with the use of Kumada’s phosphinoether ligand 1
(Eq. 5).[41] With palladium catalysts bearing Kumada’s ligand, high yields were observed
for this type of amination reaction. However, the ligand is extremely expensive in its
commercially available optically pure form, and the synthesis is multistep. Nevertheless,
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this ligand led Buchwald’s group and Guram at Symyx to prepare more straightforward
ligands with N and O donor atoms accompanying the phosphine. Biaryl-based P,N lig-
ands containing alkyl substituents at phosphorus (2 in Figure 1) provided an efficient cat-
alyst for this class of reaction.[51] Although perhaps simpler to prepare than Kumada’s
systems, the preparation of these ligands was multistep and the ligand is susceptible to air
oxidation. Guram prepared diphenylphosphino and dicyclohexylphosphinoether ligands
4a,b with phenyl backbones. These ligands are readily prepared in two steps from inex-
pensive 2-bromoacetophenone and provide high yields for reactions of cyclic and acyclic
secondary amines.[52],[53]

Two other groups investigated P,N ligands for amination chemistry with secondary
amines. Uemura and co-workers have prepared ligands similar to those of Kumada, but
based on arene chromium complexes rather than ferrocenes.[54] Catalysts containing 
ligand 3 in Figure 1 provide good yields for some aminations with dialkylamines. For 
example, reactions of unactivated aryl halides with diethylamine, N-ethylaniline, or 
cyclohexyl ethylamine occurred in yields ranging from 73% to 90%. A P,N ligand with an
imine nitrogen donor was prepared and used for amination by Arques and co-workers.[55]

However, a single amination reaction was reported and it was run at 160 °C.

1 mol % Pdn(dba)m
0.8 mol % P(t-Bu)3+  

NaO-t-Bu 
room temperature

X
Br

X
NHN

95–97% (6) 

Thus, the least expensive catalyst system for low-temperature, high-yield amination of
secondary amines, including acyclic secondary alkylamines, is one recently reported and
based on Koie’s finding at high temperature. This system is conveniently generated by
mixing a 1:0.8 ratio of Pdn(dba)m and P(t-Bu3)3 (Eq. 6).[40] Hartwig’s group reasoned that
the use of this palladium precursor would avoid any loss of catalyst or ligand during re-
duction to Pd(0) and that a 1:1 ratio of ligand/palladium would ensure that the reaction
solution was void of free ligand that inhibits the rate of the reaction. With this catalyst
system containing commercially available components, room-temperature (r.t.) amination
of aryl bromides was conducted with cyclic and acyclic secondary alkylamines in yields
that are essentially quantitative. The full scope of this chemistry has not been explored—
reactions of highly hindered aryl halides, heterocyclic halides, and branched secondary
amines have not been conducted—but this simple catalyst system appears to provide a
general catalyst for the reaction of aryl bromides with secondary alkylamines. One should
be aware that the P(t-Bu)3 ligand is susceptible to air oxidation, although much more

PCy2

Me2N
Cr

OC CO
CO

PPh2

NMe2

Me

2 3

O

O

PR2
4a  R = Ph
4b  R = Cy

Figure 1
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slowly than typical trialkylphosphines. Solutions (10%) of the ligand in hexanes are now
avaiable from Strem in conventional or Sure/Seal packaging.

The amination of aryl chlorides is significantly more difficult than the amination of
aryl bromides because of the decreased reactivity of chloroarenes.[56] Their low cost, how-
ever, makes them important substrates for mild coupling chemistry. In general, highly
activated aryl chlorides such as 4-chlorobenzonitrile or 4-chlorobenzophenone react simi-
larly to bromobenzene in the oxidative addition step, and the standard arylphosphine lig-
ands are, therefore, suitable for Pd-catalyzed chemistry with these substrates. Indeed, the
first amination of aryl chlorides was conducted with these activated substrates and the
standard ligand systems.[57]

However, alkylphosphines are typically required for Pd-catalyzed reactions with unac-
tivated aryl chlorides, and the first Pd-catalyzed amination of unactivated aryl chlorides
employed PCy3 as ligand (Cy � cyclohexyl).[58] Although good yields were observed in
selected cases, the catalyst containing this ligand was not suitable for most amines. Thus,
new ligand systems were sought for a more general catalyst to conduct aminations of aryl
chlorides. Hartwig’s group prepared a t-butyl analog of DPPF, DtBPF (1,1-bis-di-t-
butylphosphinoferrocene), which demonstrated that sterically hindered alkylphosphines
were particularly well suited for the amination of aryl bromides at low temperatures and
for the aminations of aryl chlorides at temperatures more reasonable for chemistry of
functionalized molecules than the typical 140 °C required for other types of Pd-catalyzed
chemistry with aryl chlorides.[59] Using ligand 2 described above, Buchwald and co-
workers reported the amination of unactivated aryl chlorides with secondary amines at
temperatures as low as 70–80 °C, and the amination of highly activated aryl chlorides at
room temperature (Eq. 7).[51]

1–4 mol % Pdn(dba)m
L

+  
NaO- t-Bu 

70 °C

X
Cl

X
N

R
HN

R

R

R

L = P(t -Bu)3 or 2 (7) 

Again, the simple catalyst system of Pd(dba)2 and P(t-Bu)3 in a 1:1 ratio allowed for
the amination of unactivated aryl chlorides with cyclic or acyclic secondary amines at 
70 °C using 1–5 mol % of catalyst (Eq. 7).[40] Catalyst loads that are lower by an order of
magnitude can be used at 100–110 °C.[60] The reactions of activated aryl chlorides
occurred at room temperature.

The amination of aryl sulfonates did not occur with the aryl monophosphines that were
used originally for aryl halide amination. Instead, it was the use of chelating phosphines
that first allowed for the amination of aryl triflates.[61]–[63] The procedures used originally,
t-butoxide base and either BINAP or DPPF as ligand, allowed for the amination of aryl
triflates in good yields in many cases, as summarized in Eq. 8. However, cleavage of 
the triflate to phenol competed with amination, particularly in the case of electron-poor
aryl triflates. The yields of these reactions were improved in two ways. First, slow addi-
tion of triflate to ensure low concentration of this reagent improved yields in some
cases.[61] More generally, the use of Cs2CO3 as base allowed for the reaction to occur
smoothly without triflate cleavage (Eq. 9).[63] The arylpalladium triflate intermediate
probably coordinates amine more readily than the arylpalladium halide complexes
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because of the lability of the triflate ligand. If this occurs, amine coordination to a
cationic metal center will significantly increase the acidity of the N—H bond, and a
weaker base can be used.

Y
OTf + HRR ′

Y = o -alkyl, p-CN,  p-C(0)Ph,
 p, o -C(0)Me, p-OMe

Y
NH

R
54–92%

for dialkylamines

toluene
85 °C

Pd(OAc)2 /BINAP
Cs2CO3

(9) 

B.ii. Choice of Base

The strong NaO-t-Bu base used in the standard amination conditions can limit the types
of substrates that are suitable for this chemistry. For example, reagents containing
nitroarenes, enolizable hydrogens, and labile esters are unsuitable. For this reason,
Buchwald’s group sought amination procedures that used weaker bases (Eq. 10).[64] As
discussed in the preceding paragraph, the reactions of amines with aryl triflates instead
of aryl halides allows for the use of Cs2CO3 as base. Furthermore, reactions of activated
aryl halides can be conducted using Cs2CO3 as base instead of t-butoxide, without re-
quiring a change of catalyst. However, reactions of unactivated aryl halides with this
weaker base requires a different catalyst. Catalysts containing Kumada’s P,O ligand first
allowed for aminations of unactivated aryl halides using Cs2CO3 as base.[64] More
recently, Buchwald has used biaryl P,N ligands for the amination of aryl halides using
Cs2CO3 and the less expensive and less toxic K3PO4.[51] Finally, Hartwig showed that the
catalyst containing commercially available P(t-Bu)3 allows for the reaction of unacti-
vated aryl bromides with secondary amines using Cs2CO3 or K3PO4 as base.[40] Thus,
monophosphines appear to generate the most active catalysts for reactions using the
weaker bases.

1–4 mol % Pdn(dba)m
L = 1 , 2 , or P( t-Bu)3

+
Cs2CO3 or K3PO4

Br
X

N

R
HN

R

R =  p-Bu t, p-OMe, C(O)Me, C(O)OMe , base = Cs2CO3  for L = 1

R = C(O)OMe, C(O)Me, base = K3PO4 for L = 2

R = Me, base = K3PO4 or Cs2CO3  for P( t-Bu)3

R

(10) 

80–100 °C
R R

Y
OTf +

Y = o , m , or p -alkyl, CN, C(0)Ph, OMe, Ph
L2 = DPPF or BINAP

Y
N

R
53–90%

toluene
85 °C

L2/[Pd(dba)2] 
or [Pd2(dba)3]

NaO- t-BuR
HN

R

R

(8)
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B.iii. Diarylamines

The reactions of diarylamines with aryl halides is more straightforward than the reac-
tion of secondary alkylamines because these substrates possess no hydrogens on the �
carbon and cannot, therefore, undergo �-hydrogen elimination as palladium amides.
However, competitive formation of arene by an unknown mechanism remains one side
product. For the most part, the synthesis of triarylamines has focused on the prepara-
tion of discrete molecules and polymers that are important for electronic materials
applications.[65]–[67]

In general, three commercial ligand systems are highly effective for the formation of
triarylamines, as summarized in Eq. 11. The original P(o-tolyl)3 ligand gives good yields
in most cases, but catalyst loads of 5–10% can be required.[65] In some cases, palladium
complexes bearing DPPF as ligand are more effective catalysts for the formation of tri-
arylamines and can even produce unsymmetrical triarylamines in one step by addition of
two aryl halides sequentially to an aniline.[66] However, catalysts bearing P(t-Bu)3 as 
ligand are now the most active catalysts for formation of triarylamines from diarylamines
and aryl halides. Workers at Tosoh described the use of this ligand at high temperatures
for formation of triarylamines,[47] and Hartwig’s group has shown that these ligands will
form triarylamines at room temperature (r.t.) when a 1:1 ligand/palladium ratio is used
(Eq. 12).[40]

Y
Br  +

Y = o , m , or p -alkyl, CN, C(0)Ph, OMe, Ph 
L  = P(o-tol)3, DPPF or P(t-Bu)3

Y
N

Artoluene 
85 °C

L /[Pd(dba)2]
or L /Pd(OAc)

NaO- t-BuAr

HN
Ar

Ar

(11) 

Y
X  +

X = Cl, Br
Y = o, m, or p-alkyl, CN, COPh, OMe, Ph

Y
N

Artoluene
r.t. (X = Br)

or 70 °C (X = Cl)

1–3% [Pd(dba)2]
0.8–2.4% P( t-Bu)3

NaO-t-BuAr
HN

Ar

Ar

(12) 

Complexes containing P(t-Bu)3 as ligand will also catalyze the reaction of unactivated
aryl chlorides with diarylamines.[40] Thus far, the reaction of aryl triflates with diary-
lamines has only been reported with catalysts bearing chelating phosphines. A few repre-
sentative examples of the reactions of diarylamines with aryl triflates do occur in nearly
quantitative yield when using DPPF-ligated palladium as catalyst.[61] Reactions of diary-
lamines with aryl nonaflates as part of the synthesis of discrete oligomeric triarylamines
has also been reported.[68]
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B.iv. Primary Alkylamines

As mentioned in the introduction, the catalysts that give the highest yields for the reac-
tions of primary alkylamines with aryl halides in a general fashion are different from the
catalysts that give the highest yields for reactions of secondary alkylamines. Like the
reactions of acyclic secondary alkylamines, the reactions of primary alkylamines have
been among the most difficult transformations. The current solutions to these two
problems are different. Catalysts containing BINAP as ligand are the most selective for
reactions of primary alkylamines with aryl bromides (Table 3),[43] and catalysts contain-
ing PPF-(P-t-Bu2) are the most selective for reactions of primary alkylamines with aryl
chlorides.[59] Faster rates have been observed with P(t-Bu)3, but some diarylation occurs
when reactions of unhindered aryl halides are run in the absence of an excess amount of
the primary amine.[60]

Y

X  +  

X = Br, I

Y = o , p -alkyl, CN, C(O)Ph, C(O)NEt2

RH2N
NaO- t-Bu

[Pd(DPPF)Cl2]

Y

H 
N

R
Y = p -CN, C(O)Ph, C(O)NEt2 82–96% 
Y = o-alkyl 92%, p -alkyl 52%

R = alkyl

(13) 

Y

X  +  

X = Br, I

RH2N
NaO-t-Bu

BINAP/Pd2(dba)3

Y

H 
N

R
R = alkyl (14) 

Hartwig’s and Buchwald’s groups simultaneously described catalyst systems that
allow one to conduct high-yield aminations of aryl halides using primary alkylamines
(Eqs. 13 and 14).[42],[43] In general, reactions of hindered aryl halides give high yields
with a broader scope of catalyst because diarylation of the primary amine does not
occur [30] and because either reductive elimination occurs more rapidly or �-hydrogen
elimination occurs more slowly from these hindered arylpalladium amido complexes.
Thus, either ligand is suitable for reactions of primary alkylamines with these sub-
strates. Reactions employing BINAP often give higher turnover numbers, however.
With unhindered aryl halides, palladium complexes containing rac-BINAP are more
effective than those containing DPPF (Table 3). With a mixture of Pd(OAc)2 or
Pd2(dba)3 and BINAP, high yields and turnover numbers in the range of 100–200 are
observed. Rossen and co-workers used PHANEPHOS (Figure 2) as a ligand for palla-
dium in the reaction of benzylamine with a dibromocyclophane.[69] Palladium com-
plexes of this ligand reacted similarly to those with BINAP, but only a few reactions
were investigated.

The selectivity for arylation of primary versus secondary amines using palladium cata-
lysts with chelating ligands has been investigated. Beletskaya, Bessermertnykh, and
Guilard conducted reactions of polyamines, such as that in Eq. 15, with phenyl bromide
using (DPPF)PdCl2 as catalyst.[70] Good yields of the products resulting from reaction of
the primary amine portion of the polyamine were obtained. Senanayake and co-workers
reported the high selectivity for arylation of primary over secondary amines using palla-
dium complexes of BINAP for the synthesis of biologically active arylamines, as shown
in Eq. 16.[71]
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N

N
Cl  +

F

N 
H

NH2

 .2HCl

Pd-cat

glycol 
140 °C

N

N

CH2Ar

N 
H

H 
N

N

N

CH2Ar

N NH2

 (16) 

1

Me

Me

Br RNH2
Me

Me

NHR
0.5

0.5

0.05

2

4

7

88

79

79

2
O

O

Br

H2NBn

O

O

BnHN

0.5 2 81

3 t-BuO2C

Br

H2NBn t-BuO2C

BnHN

0.5 3.5 71

4
Br

NMe2

H 
N

Me

Me 
N

Me2N

1.0 39 66

5
Br

Me

Me

H 
N

Me Ph

Ph

Me 
N

Me

Me

0.5 3 94

Entry Halide Amine Product
Catalyst

(%) 
Time
(h)

Isolated
Yield (%)

TABLE 3. Selected Aryl Bromide Aminations Catalyzed by BINAP/Pd2(dba)3

H2N

H 
N

NH2
+ PhBr

DPPF/Pd(OAc)2
NaO- t-Bu

H2N

H 
N

N 
H

(15) 



1064 III Pd-CATALYZED CROSS-COUPLING

For reactions of unactivated aryl chlorides with primary amines, arylphosphines are
again ineffective. Sterically hindered alkylphosphine ligands are required for reactions of
aryl chlorides, but the highest selectivity in reactions of primary alkylamines also requires
that the phosphine be tightly chelated to the metal center. The chelation helps prevent
competing �-hydrogen elimination of the arylpalladium amido intermediate (vide infra),
and the greater steric hindrance of bisphosphine palladium complexes apparently prevents
diarylation. Some ligands originally introduced by Togni and co-workers and Bläser and
Spindler [72],[73] for asymmetric hydrogenation chemistry fit this description. The ligand
PPF-P(t-Bu)2 (5, Eq. 17) is an electron-rich bisphosphine that is commercially available
from Strem and has a strong conformational preference for chelation because of the ben-
zylic methyl group. Complexes of this ligand are, to date, the most selective catalysts for
formation of monoaryl alkylamines from aryl chlorides that are unactivated and that are
sterically unhindered.[59] Because reactions of primary alkylamines with sterically hin-
dered aryl halides are less susceptible to formation of diarylalkylamine products and are
less susceptible to competing reduction, sterically hindered alkylmonophosphine ligands,
such as 2, do successfully catalyze the reactions of primary amines with sterically hin-
dered aryl chlorides.[51]

The reactions of primary alkylamines with aryl triflates occurs in a fashion similar to
the reaction of secondary amines with aryl halides. Specifically, complexes containing
BINAP provide the highest yields for unhindered substrates.[62] The use of Cs2CO3 as
base presumably leads to a general high-yield amination of aryl triflates using primary
alkylamines (Eq. 18), although reactions of primary amines with aryl triflates that do not
bear ortho substituents have not been reported.[63] Reactions of aryl tosylates are desirable
because of the low cost and greater ease of handling of the reagents used to form tosy-
lates. Palladium chemistry involving unactivated aryl tosylates is rare.[74] The reaction of
p-tolyltosylate with hexylamine using NaO-t-Bu base and a palladium catalyst containing
PPF-P(t-Bu)2 as ligand may be the first Pd-catalyzed reaction of an unactivated tosylate
(Eq. 19).[59]

Cl  +  H2NBu
Pd(OAc)2/L

Fe
P( t-Bu)2

Me

PPh3L =

NaO- t-Bu
85 °C

NHBu

5

89%
Monoarylation/Diarylation

130:1

(17) 

Ph2P

PPh2

Figure 2. PHANEPHOS
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B.v. Primary Arylamines

The reactions of primary arylamines with aryl halides are simpler to catalyze than those of
primary alkylamines because �-hydrogen elimination will not compete with reductive
elimination. However, diarylation of the aniline can be a competing process, and for some
reason the original catalyst system containing P(o-tolyl)3 showed low activity for the reac-
tions of aniline with aryl halides.

Many palladium complexes will catalyze the reaction of an aryl bromide with aniline,
and the precise ligand that is optimal for a particular reaction is difficult to predict. In the
experience of the author’s group during the synthesis of di- and triarylamine precursors to
materials, reactions catalyzed by palladium complexes of DPPF and P(t-Bu)3 give high
yields,[68],[75] and the ligands are commercially available and inexpensive. However, small
amounts of triarylamine do form from reactions with these catalysts. Thus, the groups of
Meyer, Kanbara, and Buchwald have used BINAP for the synthesis of polymeric or 
discrete oligomeric anilines[76]–[79] and Meyer and Kanbara present arguments that the
polymeric materials they produce have little if any cross-linking. Buchwald has also in-
troduced van Leeuwen’s DPEphos (Figure 3) as a superior ligand for forming diary-
lamines in certain cases.[80] Kocovsky and co-workers have reported that complexes of
MAP (Figure 3), a binaphthyl P,N ligand with a dimethylamino and diphenylamino group
on the 2 and 2� positions of the 1,1�-binaphthyl backbone, provide rates for arylation of a
binaphthylamine that are faster than those observed when using BINAP as ligand.[81]

OTf  +

Pd(dba)2 or Pd(OAc)2
L

NaO- t-Bu or Cs2CO3
toluene 
80 °C

H 
N

R

H2N

R′

R R

L = DPPF, BINAP (20) 

The reactions of aryl triflates with primary arylamines have been reported with only
chelating ligands (Eq. 20), but the hindered alkylphosphines may be effective, consider-
ing their utility in coupling aryl halides with primary arylamines. Presumably because �-
hydrogen elimination does not compete with coupling and the amine is more hindered
than a linear alkylamine, DPPF gives essentially quantitative yields in these reactions.[61]

The turnover numbers were not assessed for these reactions; catalysts with BINAP and
DPEphos as ligand have shown good turnover numbers.[62],[63],[80] The reactions of

Y
OTf + H2NR

Y = o - and p-Me, p-CO2Me, p-COMe

Y
N

R
46–90%

toluene
85 °C

Pd (OAc)2/BINAP
Cs2CO3

R

(18) 

OTs +  H2Nhexyl
Pd(OAc)2/4

NaO- t-Bu
110 °C

H2Nhexyl

86% (19) 
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X + 

Pd(dba)2 or Pd(OAc)2
L

NaO-t-Bu
80 °C

H 
N

R

NH2N NR

R = o, m, p-alkyl, alkoxo, CN 
L = DPPF, BINAP

Ph
Ph

Ph

Ph

(22) 

unactivated aryl tosylates with anilines have not been investigated, but the reaction of ani-
line with an activated aryl tosylate was catalyzed by complexes of DtBPF in high yield
under relatively mild conditions.[59]

The reaction of aryl chlorides with primary arylamines again requires the use of
alkylphosphine ligands (Eq. 21). PPF-P(t-Bu)2 and the cyclohexyl analogs of these ligands
give excellent yields of diarylamines from unactivated aryl chlorides and anilines.[59] Palla-
dium complexes of the t-butyl analog of DPPF, DtBPF, will also catalyze these reactions in
high yields.[59] In addition to complexes of bisphosphines, alkylmonophosphines can cat-
alyze this class of amination.[51] For example, biaryldialkylphosphines will catalyze the
amination of unactivated aryl chlorides in good yields. Although the scope of the catalytic
chemistry of P(t-Bu)3 complexes has not been completely covered, these simple complexes
will catalyze the formation of diarylamines from unactivated aryl chlorides in high yields.
The reaction of aniline with phenyl chloride occurs even at room temperature.[40]

B.vi. Hydrazones

N-Arylhydrazones are useful agricultural materials. Moreover, they can be cleaved to
form N-arylhydrazines for pyrazole synthesis, and the hydrazine portion can be trans-
ferred to ketones to serve as substrates for the Fischer indole synthesis.[82] The reactions
of benzophenone hydrazone with aryl halides have been reported,[82],[83] and to date these
reactions are best conducted with chelating phosphine ligands such as DPPF and BINAP,
as shown in Eq. 22. These catalyst systems have been the only ones reported for hydra-
zone arylation. The chemistry of hydrazonato complexes is similar to that of anilides and
diarylamides.[83] Thus, the reactions of aryl chlorides with hydrazones should be accessi-
ble in the future using alkylphosphine ligands.

Cl +

Pd(dba)2 or Pd(OAc)2
L

NaO- t-Bu 
toluene or diglyme 

25–85 °C

H 
N

R

H2N

R′

R R

L = P(t-Bu)3, 5 , 2 (21) 

O

Ph2P PPh2

DPEphos

Me2N

Ph2P

MAP

Figure 3
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The reactions of benzophenone hydrazone with aryl bromides are remarkably general
using either DPPF or BINAP as the ligand for palladium. The lower cost of DPPF may
make this catalyst more favorable. Sterically hindered, unhindered, electron-rich or 
electron-poor aryl bromides all give high yields of N-arylhydrazones using benzophe-
none hydrazone as substrate. Reactions of hydrazones other than diphenylhydrazone
were less successful. Thus, a scheme was developed to use the N-aryl diphenylhydra-
zone products as precursors to other hydrazones by transfer of the N-arylhydrazine to a
ketone bearing enolizable hydrogens using acid catalysis.[82] Of course, the products
from these exchange reactions are suitable for the Fisher indole synthesis, and a number
of different indoles were prepared by this reaction sequence. Because of the selectivity
for monoarylation of diphenylhydrazone, one can prepare N,N-diphenylhydrazones with
two different aromatic groups bound to the terminal nitrogen, and these diarylhydra-
zones were again suitable for Fisher indole syntheses after exchange of the N,N-
diphenylhydrazine moiety.

B.vii. Imines

One strategy to prepare protected anilines is the reaction of diallylamine with aryl halides
using the catalysts best suited for reactions of secondary amines.[84] The formation of N-
aryl benzophenone imines by Pd-catalyzed C—N bond formation is a second strategy
that allows for straightforward deprotection to the parent aniline.[85],[86] Benzophenone
imine is commercially available.

Palladium complexes containing DPPF and BINAP have been reported as catalysts
for this transformation (Eq. 23). In both cases the reactions occur in nearly quantitative
yields with essentially any class of aryl bromide or iodide that has been tested. The in-
creased acidity and/or the increased binding constant of imines for transition metals al-
lows this chemistry to be conducted with Cs2CO3 as well as NaO-t-Bu as base. Because
both ligands used in these publications are arylphosphines, they will not catalyze the re-
actions of benzophenone imine with chloroarenes. However, the similarity of the com-
plexes of deprotonated benzophenone imine to complexes of anilides[85] again suggests
that reactions with aryl chlorides can be conducted with sterically hindered alkylphos-
phine ligands. Although not reported, it is also likely that K3PO4 could be used instead of
Cs2CO3 for these reactions. Sulfoximines are less nucleophilic than ketimines, but in
some cases, sulfoximines react with aryl halides under Pd-catalyzed conditions.[87]

DPPF- and BINAP-ligated palladium act as catalysts to couple S-methyl, S-phenyl sul-
foximines with electron-poor or electron-neutral aryl halides at 110 °C for long reaction
times, as summarized in Eq. 24.[87] These products can be used as ligands for asymmetric
catalysis.

X + 

Pd(dba)2 or Pd(OAc)2
L

NaO-t-Bu

N

R

NHR

R = o, m, p-alkyl, alkoxo, CN 
L = DPPF, BINAP

Ph Ph

Ph

Ph

(23) 

80 °C
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B.viii. Indoles, Pyroles, and Carbazoles

The N-arylation of certain azoles can be conducted using palladium catalysts. The
reactions of pyrazoles and imidazoles have not been reported, and palladium chemistry
may never compete with more classic Ullmann chemistry using copper catalysts.
However, azoles containing a single nitrogen are suitable substrates for Pd-catalyzed
N-arylation processes. The first reports of Pd-catalyzed azole arylation (Eq. 25) in-
volved catalysts bearing DPPF as ligand.[85] These reactions of pyrrole, indole, and car-
bazole with activated aryl halides occurred at 80–100 °C. The reaction of pyrrole and
indole with unactivated aryl halides such as bromobenzene, 4-bromo-t-butylbenzene,
and 3-methoxy bromobenzene also occurred in high yields. However, the conditions of
these reactions were more severe than is typical for the Pd-catalyzed aromatic C—N
bond formation.

Improved catalysts were necessary for this synthetic chemistry to occur with broader
scope under milder conditions. Faster rates were observed for the reaction of indole and
pyrrole with aryl halides when catalyzed by palladium complexes formed by combining a
1:1 ratio of Pd(dba)2 and P(t-Bu)3 (Eq. 26).[40] For example, reactions of bromoanisole oc-
curred with 1 mol % catalyst at 100 °C over 12 h. In this case, it was mandatory to use a
weaker base than NaO-t-Bu, and the reported chemistry employed Cs2CO3. It was previ-
ously demonstrated that high concentrations of azolyl anion are detrimental to the arylation
process because stable, anionic bis-azolyl palladium complexes, such as 6a in Scheme 1,
are formed even when chelating ligands are present,[85] while neutral complexes such as 6b
are required for reductive elimination to occur in high yields. Despite these improvements,
the N-arylation of pyrrole, indole, and carbazole is not completely general. Competing for-
mation of N- and C(3)-arylation products were observed when reacting indole and pyrrole
with aryl bromides containing ortho substituents. However, these hindered aryl halides do
undergo clean C—N bond formation with indoles that are substituted in the 3-position.
Thus, reaction of 2-bromotoluene with 3-methylindole occurred in high yield. Reactions of
aryl halides with carbazole were slow and gave low yields, indicating that this catalyst sys-
tem is, indeed, more sensitive to steric effects in this type of C—N bond formation than it is
in the chemistry involving amine substrates.

Br +

5% Pd(OAc)2
L

N

R

R

R = H, 2-CN, 4-CO2Me, 4- t-Bu
L = DPPF, BINAP

L = DPPF 87%
L = BINAP 67–94%

NH

Ph
SO

Me NaO-t-Bu
110 °C
48 h

O

S Me
Ph

(24)

N
H

N
H

N
H

X

R

Azole

R

, or

+
Pd(dba)2 /DPPF

Cs2CO3 or
NaO- t-Bu
toluene

80–120 °C (25)
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Reaction of indole and pyrrole with chloroarenes also occurred in good yields in many
cases using this catalyst system. For example, chlorotoluene reacted to give the products
of C—N bond formation in yields that were similar to the reactions of bromoarenes.
However, the reactions with aryl chlorides were slower than those of aryl bromides. Thus,
reaction of the deactivated chloroanisole with indole occurred too slowly to provide use-
ful yields under mild conditions.

B.ix. Amides, Sulfonamides, and Carbamates

As demonstrated by the greater difficulty in forming N-aryl azoles than N-arylamines,
the palladium chemistry occurs more readily with substrates containing a more nucle-
ophilic nitrogen.  Thus, reagents containing a nitrogen located � to a carbonyl or sul-
fonyl group undergo arylation processes less readily than do simple amines. However,
intramolecular reaction of aryl halides with pendant amide or sulfonamide functionality
was reported early in the development of Pd-catalyzed aromatic C—N bond formation
(Eqs. 27 and 28).[88] A number of reaction conditions and catalysts were tested. In short,
monophosphines including PPh3 were effective for these cyclizations, and carbonate
bases proved to be optimal in most cases. The formation of five- and six-membered rings
occurred in good yields, but the formation of seven-membered rings occurred in low
yields.

No intermolecular reactions of acyclic sulfonamides or amides with aryl halides have
been reported, but the arylation of lactams has been published. Shakespeare showed that a
combination of Pd(OAc)2 and DPPF formed N-aryllactams in good yields when using
five-membered lactams (Eq. 29).[89] Reaction times were long for couplings involving

N 
H

N 
Hor

+

X

R	
Pd(dba)2/L

Cs2CO3
toluene 
100 °C

Azole

R	

R
R�

X = Cl, Br
(26) 

Pd

N

N

N

N

Pd

PPh2

PPh2
I

Fe

(DPPF)Pd
N

P
Fe

PPh2

1 equiv  KN

excess KN

100 °C
89%

Ph2

6a

6b

PPh3
R = p-t-Bu

R=H

t-Bu

t-Bu

40%
120 °C
toluene

PPh3

R

C6D6

Scheme 1
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NHR

Br

n [Pd2(dba)3]/L

100–110 °C 
M2CO3  
PhCH3 

M = Cs or K 
L = P(o-C6H4Me)3  or P(furyl)3

N 
Bn

n

n = 1, 59–99% 
n = 2, 44–82% 
n = 3, 5–44%

O
O

R = Me, Bn, t-Bu

(27) 

NHBn

Br

n [Pd2(dba)3]/L

100 °C 
K2CO3  
PhCH3

L = P(o-C6H4Me)3

N 
SO2C6H4Me

n

n = 1, 88% 
n = 2, 87%

O
O

(28) 

Br  
5% Pd(OAc)2/DPPF  

NaO-t-Bu, toluene, 120 °C  
16–48h

+     H N 

O 

A r N 

O 

n 
R 
R=H, CF3, COPh, CN, OMe n=1, 20–52%

n=2, 70–90%
n=3, 21–89%
n=4, 43–94%   (29) 

n

electron-neutral aryl halides, but good yields were observed. Four-, six- and seven-
membered lactams reacted with unactivated aryl halides in poor yield, but they reacted
with activated aryl halides to give good yields. No reaction was, of course, observed in
the absence of catalyst.

Carbamates possess a more electron-rich nitrogen than amides or sulfonamides, and
the intermolecular reaction of t-butylcarbamate with aryl halides to form t-Boc-protected
anilines has been realized (Eq. 30).[40] As one might expect from the increased rates for
amine and indole arylation using the Pd(dba)2/P(t-Bu)3 catalyst, it is this system that
allows for the arylation of t-butylcarbamate. Reaction of other carbamates, such as methyl
or benzyl carbamate and oxazolinone, occurred in lower yield. However, reaction of 
t-butyl carbamate with bromoarenes occurred at 100 °C in yields ranging from 62% to
86% with electron-rich, electron-neutral, and sterically hindered or unhindered bromo-
arenes. Reactions of chloroarenes were again slower, but did occur at 130 °C to give Boc-
protected aniline in 59% yield for reaction of chlorotoluene.

Br

R

+ NaOPh

100 °C

1% Pd(dba)2/ 
0.8% P(t-Bu)3

+ H2N O
t-Bu

O

N 
H

O
t-Bu

O
R

62–86% (30) 
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B.x. Additional Aryl Electrophiles

In addition to the aryl halides and sulfonates that have been used most commonly in 
Pd-catalyzed cross-coupling and that have been discussed above for amination,
diphenyliodonium salts have been reported as aryl electrophiles for amination chemistry
(Eq. 31).[90] Perhaps most significant, the use of diphenyliodonium salts as electrophile
led to room-temperature amination chemistry using the original P(o-tolyl)3 ligand system,
as well as with Ph3As. Only chemistry with secondary amines was reported.

Pd2(dba)3
.CHCl3

or Pd/C

L = P(o-C6H4Me)3 

or AsPh3

NaO-t-Bu

I+ −BF4 HN N
n

(31) 

+

B.xi. Use of Cocatalysts

Some of the optimized procedures for Stille and Sonogashira reactions involve the addi-
tion of copper cocatalysts to accelerate the cross-coupling procedures. A word of caution
should be provided on the role of these additives in Pd-catalyzed amination procedures.
Beletskaya and Davydov have reported the arylation of benzotriazole and of diary-
lamines in polar organic or aqueous organic solvents using a combination of palladium
and copper as catalyst.[91]–[93] The arylation of amino acids has been reported under
similar conditions.[94] However, these reaction conditions are similar to classic Ullmann
procedures for the synthesis of arylamines, except for the addition of palladium to the
reaction mixture. In one case, subsequent work showed that the palladium species was
not an essential component and that copper alone was the true catalyst in their reactions.
An unusual accelerating effect of amino acid coordination to copper was used to explain
the low-temperature Ullmann conditions.[95] Beletskaya, however, showed that lower
yields and a mixture of N1 and N2 arylation products were observed from the reactions
of benzotriazole in the absence of copper and no reaction was observed in the absence of
palladium. The conditions for this chemistry are, however, distinct enough from those of
the majority of the aryl halide aminations to support the idea that a different mechanism
may operate.

C. APPLICATIONS AND SPECIAL EXAMPLES OF AMINATION

C.i. Biologically Relevant Materials

A number of groups have investigated the Pd-catalyzed amination of aromatic elec-
trophiles for a particular application or synthetic problem. These synthetic applications
can be divided loosely into four categories: synthesis of biologically active molecules,
synthesis of materials for electronics or ion binding, amination in solid-phase organic
synthesis, and synthesis of new ligands for transition metals.

As stated in the introduction, stoichiometric amounts of palladium complexes were
used in the synthesis of a �-carbolide natural product.[7]–[9] With catalytic procedures now
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available and the importance of amine and aromatic molecules in the pharmaceutical in-
dustry, synthetic applications of the amination chemistry are beginning to emerge. For
example, an intramolecular Pd-catalyzed amination of a heteroaromatic halide has been
used as a step in the synthesis of an �-carboline natural product analog (Eq. 32).[96] As
discussed above, the diphenylhydrazone arylation can also be used for nitrogen hetero-
cycle synthesis.[82]

N

Me

Br

O
O

NH2

Pd2(dba)3
BINAP
NaO-t-Bu
DMF, 80 °C 
48 h

N

Me

N

O

O

(32) 

OBn

Cl

Cl

Br

HN NH

2% Pd2(dba)3
6% BINAP

NaO- t-Bu, PhMe
reflux, 18 h

OBn

Cl

Cl

N

HN

OBn

ClCl

NNO

NH

O

.HCl

two 
steps

(33) 

The ability to prepare haloarenes selectively by an ortho-metallation halogenation se-
quence allows for the selective delivery of an amino group to a substituted aromatic struc-
ture. Snieckus and co-workers have used directed metallation to form aryl halides that
were subsequently reacted with anilines to prepare diarylamines (Eq. 34).[100]

N-Arylpiperazines are common substructures of biologically active molecules, and,
therefore, the reaction of monoprotected and unprotected piperazines with aryl halides has
been studied. In particular, the monoarylation of piperazines was the reaction for which
Nishiyama, Yamamoto, and Koie initially applied catalysts bearing P(t-Bu)3 as ligand to ob-
tain high turnover numbers at high tempera-tures.[39] Two other reports of piperazine aryla-
tion, one using a Boc-protected piperazine[97] and one an unprotected piperazine, used the
original P(o-tolyl)3/Pd(0) catalyst system.[98] Morita and co-workers have used the arylation
of piperazines as a crucial step in the synthesis of a metabolite of Aripiprazole, as shown in
Eq. 33.[99] This reaction involved the use of a tetrasubstituted dichloro bromoarene as sub-
strate to give a product that is readily converted to the final target.
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A few reports on the synthesis of more complex molecules have appeared. In addi-
tion to the �-carboline synthesis in Eq. 32, Pd-catalyzed amination and a combination
of zironocene benzyne and Pd-catalyzed amination chemistry was used by Peat and
Buchwald to conduct the formal total synthesis of tetrahydropyrroloquinolines (Eqs. 35
and 36).[101] Senanayake and co-workers have published several demonstrations of the
use of Pd-catalyzed amination for the preparation of pharmaceutically relevant materi-
als. For example, the reaction of primary amines with chloro-1,3-azoles has been used
to produce the H-1-antihistaminic Norastemizole.[102] As shown in Eq. 37, the
palladium chemistry is dictated by the steric properties of the amines. This property
creates selectivity that complements the thermal chemistry, which is dictated by amine
nucleophilicity. As discussed above, they showed that the high selectivity for arylation
of primary over secondary amines with catalysts containing BINAP as ligand allows for
the rapid assembly of multiamino-based structures.[71] They have also conducted the
amination of aryl triazolones to generate the two enantiomeric versions of Hydroxyitra-
conazole (Figure 4).[103] The coupling of primary amines with aryl halides has also
been used to modify glycosylamines. Glycosylamines were coupled with 6-chlorop-
urines, as shown in Eq. 38, to prepare models of spicamycin and septacidin, two Strep-
tomyces metabolites that have antitumor activity.[104] Although temperatures were high

N

MeO

I

EtO2C

NHMe

10% Pd(PPh3)4

K2CO3 , NEt3
toluene,  200  °C
81%

4 steps

NH2

Br

OMe

N

MeO

EtO2C

MeN

1. BBr3
2. MeI

50%
N 
H

HO

Me2
+N

(35)
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NR2
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O

NR2

N 
H

R

O

N 
Me

(34) 
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MeN

Br

MeO
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2. I2, CH2Cl2 
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MeN
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I
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68–79% (38)

(140 °C), good yields of the desired N-aryl glycosylamine were obtained when using
BINAP as ligand, NaO-t-Bu as base, and either MPM or SEM as the N9 protective
group. The gluco isomer was also amenable to Pd-catalyzed arylation, although two
anomers were obtained as products.
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C.ii. Solid-Phase Amination Reactions

Two papers have been published on the use of Pd-catalyzed amination using solid-
supported aryl halides. Willoughby and Chapman at Merck and Ward and Farina at
Boehringer Ingelheim have used P(o-tolyl)3 and BINAP complexes as catalysts for these
reactions.[105],[106] In general, these reactions appear to occur in a similar fashion to those
in solution phase. Reactions of primary alkylamines were improved by the use of chelat-
ing phosphine ligands. These reactions have also been used for a variety of unpublished
high-throughput syntheses of arylamines.

C.iii. Applications of Palladium-Catalyzed Amination in Materials Science

An additional synthetic arena that has been and will continue to be affected by the advent of
Pd-catalyzed aromatic C—N bond formation is materials science. Arylamine materials are
important because they generate delocalized radicals upon oxidation. Their electron-rich
character makes them easily oxidized. Poly(p-aniline) is a conductive polymer in its par-
tially oxidized and protonated form,[107]–[109] and poly(m-aniline) has been a synthetic target
for generating high-spin materials.[76],[110]–[113] N,N�,N	,N-tetraarylphenylenediamines are
useful as hole-transport materials,[114],[115] and oligomeric versions of arylamines have been
prepared over the years for fundamental studies on high-spin structures.[116]–[121] Most of the
previous syntheses of these materials relied on coupling of aniline or diarylamines with aryl
halides by chemical or electrochemical oxidation, or by copper-mediated aromatic substitu-
tion that occurs at high temperatures and in variable yields.

C.iii.a. Polymer Synthesis. The first application of Pd-catalyzed amination chemistry for
materials applications was reported in brief form by Kanbara and co-workers on the
synthesis of polymers from dihalobenzenes and dialkyldiamines using the original 
P(o-tolyl)3 catalyst system (Eq. 39).[122] Molecular weights were modest, with Mw values
below 6000. Yields were low, and polydispersities were lower than the theoretical limit
for a step-growth polymerization. Thus, large amounts of oligomers were most likely
formed, and the higher molecular weight material probably precipitated selectively. A
subsequent full paper reported the use of some of the more recently developed catalysts
for formation of dialkyldiamine-linked arylamine polymers as well as one example of a
triarylamine polymer.[123] Again molecular weights were modest. The highest Mw was
14,000, and probably the most important example, the formation of a triarylamine
polymer, was surprisingly formed with the highest molecular weight using P(o-tolyl)3 as
ligand. Nevertheless, this work did demonstrate the ability to use this palladium
chemistry for polymer synthesis.

Br  +Br

HN NH

N N

[L2PdCl2]
L = P(o-C6H4Me)3

toluene 
NaO- t-Bu or 
LiN(SiMe3)2

(CH2)n

(CH2)n

n

(39)
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Concurrently, Goodson and Hartwig used the original catalyst system to prepare a se-
ries of soluble triarylamine polymers.[124] Most recently, Goodson, Hauck, and Hartwig re-
ported a detailed study on the use of improved catalysts and synthetic strategies to prepare
pure, soluble, linear triarylamine polymers with high molecular weights (Scheme 2).[125] A
large number of ligands were prepared and tested for their ability to catalyze the formation
of triarylamines in quantitative yields. A phosphinoether ligand and P(t-Bu)3 were chosen
as the most effective. True polymeric N-aryl versions of poly(p-anilines), poly(m-anilines),
alternating poly(m-aniline)poly(p-aniline)s, and alternating donor–acceptor copolymers
were all prepared. In the cases of polymerizations using substrates with m-linkages,
cyclization to form tetraazacyclophanes occurred in competition with polymerization. The
polymerization of oligomeric fragments and/or the separation of the macrocycles from
polymer by size-exclusion chromatography provided purely linear polymer. Incorporation
of phosphine into the polymer after ligand P—C bond cleavage or ligand metallation is
common in the formation of polymers by Pd-catalyzed cross-coupling.[126],[127] The materi-
als formed with P(t-Bu)3 as catalyst contained no phosphorus, as determined by long 31P
NMR spectroscopic acquisitions and by 1H NMR spectrometry. Thus, the use of P(t-Bu)3

as ligand is important to observe coupling in yields that are high enough to generate poly-
mer, to employ low catalyst loads, and to prevent metallation or P—C cleavage reactions
of the phosphine ligand.

Scheme 2

HN NH  +

R R  R = sec-Bu

O

Br Br

O

N

R

N

R

HN NH  +

sec-Bu sec-Bu

N

sec-Busec-Bu

NBr Br
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Mw = 99,000
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Pd(OAc)2

n
+ NaO-t-Bu

n

 
P(t-Bu)3 

90 °C

2

Mw = 83,000
Mn = 18,000

2

2 2

 
Pd(OAc)2 
P( t-Bu)3 

90 °C

BrBrHN NH  +

R R  R = t-Bu

N

R n

+ NaO-t-Bu Mw = 48,000 
Mn = 7300

Pd(OAc)2 
P( t-Bu)3 

90 °C

 

An alternative approach to the synthesis of triarylamine polymers is the reaction of a
dihalobenzene with a primary arylamine. In this case, the catalyst must be able to form
both diarylamines from anilines and triarylamines from the diarylamine product in nearly
quantitative yields. The discussion of catalysts above shows that complexes of P(t-Bu)3

effectively catalyze both these transformations. Kanbara and co-workers have used this
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catalyst system in addition to others as comparison for this type of polycondensation 
(Eq. 40).[128] Polymers with Mw values in the range of 9000 were obtained when using 
4-aminoazobenzene and 1,3-dibromobenzene as monomers and in the range of 19,000
when using 4-aminoazobenzene and bis(4-bromophenyl)ether as monomers.

Kanbara, Meyer, and co-workers investigated the synthesis of parent poly(m-aniline)
from 3-bromoaniline using BINAP-ligated palladium as catalyst (Eq. 41).[76],[77] The prod-
uct polymer was soluble in the organic solvents DMF, DMSO, NMP, and formic acid. The
solubility of these materials is in contrast with the insolubility of the poly(m-aniline) pre-
pared by the same synthetic route but using copper catalysts.[111] It is well known that cop-
per halides mediate the formation of triarylamines from diarylamines and aryl halides,[116]

and the selectivity for the formation of diarylamines and triarylamines is apparently not
high enough to prevent formation of crosslinked polymers. In contrast, the Pd-catalyzed
chemistry that involves BINAP as ligand is highly selective for formation of diarylamines
from aryl halides and aniline.[43] The solubility of the material produced by this catalyst
system suggests that crosslinking is either absent or less prevalent in these polymers than
it is in the polymer produced by the copper chemistry. Meyer, and co-workers carefully
analyzed molecular weights of the polymer, yields of small molecule model coupling re-
actions, and NMR spectra of the polymer.[76] Molecular weight data varied dramatically as
a function of solvent, and the yields of the small molecule coupling reactions suggest that
the data in THF are a more accurate description of the polymer molecular weight. More-
over, their NMR studies suggested that ligand was contained in the polymer. Thus, forma-
tion of pure poly(m-aniline) will require further catalyst development.[80]

NH2Br

Pd(OAc)2
BINAP

NaO- t-Bu
N
H

GPC in NMP
Mw = 39,000
PDI = 3.6

GPC in THF
Mw = 8800
Mn =1.6

(41)

Br

NH2

Br

+
Pd(OAc)2
P( t-Bu)3

NaO- t-Bu N

Mw = 9000N
N

N
N

(40) 

The synthesis of polymers with pendant arylamines has also been accomplished using
palladium chemistry. For example, reaction of poly(4-bromostyrene) with a diarylamine
containing a pendant azobenzene occurred to give the modified polymer in good yield.[129]

An alternative route for the preparation of polymers containing arylamine side-chains is
the construction of polymers from monomers that have triarylamine moieties pendant to
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the functionality that forms polymer. Using Pd-catalyzed amination chemistry, Grubbs,
Marder, Kippelen, Peyghambarian, and co-workers have constructed monomers contain-
ing pendant triarylamines for use in ring-opening metathesis polymerizations that gener-
ate materials with hole-transport properties.[67]

C.iii.b. Synthesis of Discrete Oligomers. Buchwald’s group and Hartwig’s group have
both used exponential growth strategies to prepare discrete arylamine materials.
Buchwald, Sadighi, and Singer prepared oligomers based on diarylamine structures,[78],[79]

and Louie and Hartwig prepared discrete triarylamine oligomers.[68] The exponential
growth strategy relies on orthogonal protection of two functional groups at the termini of
the oligomers. Buchwald’s group used N-aryl benzophenone imines as protected anilines
and trimethylsilylarenes as masked aryl halides. In addition, Boc groups were used to
protect internal diarylamine nitrogens in the monomer units. This protection served to
make the materials soluble and to make them less susceptible to air or chemical
oxidation. BINAP-ligated palladium complexes were used to conduct the couplings to
form the diarylamine linkages. Deprotection of the Boc group and the end-functionalized
termini produced materials suitable for studies on the electronic properties of polyanilines
with variable chain lengths.

The synthesis of triarylamine materials of variable chain length[68] was conducted by
using palladium chemistry to couple diarylamines with aryl nonaflates, as shown in
Scheme 3. The diarylamines were protected with an N-benzyl group, and the aryl non-
aflate was masked as a TBS-protected phenol. The TBS-protected phenol was directly
converted to the nonaflate using CsF and F9C4SO2F, and the benzyl group was, of course,
removed by hydrogenolysis. The C—N bonds of the chain were constructed using a com-
plex containing DPPF as ligand; bromide additive appeared to increase reaction yields,
but it is unclear how large an effect this additive had on this amination process. The prod-
uct materials were soluble in organic solvents by virtue of methoxy substitution on the
pendant N-aryl groups.
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Hyperbranched triarylamine materials were also prepared using the amination chemistry.
Louie and Hartwig reported the synthesis of a third-generation triarylamine dendrimer with
nitrogen branch points using the original catalyst system (Scheme 4).[65] Excellent yields
were obtained, allowing the dendrimers to be prepared on large scale. Presumably, analo-
gous syntheses that are even more efficient can now be conducted with the more recently
developed catalyst systems. These dendrimers generate highly delocalized radical cations.
Multiple arylations of polybromobenzenes were also conducted to generate electron-rich
arylamines. Tribromotriphenylamine and 1,3,5-tribromobenzene all react cleanly with N-
aryl piperazines using either P(o-tolyl)3 or BINAP-ligated catalysts to form hexamine prod-
ucts.[130] Reactions of other polyhalogenated arenes have also been reported.[131]
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Scheme 4

C.iii.c. Preparation of Small Molecules for Materials Science. Pd-catalyzed amination
has also been used to prepare small molecules that are useful as hole-transport materials,
selective metal-cation detection systems, and dyestuffs. As mentioned briefly in the
section on reacting diarylamines with aryl halides, Marder and co-workers used
palladium chemistry to form triarylamines, which are useful as hole-transport layers.
Reactions of primary arylamines with aryl halides using DPPF-ligated palladium as
catalyst allows for the selective addition of one aryl halide, followed by the addition of a
second aryl halide to form mixed triarylamines, as shown in Eq. 42. This procedure has
been used to generate unsymmetrical triarylamines that are analogs of TPD, as shown in
Eq. 43.[66] In addition, they have used aminoferrocene as a substrate to conduct
diarylations to form N, N-diarylaminoferrocenes.[132]

To produce arylamine-based ion sensors, aza-18-crown-6 was reacted with 9-
bromoanthracene using palladium catalysts to form the N-aryl azacrown in modest yield
(Eq. 44).[133] Of the reactions using the four ligands P(o-tolyl)3, BINAP, DPPP, and DPPF
(DPPP � 1,3-diphenylphosphinopropane), the one containing DPPF as ligand occurred in
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the highest yield (29%). Ipaktschi and Sharifi reported the Pd-catalyzed synthesis of 2,7-
diamino fluorenones by two indirect routes due to the base sensitivity of fluorenones. [134]

First, 2,7-dibromofluorene was coupled to secondary amines, and subsequent oxidation of
the product formed the diaminofluorenone. Alternatively, reaction of aminostannanes de-
rived from secondary amines with 2,7-dibromofluorenone gave yields of the fluorenone
ranging from 42% to 58%.

C.iv. Applications in Ligand Synthesis

Amido compounds are finding increasing importance in early transition metal chemistry
as supporting ligands, while materials with both phosphorus and nitrogen donor atoms
are finding increased use as non-C2-symmetric ligands for asymmetric catalysis. Thus, the
amination chemistry can provide a useful method for ligand synthesis, and several reports
of such methods for ligand preparation have appeared. Schrock and co-workers reported a
Pd-catalyzed synthesis of triamido ligands that are useful for conducting �-olefin poly-
merization using group IV metals (Eq. 45).[135] Similar chemistry has been used by 
Cabanal-Duvillard and Mangeney to prepare N,N�-diaryldiamines.[136] Their precursor
was the C2-symmetric 1,2-diphenyl-1,2-diaminoethane that has been used as a building
block for ligands used in asymmetric catalysis. Kocovsky and co-workers has reacted his
NOBIN aminoalcohol with phenyl bromide to modify this basic ligand struc-
ture.[81],[137],[138] Singer and Buchwald have also conducted Pd-catalyzed amination on bi-
naphthyl ligand substructures. They reacted benzophenone imine with the triflate formed
from homochiral binaphthol to prepare similar N,O ligands.[139]



III.3.2 Pd-CATALYZED AMINATION OF ARYL HALIDES AND RELATED REACTIONS 1081

D. MECHANISM OF PALLADIUM-CATALYZED
AMINATION OF ARYL HALIDES

D.i. Background

The mechanistic aspects of Pd-catalyzed amination of aryl halides have been studied ex-
tensively. This section provides a summary of the conceptual information that has
emerged from these studies and that is useful for understanding why a particular catalyst
is effective for a certain class of amination reaction and for the design of even more effec-
tive catalysts. The three steps of the catalytic cycle have been studied with some of the
ligands, typically the ligands used early in the development of this chemistry. Clearly,
there will be differences between the mechanism for reactions catalyzed by the recently
developed, highly active systems and those catalyzed by the earlier systems that have
been the subject of mechanistic analysis. Nevertheless, basic principles about the catalytic
process will apply to all systems. Considering the increased ionic character of the Pd—N
or Pd—O bonds versus Pd—C bonds, and the potential for �-repulsion between the filled
metal d- and heteroatom p-orbitals, it is remarkable that these complexes behave as simi-
larly as they do to more classic transition metal alkyls. Most striking is the ability to con-
duct C—N bond formation with metal amido complexes bearing �-hydrogens; �-
hydrogen elimination from late metal amido complexes was typically believed to be
faster than that from transition metal alkyl complexes. Instead, �-hydrogen elimination
from amides may be slower.[140]

The overall mechanism for Pd-catalyzed amination of aryl halides is shown in
Scheme 5. Initially, a Pd (0) complex is rapidly formed from Pd(OAc)2 and phosphine
ligand in the presence of amine and base.[59] If Pd(dba)2 is used, then either bisphosphine
Pd(0) complexes are formed, as with P(t-Bu)3,[141] or mixed phosphine/dba Pd(0) com-
plexes are formed as with arylphosphines.[14] In some cases, dba appears to be consumed
under the reaction conditions, and simple bis-ligand Pd(0) complexes are formed.[59] The
mechanism for reduction of Pd(II) to Pd(0) has been studied,[142] but the process occurs
more rapidly in the presence of amine and base than in the absence of these reagents,
even when the amine cannot undergo �-hydrogen elimination.
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The Pd(0) complex undergoes oxidative addition of aryl halide, and the resulting aryl-
palladium halide is converted to an arylpalladium amide in the presence of amine and
base. The arylpalladium amide can then undergo either �-hydrogen elimination to pro-
duce arene product and regenerate Pd(0), or it can undergo reductive elimination to form
the desired arylamine product and Pd(0). This selectivity is important for determining
reaction yields. It is most common that a different step of the cycle dictates the reaction
rate. For reactions of amines with aryl halides in the presence of alkoxide base catalyzed
by BINAP or DPPF complexes, the resting state of the catalyst is the Pd(0) species.[51],[59]

Thus, oxidative addition is the turnover limiting step. In reactions that employ weak
bases, it is likely, although not experimentally verified, that the resting state is the arylpal-
ladium halide. Slower generation of an arylpalladium amide complex from an arylpalla-
dium halide is likely to occur with weaker bases. Only in special cases is the reductive
elimination turnover limiting. For example, the formation of N-aryl azoles and N-aryl car-
bamates may involve reductive elimination processes that are slow enough to act as the
turnover limiting step. The mechanistic discussion below will summarize the experimen-
tal data pertaining to the three steps of the cycle involving the palladium complexes that
are useful for carbon–heteroatom bond formation.

D.ii. Oxidative Addition

Extensive studies have been conducted on the oxidative addition of aryl halides to Pd(0)
complexes ligated by PPh3 in different media and with different additives.[13],[143] How-
ever, palladium complexes containing these ligands are not active catalysts for the amina-
tion. Instead, one must consider the mechanism for oxidative addition of aryl halides to
palladium bound by P(o-tolyl)3, DPPF, BINAP, and P(t-Bu)3. Fewer data have been re-
ported on these systems. Amatore and co-workers have studied the addition of aryl
halides to Pd(0) complexes formed by the addition of chelating ligands to Pd2(dba)3.[14]

Addition of these ligands to Pd2(dba)3 generates mixed phosphine/dba complexes. The ki-
netic behavior of the complex containing BINAP as phosphine ligand indicated that two
competing pathways for addition occur, one by direct reaction of aryl halide with 
(BINAP)Pd(dba) and one from the (BINAP)Pd intermediate formed by dba dissociation.

−L

+L

L  Pd L  PdL

L = P(o-tolyl)3

ArBr

L
Pd

Ar Br L
Pd

ArBrfor L  =
P(o-tolyl)3

L Pd
Ar

Brstable for
chelating L (46) 

Hartwig and co-workers studied the addition of aryl halides to isolated homoleptic
Pd(0) complexes containing P(o-tolyl)3, DPPF, or BINAP (Eq. 46).[144],[145] Kinetic studies
of the reactions between aryl halides and the L2Pd complex containing P(o-tolyl)3 as lig-
and in aromatic or THF solvent showed that carbon–halogen bond cleavage occurs by a
monophosphine Pd(0) species that does not contain solvent directly coordinated to the
metal center. An associative mechanism involving reversible displacement of phosphine
by aryl halide to make a dative ArX complex prior to carbon–halogen bond cleavage has
been ruled out,[146] leaving reaction by the monophosphine Pd(0) species the remaining
mechanism. The palladium complexes (DPPF)2Pd and (BINAP)2Pd also undergo dissoci-
ation of ligand, this time to form a (chelate)Pd(0) intermediate that undergoes oxidative
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addition. In the case of addition to (BINAP)2Pd(0), reactions conducted with high ratios
of aryl bromide to free phosphine were zero order in aryl bromide. Under these condi-
tions, dissociation of phosphine is rate determining. These conditions of high aryl
bromide to free ligand are, of course, the conditions that mimic those of the catalytic
reaction. Thus, one can predict that the catalytic process will depend only on the rate of
ligand dissociation and will be zero order in amine, aryl halide, and base. These predic-
tions have been confirmed experimentally.[145]

D.iii. Reductive Elimination and �-Hydrogen Elimination

The most detailed studies have been conducted on the reductive elimination step of the
catalytic cycle; fewer studies have been conducted on �-hydrogen elimination from late
metal amido complexes. Several principles have emerged from this study. First, C—N
bond-forming reductive elimination can occur from either three-coordinate monophos-
phine or four-coordinate bis-phosphine complexes.[23] Elimination from the three-coordi-
nate species appears to be faster. Second, �-hydrogen elimination from initially square
planar amido complexes appears to occur predominantly or exclusively from a three-co-
ordinate intermediate formed by phosphine dissociation.[140] Thus, chelating ligands tend
to block �-hydrogen elimination, while allowing formation of arylamine products by re-
ductive elimination from a cis, four-coordinate species. Third, the rate of reductive elimi-
nation is strongly dependent on the nucleophilicity of the heteroatom and electrophilicity
of the palladium-bound aryl group.[23],[147] Complexes containing covalent ligands with
more nucleophilic heteroatoms bound to palladium undergo reductive elimination more
rapidly than those with less nucleophilic heteroatoms bound to palladium. A complemen-
tary effect of the aryl group’s electronic properties on the rate of reductive elimination is
observed. Electron-withdrawing substituents on the aryl group bound to palladium accel-
erate the rate of reductive elimination.[23],[147]–[149] Fourth, steric properties of the phos-
phine ligand appear to dominate electronic properties. Sterically hindered alkylphosphine
ligands, which are strong electron donors, appear to provide faster rates for reductive
elimination than smaller alkylphosphine ligands or even smaller arylphosphines.[150]

Direct observations of arylamine reductive elimination encompass complexes contain-
ing P(o-tolyl)3,[151] DPPF, and PPh3 as ligand. Complexes of the latter two ligands were
stable enough to isolate and fully characterize. Kinetic studies on the elimination from
PPh3 complexes revealed the competing elimination from both three- and four-coordinate
intermediates (Scheme 6).[23] Because some complexes were dimeric and others
monomeric, a direct comparison of reaction rates for different types of amido complexes
could not be made. However, the isolation and subsequent reaction chemistry of DPPF-
ligated arylpalladium amides did provide complexes that underwent reductive elimination
without prior rearrangements. Thus, one could readily determine that complexes with
more electron-rich amide ligands reacted faster Scheme 6, and those with electron-poor
aryl groups reacted faster. Furthermore, the generation and characterization of DPPF-
ligated palladium alkylamido complexes in solution allowed a direct observation of the
improved selectivity for reductive elimination over �-hydrogen elimination in the case of
complexes containing primary alkylamido ligands.[23],[42]

The effects of chelating ligand structure on reductive elimination and �-hydrogen
elimination have not been studied extensively. However, one study did evaluate the ratios
of products formed from the catalytic process as the ligand bite angle, the aryl group’s
electronic, and the aryl group’s steric properties were systematically perturbed.[30]
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A second study provided an analysis of the effect of ligand structure on the reductive
elimination of diaryl ethers.[150]

In general, electronic effects produced minor changes in product distribution of the
catalytic process and rate of reductive elimination.[30] Moreover, the electronic effect on
product distribution in the catalytic amination was surprising: the more electron-rich
phosphine gave better ratios of arylamine to arene. This trend is the opposite of what one
would expect from conventional acceleration of reductive elimination and deceleration of
�-hydrogen elimination by reduction of electron density at the metal center.[152] As part of
the studies of ligand effects on the reductive elimination of diaryl ethers, an arylpalladium
phenoxide complex containing a DPPF analog that had p-CF3 substituents on each of the
ligand aryl groups was prepared. This complex underwent reductive elimination of diaryl
ether only twice as fast as the simple DPPF complex (Eq. 47).[153]
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Scheme 6

Steric properties of the ligand have a more pronounced effect on the rate of reductive
elimination. Arylpalladium phenoxide complexes containing a sterically hindered
monophosphine P(Fc)(t-Bu)2 (Fc � ferrocenyl) underwent reductive elimination of diaryl
ethers, even when the palladium-bound aryl group was unactivated, as shown in 
Eq. 48.[150] Arylpalladium phenoxide intermediates containing P(t-Bu)3 as ligand under-
went this reductive elimination in essentially quantitative yield. Reductive elimination of
diaryl ether from DPPF-ligated palladium complexes with unactivated aryl groups on the
metal did not occur. Thus, the steric hindrance of the ligand, as well as the presence of a
single phosphine donor atom provide large rate accelerations.
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Two mechanistic studies on �-hydrogen elimination from monomeric square planar
amido complexes have been conducted. A third study on reversible �-hydrogen elimina-
tion from dimeric rhodium complexes has been reported.[154] The first mechanistic study
evaluated the steric effects of the phosphine ligand on the selectivity for reductive elimina-
tion versus �-hydrogen elimination from monophosphine arylpalladium dialkylamido
intermediates.[155] This study showed that an increased size of the phosphine ligand accel-
erates the rate of reductive elimination relative to that of �-hydrogen elimination (Eq. 49).
These results are rationalized by the decrease in coordination number resulting from
reductive elimination and increasing coordination number resulting from �-hydrogen elim-
ination, which generates a hydride and imine ligand from an amide. A second mechanistic
study involved primary alkylamido and N-alkyl arylamido complexes of Ir(I) that were iso-
electronic with the arylpalladium(II) amido complexes of the catalytic cycle 
(Eq. 50).[140] This study showed that �-hydrogen elimination from amides can be dramati-
cally slower than �-hydrogen elimination from the analogous alkyl complexes (70–110 °C
versus 0 °C). It also showed that �-hydrogen elimination occurred from a three-coordinate
intermediate as is typical for �-hydrogen elimination from square planar alkyl complexes.

D.iv. Formation of Amido Complexes in the Catalytic Process

Three general mechanisms can be envisioned for the formation of amido complexes from
arylpalladium halides: direct substitution of halide by alkali amide generated by simple
deprotonation of free amine by free base, coordination of amine to the metal center followed
by deprotonation of the more acidic coordinated amine, or formation of a palladium alkoxide
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complex that reacts with amine to form a palladium amide and alcohol. The mechanism
followed for this step of the cycle depends on the identity of the catalyst, base, and nitrogen
substrate. In general, the first mechanism should be avoided because alkali amides react with
aryl halides to generate benzyne intermediates and to undergo electron transfer
processes.[156],[157] In addition, stabilized nitrogen anions such as pyrrolyl or anilide ions can
generate stable ate complexes with palladium.[23],[85] Therefore, a low concentration of most
nitrogen anions is desired. In special cases such as the reactions of diarylamines, Pd-cat-
alyzed amination using anionic amide reagents can provide good yields,[65] but there is gener-
ally no advantage to this procedure over the use of a weaker base in the presence of amine.

The second mechanism involving deprotonation of coordinated amine is the most
likely pathway for reactions catalyzed by palladium monophosphine complexes (Eq. 51).
The catalytically active arylpalladium halide intermediate with bulky monophosphine lig-
ands are three-coordinate complexes that can bind amine.[158]–[161] These mixed amine
phosphine complexes can then undergo deprotonation by bases whose conjugate acids are
weaker than the amine substrate. For example, alkylamine complexes of arylpalladium
halides containing P(o-tolyl)3 as ligand have been deprotonated at low temperature by
silylamide base to give the coupled product after generation of the palladium amide.[151]

Presumably, this general mechanism operates when carbonate or phosphate bases are
employed, although the deprotonation process is probably at the surface of the solid base
for reactions in aromatic solvents. The mechanism is less clear for the generation of palla-
dium amides when weak bases and palladium complexes bearing chelating phosphines
are used. Most likely, deprotonation of a five-coordinate amine complex occurs, but
replacement of halide by amine and deprotonation of the resulting cationic amine com-
plex is an alternative pathway. This latter mechanism most likely occurs during catalytic
amination of aryl triflates using carbonate or phosphate base because of the lability of the
triflate ligand. No mechanistic data have been obtained to support these pathways involv-
ing complexes with chelating ligands, although they have been frequently proposed.
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The final pathway, which involves alkoxide intermediates, has been shown to occur
when reactions employ NaO-t-Bu as base and DPPF as ligand (Eq. 52).[162] DPPF-ligated
arylpalladium t-butoxide complexes have been isolated. Reactions of these complexes
with arylamines led to rapid formation of the amido complex and subsequent reductive
elimination of diarylamine. Reactions with secondary alkylamines led to formation of di-
alkylanilines, presumably through the intermediacy of an arylpalladium dialkylamido in-
termediate. Reaction of the DPPF-ligated, arylpalladium halide complexes with alkoxide
and dialkylamine together first formed the alkoxide complex. This complex subsequently
reacted with amine and reductively eliminated the dialkylaniline. The observation of the
alkoxide complex in this reaction strongly suggests the intermediacy of the alkoxide com-
plex in the catalytic reactions.[153]
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E. PALLADIUM-CATALYZED FORMATION OF PHOSPHINES
AND ARSINES FROM ARYL HALIDES

E.i. Introduction to P—C and As—C Bond Formation

The number of phosphine ligands, particularly nonracemic chiral phosphine ligands, that
are being prepared each year has been expanding tremendously. One method that has as-
sisted in the synthesis of these ligands is the Pd-catalyzed formation of aromatic P—C
bonds. Similar methods can be used to prepare aromatic arsines. One of the original pro-
cedures for Pd-catalyzed P—C bond formation was published by Hirao using dialkyl
phosphonates, and Stille subsequently used silylphosphides as reagents. Procedures in-
volving secondary phosphines in the presence of base are now used commonly, as are
reactions of secondary phosphine oxides in the presence of base. The coupling of phos-
phine boranes has also been used. The latter two procedures provide the benefit of air-
stable phosphorus reagents and products, and they involve reagents and products that are
weak ligands for the metal center. Coordination of a phosphine product to the palladium
can alter the catalyst struture. Thus, chelating ligands are sometimes used in the synthesis
of phosphines by the Pd-catalyzed method.

E.ii. Specific Examples of Palladium-Catalyzed P—C and P—As Bond Formation

E.ii.a. Synthesis of P(V) Coupling Products. In 1980 and 1982, Hirao and co-workers
reported the coupling of vinyl and aryl halides with O,O-dialkylphosphonates to prepare
vinyl and aryl dialkylphosphonates.[163],[164] This reaction is shown for aryl halides in 
Eq. 53 and was one of the first catalytic P—C bond-forming processes. During this time,
they also reported the coupling of aryl bromides with dialkylphosphonates.[165] In both
these studies, the reactions were run in the presence of triethylamine as base at 90 °C
with Pd(PPh3)4 as catalyst. The formation of aryl phosphonates was successful with many
aryl iodides and bromides, including those with the substituents p-CH3, p-Cl, p-H3CO, 
p-NO2, and p-CN. Typical yields ranged from 64% to 96%, but low yields were observed
when protic functional groups were present.
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Xu, Li, Xia, Huang, and co-workers have reported a range of P—C bond-forming
processes involving the coupling of aryl and vinyl halides with phosphorus(V) reagents.
For example, they have reported the cross-coupling reaction of aryl and vinyl bromides
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with monoalkyl benzenephosphonites (RO)(Ph)P( � O)H), isopropyl methylphosphinates
(RO)(Me)P( � O)H), and secondary phosphine oxides using the same catalyst and base as
Hirao used to give unsymmetrical alkyl diarylphosphinates,[166] isopropyl alkenyl-
methylphosphinates,[167] isopropyl arylmethylphosphinates,[168] and tertiary phosphine ox-
ides. In general, the yields were high for the coupling of aryl and vinyl bromides with
phosphonites and for the coupling of electron-poor aryl halides with secondary phosphine
oxides. Lower yields were observed for the coupling of secondary phosphine oxides with
aryl halides bearing electron-donating substituents. Xu and co-workers  also used similar
chemistry to prepare alkenylbenzylphenylphosphine oxides[169] and alkylarylphenylphos-
phine oxides.[170] In the work on the preparation of phosphinates, the authors initiated the
reactions with nonracemic chiral phosphorus(V) reagents. They found that the phospho-
rus stereochemistry was retained, providing a route to optically active phosphi-
nates.[167],[168] In addition, these phosphorus reagents allowed for an analysis of the
stereochemistry of the reaction involved in the catalytic cycle.[171] The stereochemistry
was retained in the overall process, and it was established previously in studies on C—C
bond-forming reductive elimination that concerted reductive eliminations proceed with
retention of configuration.[172] Assuming the P—C bond-forming reductive elimination
also occurs by retention of configuration, the formation of the Pd—P bond in the pal-
ladaphosphinate intermediate also occurs with retention of configuration by what is pro-
posed to be a front-side attack of the phenylpalladium bromide on the phosphorus 
nucleophile.
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The similar reaction of diarylphosphine oxides with aryl halides and triflates has been
used more recently to prepare a variety of ligands for asymmetric catalysis. Many of
these reactions involve additions of secondary phosphine oxides to di- or monotriflates
derived from binaphthol because the triflates are more accessible than 2,2�-1,1�-dibro-
mobinaphthol. Workers at Syntex described a procedure to use the ditriflate of binaphthol
to prepare mixed phosphine oxide, hydroxo ligands, and the monophosphine oxide, bi-
naphthyldiphenylphosphine oxide.[173] Hayashi then developed a route to a number of chi-
ral monodentate phosphine ligands with a 2-(diphenylphosphino)-2�-alkoxy-1,1�-binaph-
thyl structure (Eq. 55).[174] Reaction of the ditriflate with diphenylphosphine oxide in the
presence of a catalyst generated from Pd(OAc)2 and bis-1,4-(diphenylphosphino)butane
gave the substitution product in 95% yield. This product was hydrolyzed, alkylated, and
reduced in good yield in all cases except when a methoxymethyl group was installed. In
this case reduction followed by alkylation gave the best results. The monosubstitution
product was also converted to a 2-alkyl-2�-phosphino-1,1�-binaphthyl ligand by a Ni-cat-
alyzed Grignard reaction at the remaining triflate. Most recently, Kocovsky has used a
similar synthetic approach to convert his 2-amino-2�-hydroxy-1,1�-binaphthyl (NOBIN)
to amino phosphino binaphthyl (MAP) ligands. Conversion of NOBIN to the triflate and
phosphination followed by reduction generates the MAP ligands.[175],[176] Finally, Cho and
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Shibasaki have prepared mixed diphenylphosphino diphenylarsino ligands by reacting
diphenylarsine in the presence of 10% DPPE-ligated Ni(0) with the monophosphine
monotriflate that is generated by P—C coupling of a secondary phosphine oxide and re-
duction with silane.[177] Doucet and Brown used this general method to prepare QUINAP,
as shown in Eq. 56.[178]
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E.ii.b. Synthesis of Phosphorus(III) Coupling Products. In many cases, secondary
phosphines, rather than secondary phosphine oxides, can be used as substrates. In one
case, phosphine oxides were generated even when starting with secondary
phosphines,[179] but this result is atypical. In 1980, Sokolov and co-workers published a
stoichiometric P—C bond-forming process to generate one of Kumada’s phosphino
amine ligands,[180] and in 1987, Tunney and Stille reported catalytic P—C bond-
forming cross-coupling reactions to generate phosphine products. As shown in Eq. 57,
Stille used stannyl and silylphosphides, with the less toxic silylphosphides reacting at a
satisfactory rate.[2] The catalyst used was either (PPh3)2PdCl2 or (CH3CN)2PdCl2. Yields
ranged from 55% to 94%, and the reaction tolerated a variety of functional groups on
the arene, including esters, ketones, trifluoromethyl groups, and amides. Aldehyde,
hydroxyl, amino, and nitro groups were not tolerated. Related chemistry using
silylphosphides has been used by Mathey to prepare phosphino-substituted
phosphinines from bromophosphinines[181] and by Beletskaya to prepare both 2-
alkenylphosphines from vinyl halides and unsymmetrical secondary phosphines from
silylphosphines.[182],[183]
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PPh2+  Me3Si(or Sn)PPh2

Pd(PPh3)2Cl2

(57)

It is now common that secondary phosphine and base are used instead of isolated
silylphosphine reagents. A paper by Cai and co-workers from Merck Process Research
showed that the single substitution products of phosphine oxides with the ditriflate of binaph-
thol could be converted under catalytic conditions to the disubstitution products with either
secondary phosphine or phosphine oxide.[184] Thus, (DPPE)NiCl2 catalyzes the double addi-
tion of diphenylphosphine to the ditriflate to generate BINAP. A number of researchers have
either used this system or palladium catalysts to generate phosphines. McCarthy and Guiry
and Shibasaki and co-workers each used Ni- catalyzed processes to prepare phosphines from
aryl halides and secondary phosphines. Guiry prepared QUINAP analogs and Shibasaki pre-
pared BINAs.[185],[186] Others have used palladium catalysts with similar reagents. Beletskaya
and co-workers showed that not only silylphosphines but secondary aryl phosphines and base
would react with vinyl halides in the presence of palladium catalysts to form �- or �-alkoxy-
and �- or �-aminovinyl phosphines.[187] Stelzer and co-workers used water-soluble second-
ary phosphines, aryl halides, and base in the presence of palladium acetate or (PPh3)4Pd(0)
catalyst to generate water-soluble tertiary phosphines,[188] and Casalnuovo and Calabrese re-
ported the use of water-soluble catalysts to conduct the coupling of dialkylphosphonates with
aryl halides in aqueous acetonitrile mixtures.[189]

Several methods have been adopted to manage the air sensitivity of either the second-
ary phosphine reagents or tertiary phosphine products. For example, Gilbertson used 
Pd-catalyzed chemistry to install a phosphino group into a peptide.[190] Conversion of a
tyrosine or related unnatural aromatic residue to a triflate and subsequent coupling gave
the peptide phosphine. This product was protected as the phosphine sulfide in situ for
chromatography. The sulfide can be converted to the phosphine using Rainey nickel.[191]

In an alternative procedure, Oshiki and Imamoto have shown that the secondary phos-
phine boranes can be used under Pd-catalyzed procedures (5% PPh3-ligated Pd(0),
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K2CO3) to prepare tertiary phosphine borane products.[192] Straightforward deprotection
of the phosphine borane by addition of amines such as DABCO are known.[193] In this
case, resolved secondary phosphine boranes were used and the products showed stereo-
chemistry that depended on the sovent and base used.[192] Lipshutz and co-workers subse-
quently developed a procedure for using phosphine boranes with aryl triflates and non-
aflates to generate phosphine borane products.[194] A final procedure that involves the
convenient use of diorganophosphine chlorides and aryl halides is based on nickel cata-
lysts, but will be mentioned briefly. Laneman and co-workers reported a procedure by
which aryl or vinyl bromides or triflates react with diaryl chlorophosphines using
NiCl2(DPPE) and stoichiometric zinc as reductant to generate triarylphosphines in yields
ranging from 45% to 95%.  The aryl triflates gave the highest yields.[195]

E.ii.c. Mechanism of Palladium-Catalyzed P—C Bond Formation. Little mechanistic
information has been generated about the P—C bond-forming catalytic process, but the
mechanism certainly involves oxidative addition of aryl halide, and most likely involves
formation of a palladium phosphide and reductive elimination of phosphine. Transition
metal phosphide chemistry is a large body of literature, but few reductive eliminations of
phosphines have been reported. Fryzuk and co-workers reported an alkyliridium
phosphido complex that reductively eliminates phosphine,[196] while Glueck and co-
workers reported more closely related methylplatinum phosphides that resist such
reductive elimination.[197] Brown and co-workers did recently generate arylpalladium
phosphidoborane complexes at low temperature by addition of KPh2P(BH3) to DPPP-
ligated arylpalladium halide complexes.[198] In the case of the C6F5 complex, the
arylpalladium phosphidoborane complex was stable enough to isolate and obtain X-ray
structural data. Most of the arylpalladium phosphidoborane complexes were unstable at
room temperature, and their reductive elimination behavior was not investigated in detail.

F. FUTURE PROSPECTS

A glance at the chart of catalysts and transformations shows the types of aromatic C—N
bond formation that are unknown or need improvement. The development of catalysts for
formation of aryl phosphines by Pd-catalyzed methods has seen less attention, and the
improved catalysts for the amination chemistry may also improve the C—P bond-forming
processes in certain cases. Furthermore, general procedures for obtaining fast rates with
weakly basic conditions for C—N bond formation are desired in most cases. Improve-
ments in rate and turnover number for most aromatic carbon–heteroatom bond formation
using aryl chlorides is needed. The development of new catalysts that accomplish these
goals and the recent development of highly active catalysts will continue to create new
mechanistic questions about the origin of their activity. They also will provide the poten-
tial to apply Pd-catalyzed aromatic carbon–heteroatom bond formation to additional syn-
thetic problems. The analysis of these reactions and their use in complex syntheses are
likely to accompany the development of improved catalysts in the future.
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