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The development of new palladium catalysts for the arylation of amines and alcohols with aryl
halides and sulfonates is reviewed. Initial systems as well as mechanistic issues are discussed
briefly, while subsequent generations of catalysts are described in greater detail. For these later
generations of catalysts, substrate scope and limitations are also discussed. The review is orga-
nized by substrate class. Modifications and improvements in technical aspects of reaction
development are described where appropriate. In addition, applications of this technology
toward natural product synthesis, new synthetic methodology, and medicinal chemistry are
chronicled. This review is organized in a manner that is designed to be useful to the synthetic

organic chemist.
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Abbreviations

Ac acetyl

Ar aryl

Bn benzyl

Boc tert-butoxycarbonyl

Bu n-butyl

t-Bu tert-butyl

cat catalyst, catalytic

conc concentrated

Cy cyclohexyl

Dba dibenzylideneacetone

de diastereomeric excess

DME 1,2-dimethoxyethane

DPPP  1,3-bis(diphenylphosphino) propane

ee enantiomeric excess

equiv  equivalent(s)

Et ethyl

h hour(s)

LHMDS lithium hexamethyl disilazide

Me methyl

mol mole(s)

Nf nonafluorobutylsulfonyl

Ph phenyl

PMB  4-methoxybenzyl

i-Pr iso-propyl

RT room temperature

TBS tert-butyldimethylsilyl

Tf trifluoromethanesulfonyl

TFA trifluoroacetyl
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THF tetrahydrofuran

TMS trimethylsilyl

o-tol 2-methylphenyl

p-tol 4-methylphenyl

Troc triphenylmethoxycarbonyl

Ts tosyl, 4-toluenesulfonyl
1
Introduction

Arylamines and aryl ethers are ubiquitous in numerous fields of chemistry.
Arylamines are commonly encountered in natural products [1] pharmaceuticals
[2] xerographic and photographic materials [3] as well as conducting polymers
[4]. Similarly, aryl ethers are commonly found in natural products [1] and bio-
logically active compounds [2] as well as polymeric materials [5]. Traditionally,
the preparation of alkylarylamines has been carried out by the reductive ami-
nation of aniline derivatives or arene nitration/reduction protocols [6,7]. These
methods, although often effective, suffer from a relatively limited substrate gen-
erality and functional group tolerance. Additionally, these synthetic strategies
often require multiple steps or the use of expensive reagents in stoichiometric
amounts. The preparation of aryl ethers has most often been achieved via the
Ullman ether synthesis [8]. Though useful, the Ullman reaction suffers from
a limited substrate scope; the reaction typically works best for the coupling of
electron-deficient and sterically unhindered aryl halides.

Thus, the transition metal catalyzed arylation reactions of amines and alco-
hols would constitute powerful tools for synthetic chemists. We have been devel-
oping practical procedures for the palladium-catalyzed arylation of amines and
alcohols with aryl halides or sulfonates. During the course of our investigations
[9] as well as those of John Hartwig and co-workers [10] the substrate scope of
these transformations has been incrementally expanded. With each cycle of this
catalyst improvement process, advances in mechanistic understanding and
ligand design have also been made.

This review covers the literature through December, 2000 and is designed
to be of greatest use to the synthetic organic chemist. Thus, the mechanistic
studies will be not be covered in detail, and it is left to the reader to refer to the
literature describing such studies [11]. In addition, the reader is encouraged to
consult previous reviews on amine and alcohol arylation [9, 10, 12]. Procedures
detailing other transition metal catalysts (e.g., Ni and Cu) effective in amine and
alcohol aryl couplings have also been reported, but because of space limitations,
are beyond the scope of this review [13]. Experimental procedures were chosen
based on the general utility of the procedure as well as the commerical avail-
ability of the catalyst precursors.
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2
Palladium-Catalyzed Amine Arylation

2.1
Initial Systems

The first palladium-catalyzed formation of aryl C-N bonds was reported in
1983 by Migita and co-workers, Eq. (1) [14]. The reaction of electronically
neutral aryl bromides and aminotin compounds in the presence of catalytic
[(0-tol);P],PdCl, resulted in the efficient preparation of the corresponding
aniline in moderate to good yield. This seminal discovery was limited by
the necessity to use the thermally and moisture sensitive tributyltin amides,
however.

1 mol%
[(o-tol)gP]deCIz
@Br + BuszSn—NEt, > @NEQ + BuzSn—Br
R = toluene R —
100 °C
3h

R = H, alkyl 61-81% yield (1)

Additionally, Boger and Panek reported an intramolecular amine arylation
mediated by stoichiometric quantities of Pd (0), Eq. (2) [15]. Efforts to render
this transformation catalytic in palladium were fruitless, however. The result-
ing heterocycle was utilized in the total synthesis of lavendamycin.

MeO,C N CO,Me N CO;Me
N . MeO,C—/
| P 1.5 equiv \
H,oN Me (PhsP)4Pd =/ "Me
_—
Br dioxane HN
80 °C
84% (2)

In 1994, Buchwald and Guram reported a new catalytic procedure based
on Migita’s amination procedure where the tin amide could be generated in situ
by an amine exchange reaction, Eq. (3) [16]. Thus, by pre-mixing N,N-diethyl-
aminostannane with the reacting amine followed by removal of the volatile
diethyl amine by argon purge, they were able to cleanly produce the desired
aminotin compound. This intermediate was found to undergo coupling with
several aryl bromides in moderate to good yields, although this procedure still
necessitated the use of stoichiometric tributyltin compounds.

1-2.5mol%
Ar Purge [(o-tol)3P],PdCI,
H-NRR' + BusSn—NEt, BuzSn—NRR' Ar—NRR'
toluene ArBr
R,R' = H, alkyl, 80°C toluene 55-88% vyield
aryl -HNEt, 105 °C

3)
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The limitations associated with the use of tin compounds in this chemistry
was overcome by the Buchwald and Hartwig groups concurrently in 1995. By
using NaO¢-Bu as base, the Buchwald, Guram, and Rennels were able to effect
catalytic C-N bond formation, Eq. (4) [17]. Thus, the sodium amide generated
in situ by deprotonation of the reacting amine could be used instead of the
corresponding aminotin species. They reported that the isolated complex
[(o-tol);P],PdCl, or a catalyst generated by mixing Pd,dba; and two equivalents
of (o-tol);P achieved the C-N bond formation with comparable efficiency.

2 mol%
Pd(dba),/2 (o-tol3)P

or [(o-tol)3P],PdCl,
@Br + H-NRR? — 5% /N _NR?R3
R/ NaOt-Bu R/_

toluene
65 or 110 °C 71-89% yield

(4)

Similarly, Hartwig and Louie reported that LIHMDS was also a useful base for
such transformations, Eq. (5) [18]. They also reported two different complexes
as catalysts; [(o-tol);P],PdCl, and [(o-tol);P],Pd effectively catalyzed the amine
arylation reaction.

5 mol%
[(o-tol)3P],Pd
or [(o tol)3P],PdCl,
+
R Br HN LlHMDS R N
toluene
100°C 72-94% yield

(5

Although both of these reports greatly expanded the scope and utility of the
amine arylation reaction, these catalytic systems enjoyed a relatively narrow
substrate scope compared to subsequent generations of catalysts developed
both by the Buchwald and Hartwig groups. Through iterative cycles of ligand
design, methodological studies, and mechanistic investigations, highly active
and broadly useful catalyst systems have been developed.

The generally accepted mechanism for the amine arylation is shown in
Scheme 1. The catalytic cycle begins with the oxidative addition of the aryl
halide (or sulfonate) by Pd (0). The palladium (II) aryl amide can be formed
either by direct displacement of the halide (or sulfonate) by the amide or via the
intermediacy of a palladium (II) alkoxide [19]. Reductive elimination of the
C-N bond results in the formation of the desired arylamine and regeneration of
the Pd (0) catalyst [11e, 20].

In the coupling of more challenging substrates, reduction of the aryl halide is
frequently observed [21]. Specifically, in the reaction of electron-rich aryl
halides or sulfonates, reduced arene is a major by-product. Presumably, this
side-product arises when the palladium amide can undergo B-hydride elimina-
tion to generate an imine and a palladium (II) aryl hydride (Scheme 2). Subse-



136 A.R.Muci - S.L. Buchwald

0
Ar-NR; LnPd Ar—X
NR, X
LnPd'"< LnPd"<
" SAr " A
HOt-Bu HNR,
MX HNR,
X
[LnPdI|<Ar
HOtBu MOt-Bu
MOt-Bu
Ot-Bu
LnPd"<
n \Ar
Scheme 1 H-NR, M-X

quent reductive elimination yields the reduced arene and regenerates the Pd (0)
catalyst. Thus, one of the major challenges confronted in the development of
more efficient amine arylation catalysts was to shut down this unwanted side
reaction.

CHR' p-H \R
N~ elimination H
TR a—————= L Pd"  *+ | Ar-H + L,Pd®
LaPd™S 0 " A R') ’
Scheme 2
2.2

N-Arylation of Secondary Amines

2.2.1
Reaction of Cyclic Secondary Amines with Aryl Bromides

The initial catalyst systems described above were effective with aryl bromides
and a relatively narrow array of amines, although these procedures found utility
in the preparation of diaminofluorenes [22], poly(aryleneamines) [23], certain
N-aryl-aza-crown ethers [24], N-arylpiperazines [25], and diaminobenzenes
[26] (Fig. 1). These original methods often proved reasonably effective in the
coupling of cyclic amines. Presumably, cyclic amines are less challenging sub-
strates for the palladium-catalyzed coupling because the cyclic palladium (II)
amide intermediates are less prone to -H elimination compared to their acyclic
counterparts.

Although the arylation reaction could be effected with (o-tol);P as ligand,
Buchwald and co-workers investigated the use of BINAP (1) and other diphos-
phine ligands in the C-N bond forming reaction. (+)-BINAP often provided bet-
ter yields of the desired product with both cyclic and acyclic amines, and lower
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Fig. 1. Compounds prepared by the [(0-tol);P],PdCl,-catalyzed amine arylation

amounts or aryl bromide reduction were observed [27, 28]. While the coupling
of N-methylpiperazine with 3,5-dimethylbromobenzene proceeded in 47 % iso-
lated yield when the (o-tol);P-based protocol was used, the (+)-BINAP-derived
catalyst effected the reaction in 98% yield, Eq. (6). In fact, a 94% yield of the
desired product was obtained when the (+)-BINAP/Pd-catalyst was used in only
0.05 mol% in the absence of solvent. Substantial improvements in yield in the
coupling of acyclic secondary amines were also observed with the BINAP system
as well as well as a DPPF (2)-based catalyst reported by Hartwig [29]. Like the
(0-tol);P/Pd system, NaO#-Bu is most often used as base, however, recently a
Novartis group has reported that alkoxide bases containing B-hydrides such as
NaOMe or NaOi-Pr can also be used [30]. Additionally, milder bases such as
Cs,CO;5 and K;PO, are often compatible with these methods.

Me, 2 mol% Ligand Me,

/ \ Pd,(dba); / \
_—
./ NaOt-Bu _/
toluene
Me 80 °C Me
Ligand Yield, %

(o-tol)sP 47
(+)-BINAP 98 (6)

Fe

O PPh, S _pen,

BINAP (1) DPPF (2)

ORY,

Fig.2

General Procedure for the Palladium-Catalyzed Arylation of Amines with
Aryl Bromides using BINAP/Pd: (Excerpted with permission from [27]. © 2000
American Chemical Society) An oven-dried Schlenk flask was charged with
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sodium fert-butoxide (134.5 mg, 1.4 mmol), Pd,(dba); (2.3-9.2 mg, 0.0025-
0.01 mmol), and BINAP (4.7-18.7 mg, 0.0075-0.03 mmol). The Schlenk flask
was fitted with a septum and attached to a Schlenk line. After the air atmosphere
was replaced with argon, toluene (2-9 ml), aryl bromide (1.0 mmol), and amine
(1.2 mmol) were added by syringe. After the septum was replaced with a teflon
valve, the reaction was sealed and heated to 80°C with stirring until starting
material was consumed as judged by GC analysis. The reaction mixture was
cooled to room temperature, diluted with ether (15 ml), filtered, and concen-
trated. The crude reaction mixture was then purified further by flash chro-
matography on silica gel.

Numerous groups have used the BINAP/Pd- and DPPF/Pd-based reaction
protocols for the arylation of cyclic secondary amines. Independently, Ward and
Farina [31] as well as Willoughby and Chapman [32] disclosed that the palladium-
catalyzed arylation reaction could be effected on resin-bound amines, Eq. (7).
Both groups reported that while the (o-tol);P-based catalysts were often inferior
to the BINAP-based system, using DPPF as ligand often resulted in comparable
yields and reaction rates. They also observed that BINAP-derived catalysts usually
yielded smaller amounts of reduced arene by-products.

80 mol% Ligand
20 mol% Pd,(dba)s
+ HNG
Q/ NaOt Bu

dioxane
70-80 °C (7)
9
o Q/ o
Ligand Result
(o-tol)3P 75% conversion, 66:34
BINAP 84% conversion, 97:3

Morita and co-workers have utilized the BINAP/Pd-catalyst system to prepare
arylpiperazines which are metabolites of Aripiprazole, an anti-psychotic agent,
Eq. (8) [33].

| | | |
c c 6 mol% (+)-BINAP c c
/N 2 mol% Pd,(dba)s /N
BnO Br + HN NH — = BnO N NH
\__/ NaOt-Bu \__/
toluene
120 °C
94% (8)

Tanoury, Senanayake, and co-workers utilized the BINAP/Pd-based catalyst in
the synthesis of hydroxitraconazole, an antifungal agent [34]. The key C-N bond
formation reaction provided the TBS-protected compound in 81 % yield, Eq. (9).
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Cl

G-

—0

N \)_\ /\

N N o OON NH

N 7 1.5 mol% BINAP
+

0.5 mol% Pd,(dba)s

o NaOt-Bu
/U\ Me toluene 9)
NT N Me

cl 85 °C

\=N  oTBs

cl
o) (0] Me
T
AT AT T
N N \=N  otBs
81%

Similarly, Kung and co-workers utilized the (+)-BINAP/Pd-catalyst to pre-
pare various aryl analogues of a novel quinazoline antibacterial agent [35]. For
example, the coupling below proceeded in 59 % isolated yield with 1 mol% pal-
ladium, Eq. (10). The moderate yield was likely due to cleavage of the tert-butyl

ester.
Br 1.4 mol% (+)-BINAP

0.5 mol% Pd,(dba)s

_—
NaOt-Bu (10)
toluene

H o,
HN@NQCOZt-Bu go°c
H
B-Naphth/N N@Cozt—Bu

59%

+

Other ligands are useful in the C-N bond coupling of aryl bromides and cyclic
amines. In 1998, Nishiyama and co-workers at Tosoh corporation reported that
tri-tert-butylphosphine is an effective supporting ligand for the palladium-
catalyzed arylation of piperazine [36]. The (t-Bu);P/Pd-catalyst provided the
product with 1 mol% Pd in high selectivity, Eq. (11).

Me 4 mol% (t-Bu)sP Me
G /~ N\ 0.5 mol% Pd,(dba)sz G /\
Br + HN NH —_— N NH
__/ NaOt-Bu __/
o-xylene
120 °C
100% conv, 92% selectivity

(11)
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The Buchwald group subsequently disclosed that sterically hindered fer-
rocene-based monophosphines such as PPF-OMe (3), were useful ligands that
extended the substrate scope of the amine arylation reaction, particularly with
acyclic secondary amines [37, 38, 39]. In addition, during the development of
catalysts derived from 3, it was discovered that Cs,CO; could be used as base in
the amine arylation, resulting in greater functional group tolerance. Esters,
enolizable ketones and nitroalkane functional groups were now compatible with
the C-N bond forming reaction, Eq. (12) [40]. Cesium carbonate was also an
effective base when used with the (£)-BINAP/Pd-based catalyst, Eq. (13) [27a].
Recently, Torisawa and co-workers have reported that the use of catalytic
amounts of 18-crown-6 (10 mol%) improved the yield in certain arylation reac-
tions where Cs,CO; was used as base [41].

3 mol% (+)-PPF-OMe

EtO c~©—s + HN ) Pealcbas EtO CON )
R
2 ' Cs,CO3 2

toluene
100 °C 80% (12)

Me

v PPhy

<

PPF-OMe (3)

6 MoI% (+)-BINAP Me
4 mol% Pd(OAc)Z
Br + HN<:| NG
C52CO3
Me

Fig.3

Me

toluene
Me 100 °C
93% (13)

The catalyst derived from aminophosphine 4 enjoys very high reactivity and
a similar substrate scope as ligand 3. In addition, mild bases could be employed
in the arylation of dialkylamines [42, 43, 44]. With the catalyst derived from
Pd,(dba); and 4, 4-bromomethylbenzoate reacted cleanly with morpholine in
the presence of K;PO,, Eq. (14). With stronger bases such as NaO¢-Bu, ester

1.5 mol% 4
/— \ 0.5 mol% Pd,(dba)s /~ \
R Br + HN O — > R N O
__/ K3POy4 __/
DME
80°C 81%
R Yield, %
-CO,Me 81

-COMe 82 (14)
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MezN
9

4

Fig.4

cleavage by-products are observed. 4-Bromoacetophenone was coupled with
morpholine in high yield and without unwanted aldol side-reactions.

Schmalz and co-workers utilized the 4/Pd-catalyzed arylation to prepare
several novel chiral bidentate ligands [45]. For example, the arylation of N-me-
thylpiperazine below proceeded in 95% vyield to furnish the desired ligand
building block, Eq. (15).

OMOM 3 mol% 4 OMOM
/ \ 1 mol% Pd,(dba)s / \
Br *+ HN NMe —» N NMe
\ / NaOt-Bu ___/
BrG toluene BrnG
80°C 95%  (15)

Zhang and Buchwald have recently reported that the 4/Pd-catalyst is particu-
larly effective in the arylation of aza-crown ethers [46]. These reactions proceed
in high yield when with meta- or para-substituents on the aryl bromide; ortho-
substituted aryl bromides react in moderate yield, Eq. (16).

O/w 6-12 mol% 4 O/w
//\:\>—B . (\ 1-2 mol% Pd,(dba)sz <:>7(\
r - —_—
A NaOt-Bu
R K/O\) tOIUene K/O\)

80 °C
R Yield, %
p-t-Bu 87
o-Me 41 (16)

Guram has reported similar PN- and P,O-chelating ligands useful in the
amine arylation reaction [47]. For example, the coupling of piperidine with
4-bromobenzophenone proceeds in 98 % yield with as little as 0.5 mol% of the
palladium catalyst resulting from ligand 5, Eq. (17).

0.75 mol% 5

0.25 mol% Pd;(dba);
PhOC Br + HN _— PhOC N
NaOt-Bu

toluene

100°C 98% (17)
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e
O

Q/O i PPhy

5

Fig.5

In 1999, Wolfe and Buchwald reported the synthesis of hindered, electron-
rich phosphine 6 and its use in the amine arylation reaction. Use of this new lig-
and resulted in a catalyst capable of effecting the room temperature reaction
between cyclic amines and aryl bromides [42a, 44, 48, 49]. The catalyst derived
from Pd,(dba); and 6 couples 3,5-dimethybromobenzene with morpholine in
80% yield while stirring for 20 hours at room temperature, Eq. (18). This new
highly active catalyst efficiently arylates a variety of amines with aryl bromides
as well as chlorides at room temperature.

3 mol% 6
Br + HN/ \O 1.5 mol% sz(dba)::, / \
N/ KOt Bu
THF

M
© RT 80% (18)

! Pt-BUz

6

Me

Fig.6

Concurrently with this contribution from Buchwald and co-workers, the
Hartwig group reported that the P(t-Bu);P/Pd-catalyst system first reported by
Koie and co-workers [36] is sufficiently active to couple aryl bromides with
secondary amines at room temperature [50]. For example, 2-bromotoluene is
efficiently aminated with morpholine at in 96 % yield, Eq. (19). This catalyst is
capable of the room temperature coupling of acyclic secondary amines and aryl
bromides as well as the coupling of aryl chlorides at elevated temperatures.

0.8 mol% (t-Bu)sP

/\ 1 mol% Pd(OAc),» /N
Br + HN O —_— N O
_/ NaOt-Bu _/

toluene Me

Me RT
96% (19)
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Recently, heterocyclic carbene ligands, first investigated by Arduengo [51]
have been utilized as ligands for palladium in the arylation reaction. Nolan
reported the use of ligands derived from heterocycles such as 7 in the arylation
of piperdine using 4-bromotoluene. The reaction proceeds in 83 % yield at room
temperature, Eq. (20) [52].

4 mol% 7
1 mol% sz(dba
~< >— + HN N —< >— >
KOt Bu
dioxane
RT 83% , (20)
i-Pr i-Pr
Q N®N@
FPr i-Pr
Fig.7 L4
2.2.2

Reaction of Acyclic Secondary Amines with Aryl Bromides

Acyclic secondary amines often are more challenging substrates for the palla-
dium-catalyzed amine arylation due to their greater propensity for S-hydride
elimination, and a screening of different ligands in the reaction of acyclic sec-
ondary amines revealed a stronger dependence of the reaction efficiency on the
ligand relative to their cyclic counterparts. Early on, the Buchwald group dis-
covered that the use of (£)-BINAP as a ligand in these reactions resulted in the
clean coupling of N-methylaniline with aryl halides that possess electron-donat-
ing groups or moderate steric hindrance, Eq. (21) [27, 28].

3 mol% BINAP

Me Me

, 1 mol% Pd,(dba /
A R A
R \— Ph NaOt-Bu R = Ph

toluene
80 °C
i Ligand Yield, %
3,5-Me; P(o-tol)3 5
3,5-Me; BINAP 79
2-NMe;, P(o-tol)s 0
2-NMe, BINAP 65 (21)

Hartwig and co-workers simultaneously described an improved procedure
employing DPPFPACl,, and added DPPF, as catalyst, Eq. (22) [29]. Considerable
improvements in yield were observed using this DPPF/Pd catalyst to couple pri-
mary as well as acyclic secondary amines compared to (o-tol);P-based systems.
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12 mol% DPPF

Me 4 mol% DPPFPACI, Me
PhOC Br + HN ———————> PhOC N
\ NaOt-Bu \

Ph THE Ph

100 °C 87% (22)

Presumably, the use of a bidentate ligand such as (+)-BINAP or DPPF results
in the occupation of a vacant coordination site, preventing f-hydride elimina-
tion of the Pd (II) amide intermediate [53]. Dissociation of the imine and
C-H bond reductive elimination results in formation of the reduced aryl
bromide. If this B-hydride elimination is rapid relative to reductive elimination
and reversible, then significant erosion of the enantiomeric excess of optically
active a-substituted amines may be observed during the reaction (Scheme 3).

Me g p-H hMe R Ve g
1 N—( elimination L ILd"’N_ insertion L pdcN~Com:
LnPd \Ar R'H n \Al’ R' n \Ar HR

Scheme 3

Buchwald and co-workers investigated this -hydride elimination/reinsertion
phenomenon in the coupling of optically active amines. They observed signifi-
cant epimerization of the a-stereocenter during the coupling of (R)-N-methyl-
a-methylbenzylamine and 4-bromo-a,a,a-trifluorotoluene when the (o-tol);P-
derived catalyst was used. In contrast, the use of (+)-BINAP/Pd-based system
resulted in retention of the integrity of the a-stereocenter, Eq. (23) [54]. It should
be noted that the chirality of the ligand is inconsequential to the reaction since
racemic BINAP was used in these studies. The Buchwald group reported that use
of the Pd/DPPF-based catalysts prevents the epimerization of the a-stereocenter
as well.

2 mol% ()-BINAP

Me 1 mol% Pd,(dba); Me
F3C Br + HN W’ F3C N
>----Me aot-bu >----Me

toluene
Ph 100 °C Ph

96% ee 63% vy, 96% ee (23)

This observation was exploited by Marinetti in the N-arylation of chiral
azetidines [55]. For example, 2,4-diethylazetidine was coupled with ortho-bromo-
toluene in high yield using the (+)-BINAP-based protocol, Eq. (24). No stereoiso-
merization of the amine was observed during the arylation reaction. Other groups
have utilized the BINAP/Pd-system to couple a-chiral primary amines.

Et
Me 2 mol% (+)-BINAP Me Et
1 mol% sz(dba)3
Br + HN _ N
Y KOt-Bu Y
= toluene :
Et 70 °C Et

85% (24)
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Despite the significant improvements in substrate scope that were enjoyed
in the development of these new bisphosphine-based protocols, significant
aryl bromide reduction side products were observed with other secondary
amines. Specifically, the coupling of certain acyclic secondary amines was often
accompanied by a large amount of aryl bromide reduction. While N-methyl-
arylamines were good substrates for this reaction, substituents larger than
methyl were not well tolerated and significant amounts of aryl bromide reduc-
tion was observed. Additionally, large amounts of arene side products were
observed when electron rich aryl bromides were used. Thus, it was necessary to
design new catalyst systems to broaden the scope of the amine arylation reac-
tion.

The use of ferrocene-based ligands such as 3 and PPFA (8) result in the
formation of catalysts that extended the scope of the arylation reaction to
more difficult transformations [37, 38, 56]. For example, di-n-butylamine could
now be effectively coupled with electronically neutral as well as electron-
deficient aryl bromides. Reaction of 4-tert-butylbromobenzene with di-n-
butylamine with the (+)-BINAP/Pd- or DPPF/Pd-based catalysts resulted in
significant amounts of tert-butylbenzene formation, however the use of
ligands 3 and 8 resulted in formation of the desired product in excellent yield,
Eq. (25).

Br 0.75 mol% Ligand NBu2
/@/ . 0.25 mol% Pd,(dba); /©/ /@
HNB e —
t-Bu v NaOt-Bu t-Bu Y Bu

toluene
80 °C
Ligand Ratio Yield, % (GC)
(2)-BINAP (1) 1.0:5.2 8
DPPF (2) 1.0:4.9 9
(+)-PPFOMe (3) 39:1.0 97 (25)
(x)-PPFA (8) 12.5:1.0 92
Me
@L e
PPh,
Fe
<=
. PPFA (8)
Fig.8

The use of PPF-OMe (3) also allowed the coupling of secondary alkylary-
lamines that possess alkyl groups other than methyl. The reaction of N-ethyl-
aniline and 5-bromo-meta-xylene proceeds in excellent yield with no reduced
arene formation, Eq. (26). It should be noted that the 3/Pd-catalyst system toler-
ates the use of Cs,CO; as base.
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Me, 1.5 mol% 3 Me
Et 0.5 mol% Pd,(dba)s FEt
Br " HN‘ NaOt-Bu N‘
Ph toluene Ph
Me 80 °C Me
91% (26)

Commercially available aminophosphine 4 provided even better yields in the
coupling of acyclic secondary amines [42]. The resulting catalyst was found to
be so active that the reaction could often be conducted at room temperature. For
example, Di-n-butylamine was efficiently reacted with 4-bromotoluene in 96 %
isolated yield at room temperature, Eq. (27). In addition, electron-rich, electron-
ically neutral, and electron-deficient aryl bromides were effectively utilized
with this new system. The 4/Pd-based catalysts also mediate the coupling of
N-alkylanilines that bear electron-donating substituents on the amine partner.
A Xantphos/Pd-catalyst is effective in the coupling of electron-poor alkylaryl-
amines with electron-poor aryl bromides.

1.5 mol% 4

Bu Bu

/ .5 mol% P /
MeOBr + HN 0-5 mol% Pdz(dba); Me*@*N\

Bu NaOt-Bu Bu

DME

RT 96% (27)

As was the case with ligand 4, 2-biphenyldi-tert-butylphosphine (6) effects
the amination of acyclic secondary amines at room temperature [42a, 48]. The
catalyst derived from this commercially available ligand and Pd,(dba); pro-
motes the coupling of 4-bromo-tert-butylbenzene and di-n-butylamine or
N-methylaniline in excellent yields at room temperature, Eq. (28).

2 mol% 6
0.5 mol% Pd,(dba)s
t-Bu Br + HNR, — 5> tBu NR;
NaOt-Bu
RT
Amine Solvent Yield, %
H-NBu, toluene 92
H-N(Me)Ph DME 83 (28)

The use of Xantphos (9), first reported by Van Leeuwen [57], as supporting
ligand allows for the efficient coupling of alkylarylamines and aryl bromides [58].
For example, the reaction of 4-bromobenzonitrile and N-ethylaniline proceeds in
85% isolated yield, Eq. (29). This ligand is particularly effective in the coupling of
electron-deficient alkylarylamines and electron-deficient aryl bromides.

3mol% 9

FEt 1 mol% Pd,(dba)s
NC Br + HN s NC N(Et)Ph
\Ph Cs,CO3

toluene
80 °C 85% (29)
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PhoP PPh,
COC
Me Me
Xantphos (9)

Fig.9

Seeberger and Buchwald have reported the use of the 6/Pd-catalyzed amine
arylation reaction as a method for protecting group activation [59]. The 4-bromo-
benzyl protecting group may be easily aminated to furnish the corresponding
4-aminobenzyl ether derivative, Eq. (30). The resulting electron-rich benzyl
ether can be easily deprotected by use of a Brensted or Lewis acid under very
mild conditions. Notably, this strategy can be further elaborated by the selective
reaction of 4-chloro- and 4-iodobenzyl protecting groups as well.

IPh
/—Q—Br N\
1) 1 mol% 6 Me
0 0.5 mol% Pd,(dba)s
)( 0 NaOt-Bu )(
O toluene
OO 80 °C
)& )& 96% (30)

1% Cl,HCCO,H

_ ChaClo (>95%) )(

ZnCI
CH,Cl, (>95%)

Hartwig’s group disclosed that (¢-Bu);P/Pd-based catalysts were sufﬁciently
active such that the coupling of secondary amines and aryl bromides may be
performed at room temperature, Eq. (31) [50]. This system tolerates electron-
withdrawing, electronically neutral, as well as electron-donating substituents on
the aryl bromide.

0.8 mol% (t-Bu)sP

Me 1 mol% Pd(dba),
R Br + HN — P, R N(Me)Ph
oh NaOt-Bu

toluene
RT
R Yield, %
CN 95
OMe 99 (31)

Other groups have described systems that catalyze the arylation of acyclic
secondary amines using aryl bromides, Eq. (32). Uemura reported the use of
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chromium arene based ligands such as 10 in the Pd-catalyzed C-N bond form-
ing reaction [60]. Similar to PPFA (8), ligand 10 effects the coupling of numer-
ous aryl bromides with N-ethylaniline. The catalyst derived from Pd,(dba); and
phosphinoether 5 promotes the amination of acyclic secondary amines and
aryl bromides as well [47]. Related ligands were found useful in the coupling
of aryl chlorides. Hayashi has reported the use of DPBP (11) in the amine aryla-
tion reaction [61]. It is expected that 11 would behave similarly to BINAP in
these transformations, since it possesses similar electronic properties and bite
angle.

t-Bu@Br +  HNR, % t-Bu@NRz (32)

toluene

100-105 °C
Amine Ligand (mol%) Pd Source (mol %) Yield, %
H-NEt, 10 (3) Pd(dba), (1) 90
H-N(Et)Ph 10 (3) Pd(dba), (1) 90
H-N(Me)Bn 5 (6) Pd,(dba)s (2) 83
H-N(Oct), 5 (6) Pd,(dba)s (2) 93
H-(Me)Bn 11 (7.5) Pd,(dba)s (2.5) 97

"o, )
NMez
PPh
dpphz PP
Cr(COy) O
PPhs

10 DPBP (11)

Fig.10

Heterogeneous catalysts have also been reported to effect the arylation of
secondary amines using aryl bromides. Buchmeister reported the preparation of
a polymer-bound catalyst, which effects the arylation reaction at elevated tem-
peratures. No attempts to recycle the catalyst were reported, however [62].
Djakovitch and co-workers reported the use of Pd particles immobilized on
metal oxides or Pd-loaded zeolites as a catalyst [63]. The yields and selectivities
for the reaction were diminished compared to homogeneous systems previously
described.

223
Reaction of Diarylamines with Aryl Bromides

Hartwig first reported the arylation of diarylamines using both (o-tol);P/Pd-
and DPPF/Pd-catalysts, Eq. (33) [29, 64]. The Yale group utilized the (o-tol),P/Pd-
and DPPF/Pd-based protocols for the preparation of triarylamine-containing
dendrimers and cyclophanes, respectively.
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1 mol% Pd
+ - - i —— -
Me@Br M-N(p-tol), ollene Me@—N(p tol),

90 °C
M Reaction Conditions Yield, %
Li [(o-tol)3P],Pd 99
H [(o-tol)3P],Pd, Base = NaOt-Bu 92
H Pd(dba),, DPPF, Base = NaOt-Bu 89 (33)

Nishiyama, and co-workers first reported that the catalyst derived from
Pd(OAc), and (¢-Bu);P effects the C-N bond formation to produce triarylamines
in excellent yield [65]. This system also is useful in the coupling of diarylamines
and aryl chlorides. Hartwig and co-workers found this protocol optimal for the
preparation of triarylamines. The (¢-Bu);P/Pd-catalyst was sufficiently active
such that the coupling of diarylamines and aryl bromides can be performed at
room temperature, Eq. (34) [50]. The (#-Bu);P/Pd-system has been used to pro-
duce new triarylamine-based polymers [64a-d].

Me
0.8 mol% (t-Bu)sP /@
QBr . @\ /@ 1 mol% Pd(dba), N
_—
N NaOt-Bu Me
H toluene
RT

97% (34)

The highly active 6/Pd-catalyst is capable of effecting C-N bond formation
between and aryl bromide and a diarlyamine at room temperature [42a,48]. Using,
NaOt-Bu as base, the reaction below proceeded in 89% yield over 23 h, Eq. (35).

Me
Me 1.5 mol% 6 /@\ /@
- @\ /@ 0.5 mol% Pdy(dba)s e \
N NaOt-Bu
H toluene
Me RT

89% (35)

Recently, Stupp and co-workers, as well as others, have utilized the DPPF or
t-Bu,P/Pd-catalyst to prepare substituted triarylamines in high yield, Eq. (36)
[66]. The product below was used to prepare 4-diphenylaminostysene, which
was incorporated into an optoelectronic polymer.

CN

3 mol% DPPF @\ /©/

NC@Br . @\ /@ 1 mol% Pd,(dba)s N

_—

N NaOt-Bu
H o-xylene

70 °C

83% (36)
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2.2.4
Reaction of Secondary Amines with Aryl lodides

In 1996, Wolfe and Buchwald reported that the (o-tol);P/Pd catalyst system effec-
tively couples secondary amines with aryl iodides, Eq. (37) [67]. This protocol
allowed for the successful reaction of both cyclic and acyclic secondary amines;
the use of dioxane as solvent was key to the success of these reactions. Similarly,
Zhao and co-workers reported the coupling of aryl iodides and piperazines
mediated by the (o-tol);P/Pd catalyst [25Db].

2 mol% (o-tol)sP

R 0.5 mol% Pd,(dba)s
Me |+ HN =% Me NR,
\R NaOt-Bu

dioxane
100 °C
Amine Yield, %
H-N(Me)Bn 78
H-N(Bu), 68
H-N(Me)Ph 74
morpholine 73 (37)

The room-temperature reaction of secondary amines and aryl iodides can be
efficiently catalyzed by the (+)-BINAP/Pd system, Eq. (38) [68].In order to achieve
complete conversion, it was necessary to utilize stoichiometric 18-crown-6 as an
additive. However, role of the crown ether is not entirely clear. Notably, aryl iodides
react exclusively under these conditions while aryl bromides are left unchanged.

R 1.5- 7.5 mol% (+)-BINAP
, 0.5-2.5 mol% Pdy(dba);
7\ | + HN o @NRZ
R — R NaOt-Bu R —
18-C-6
dioxane
RT
R' Amine Yield, %
p-t-Bu H-N(Me)Ph 90
p-t-Bu morpholine 71
0-Br morpholine 78 (38)

The difference in reactivity between the aryl iodide and bromide was ex-
ploited by Sulikowski in the synthesis of a mytomycin skeleton [69]. The desired
arylamine was prepared in 66% yield with exclusive reaction at the iodide,
Eq. (39).

Br
SOTBS BINAPIPd;(dba); ~OTBS
I+ HN
NaOt Bu

toluene
80*C 66% (39)
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Nishiyama, Yamamoto, and Koie also reported that the (#-Bu);P/Pd-based
catalyst is effective in the C-N bond forming reaction between an aryl iodide as
well as an aryl bromide and piperazine [36].

2.2.5
Reaction of Cyclic Secondary Amines with Aryl Chlorides

The use of aryl chlorides in the palladium catalyzed C-N bond forming reaction
is highly desirable since aryl chlorides are often less expensive the analogous
bromides and because there are a greater number of aryl chlorides which are
commercially available. However, the use of aryl chlorides as reactants in
numerous palladium-catalyzed processes has until recently been an elusive
goal.

The first palladium-catalyzed coupling between a secondary amine and
an aryl chloride was described by Beller, Hermann and co-workers in 1997 [70].
Use of palladacycle 12 as catalyst resulted in C-N bond formation in good yield
for several secondary amines and electron-deficient aryl chlorides, Eq. (40). In
these transformations, varying amounts of the regioisomeric product was
observed, indicative that to some degree the reaction proceeds via a benzyne
intermediate.

R
1 mol% 12
R Cl + HN - +
Q D KOt-Bu RQ'“( > OND

toluene
135°C
R Yield, % Ratio
CF3 74 7:1
COPh 40 >50:1 (40)

Fig. 11

Reddy and Tanaka reported that (Cy;P),PdCl, catalyzes the coupling of
secondary amines with aryl chlorides, Eq. (41) [71]. With this catalyst system
based on the use of sterically hindered, electron-rich trialkylphosphines,
electron-poor and electronically neutral aryl halides were reacted at
elevated temperatures. Similarly, Nishiyama, Yamamoto and Koie reported
the formation of an arylpiperazine from chlorobenzene using a (¢-Bu);P/Pd cat-
alyst [36].
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1 mol%
< > i > (CY3P)2PdC|2 ( > : >
R Cl + HN

NaOt Bu R N
toluene
120 °C

R Yield, % (GC)

CN 65

Me 56 (41)

In 1998, Hamann and Hartwig reported that electron-rich, ferrocene-based
diphosphines such as 13 allowed for the coupling of cyclic amines with aryl
chlorides [72, 73]. The known ligand 13 proved to be most generally useful for
this transformation, Eq. (42). The 13/Pd-catalyzed arylation reaction was per-
formed with cyclic amines as well primary amines, however, no reactions with
acyclic secondary amines were reported.

1 mol% 13
/N 1 mol% Pd(OAc) /~\
@CI + HN X R, @N X
R — _/ NaOt-Bu R— \_/
toluene
100 °C
R X Yield, %
m-OMe CH, 81
p-Me o 85 (42)

@\P(t—Bu)2

Fe

CCbD _P(t-Bu)s

13

Fig.12

Almost concurrently with this report by Hartwig, Old, Wolfe, and Buchwald
reported that catalysts derived from aminophosphine 4 are capable of effecting
C-N bond formation with aryl chlorides cyclic amines [42]. This catalyst system
effects the amination of aryl chlorides bearing electron-withdrawing, electronical-
ly neutral, and electron-donating groups. For the first time, the coupling of an acti-
vated aryl chloride, 4-cyanochlorobenzene, with morpholine could be performed
at room temperature, Eq. (43). The reaction of a deactivated aryl chloride such as
4-chloroanisole and morpholine also proceeded in excellent yield in the presence of
the 4/Pd catalyst, although heating the reaction to 80 °C was necessary.

cat.
/N 4/Pd,(dba; /7 N\
ROCI oo o o APdAdba o N O (43)
__/ NaOt-Bu __/
R mol% Pd,(dba)z mol% 4 Reaction Conds. Yield, %
-CN 2.5 7.5 DME, RT 96

-OMe 0.5 15 toluene, 80 °C 91
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Dicyclohexyl-o-biphenylphosphine (14) is an excellent supporting ligand for
the Pd-catalyzed C-N bond forming reaction, particularly when the coupling
involves a functionalized aryl chloride, Eq. (44) [42a, 44, 74].

1.5 mol% 14
o+ <:| 1 mol% Pd(OAc)z
HN — o G (44)
DME
NC 100 °C 90%

S

14

Fig.13

Guram and co-workers at Symyx prepared phosphinoether ligand 15 that
allows the efficient coupling of aryl chlorides with cyclic amines [47, 75]. For
example, N-phenylpiperazine is reacted with 4-chlorobenzonitrile in the pres-
ence of 15/Pd(dba), in high yield, Eq. (45).

6 mol% 15
( > /\ 2 mol% Pd(dba), i : /~\
NC Cl + HN NPh — > NC N NPh
_/ NaOt-Bu ./
toluene
105 °C 90%  (45)

Me O
O
Q/O O PCy,

15

Fig. 14

As was observed in the reactions of aryl bromides, the catalyst derived from
commercially available ligand 6 displayed very high reactivity; as a result, it was
now possible to couple a large variety of aryl chlorides with cyclic amines at room
temperature [42a,48]. Morpholine was reacted with both electron-rich and elec-
tron-deficient aryl chlorides in excellent yield, Eq. (46). Mild bases such as Cs,CO;
and K;PO, can be used with this system, although elevated temperatures are
necessary. This new catalyst system enjoys greater substrate scope in the aryla-
tion of acyclic secondary amines, and primary amines with aryl chlorides.
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2-4 mol% 6
/ \ 1-2 mol% Pd(OAc), /\
R Cl + HN O e ——— R N O
\__/ NaOt-Bu __/
toluene
RT
R Yield, %
OMe 90
CN 86 (46)

Nolan’s heterocyclic carbene-based system (7 + KO¢-Bu/Pd,(dba);) was effec-
tive in the coupling of secondary amines with aryl chlorides at elevated temper-
atures, Eq. (47) [52]. This protocol could be used for the room-temperature ami-
nation of aryl bromides as well. Hartwig reported that the saturated heterocyclic
carbene ligand prepared by deprotonation of 16 forms a catalyst that is consid-
erably more reactive than the system reported by Nolan. The resulting complex
formed was capable of coupling aryl chlorides with cyclic amines at room tem-
perature [76].

R—@—CI + HN 0 _cat Ligandipd Ligand/Pd R~< >—N O (47)
/ _/

R L (mol%) Pd Source (mol%) Reaction Conds. Yield, %
Me 7 (4) Pd,(dba)s (1) KOt-Bu, dioxane, 100 °C 82
OMe 7(4) Pd,(dba)s (1) KOt-Bu, dioxane, 100 °C 80
Me 16 (1) Pd(dba), (1) NaOt-Bu, DME, RT 99
OMe 16 (1) Pd(dba), (1) NaOt-Bu, DME, RT 96
i-Pr i-Pr
NN
i-Pr i-Pr )
BF,4
Fig.15 16
2.2.6

Reaction of Acyclic Secondary Amines with Aryl Chlorides

As was the case with aryl bromides, the reaction of acyclic secondary amines
with aryl chlorides is more challenging than their cyclic counterparts due to
competitive formation of the reduced arene by-products.

Beller’s palladacycle (12) catalyzes the arylation of N-methylaniline and di-n-
butylamine with an activated aryl chloride, Eq. (48) [70]. As was observed in the
reactions of cyclic amines, significant amounts of the regioisomeric product was
formed, indicative of reaction through a benzyne intermediate.
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R R R
/ 1 1% 12 , ,
ac@m S VL Fsc@N + @—N
R KOt-Bu R R
toluene
135°C
Amine Yield, % Ratio
H-N(Me)Ph 60 10:1
H-NBu, 60 20:1 (48)

Reddy and Tanaka’s procedure provides moderate to good yields in the
arylation of cyclic amines as well as N-methylaniline, low yields were observed
when dialkylamines were used, Eq. (49) [71].

1 mol%

R Cy3P),PdCl R
Ore «onll —o8e . ()
R NaOt-Bu R
toluene
120 °C
Amine Yield, %

H-N(Me)Ph 60
H-NHex, 20 (49)

The 4/Pd-based catalyst is effective in the arylation of acyclic secondary
amines with functionalized aryl chlorides at elevated temperatures, Eq. (50)
[42]. Similarly, ligand 14 is useful in these transformations. Strong bases such
as NaO#-Bu and milder bases such as K;PO, have found utility with both 4- and
14-based catalysts.

1.5 mol% Ligand

Me 0.5 mol% Pd,(dba)s Me
cl  + HN — 0, N,
Ph S Ph
MeO,C 100 °C MeO,C
Ligand Yield, %
4 83
14 88 (50)

Guram’s phosphinoether 15 mediates the coupling of acyclic secondary amines
and aryl chlorides, Eq. (51) [47,75].

6 mol% 15

Me 2 mol% Pd,(dba)s Me
PhOC Cl  + HN — = % PhOC N
\Bn NaOt-Bu \Bn

toluene
105 °C
96% (51)

Yamamoto, Nishiyama, and Koie first reported that the (t-Bu);P/Pd-catalyst is
effective in coupling chlorobenzene and diphenylamine at elevated tempera-
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tures (130°C) [65]. Hartwig subsequently demonstrated, however, that this cata-
lyst system enjoyed considerable substrate scope and in the case of activated aryl
chlorides, the reaction could be performed at room temperature, Eq. (52) [50].

0.8 mol% (t-Bu)sP

R 1 mol% Pd(dba), R
NC cl  + HN — NC N
R NaOt-Bu R

toluene
RT
Amine Yield, %
H-N(Me)Ph 90
H-NPh, 89 (52)

Representative for the Palladium-Catalyzed Arylation of Amines with Aryl
Chlorides using (¢-Bu);P/Pd: (Reproduced with permission from [50]. © 1999
American Chemical Society) In a dry box, aryl halide, amine, Pd(dba),, (¢-Bu);P,
and sodium fert-butoxide were weighed directly into a screw cap vial. A stir bar
was added followed by 1.0-2.0 ml of toluene to give a purple mixture. The vial
was removed from the dry box, and the mixture was stirred at room tempera-
ture. After 5.5 h, the reaction mixture was adsorbed onto silica gel and chromato-
graphed with 50 % toluene/hexanes to give 242 mg (90%) of N-(4-cyano-
phenyl)diphenylamine as a white solid.

The catalyst derived from phosphine 6 and palladium is among the most
active catalysts for the arylation of acyclic secondary amines with aryl chlorides
[424a, 48]. The 6/Pd-system is able to effect C-N bond formation at room tem-
perature in many cases, Eq. (53).

MeO MeQO

4 mol% 6
Me 1 mol% Pd,(dba)s Me
cl *HN NaOt-Bu N
Ph toluene Ph
MeO RT MeO

97% (53)

General Procedure for the Room-Temperature Palladium-Catalyzed Aryla-
tion of Amines with Aryl Chlorides using 6/Pd: (Excerpted with permission
from [50]. © 2000 American Chemical Society) An oven-dried resealable
Schlenk flask was evacuated and backfilled with argon. The flask was evacuated
and backfilled with argon and then capped with a rubber septum. The flask was
charged with Pd(OAc), (2.2 mg, 0.01 mmol, 1 mol%), 6 (6.0 mg, 0.02 mmol,
2 mol%), and sodium tert-butoxide (135 mg, 1.4 mmol). Toluene (0.5 ml), the
aryl chloride (1.0 mmol), the amine (1.2 mmol), and additional toluene (0.5 ml)
were added through the septum (aryl halides or amines that were solids at room
temperature were added as solids following the addition of NaO#-Bu). The sep-
tum was replaced with a Teflon screwcap, the flask was sealed, and the mixture
was stirred at room temperature until the starting aryl chloride had been com-
pletely consumed as judged by GC analysis. During the course of the reaction,
the mixture was observed to form a gel (at around 50% conversion) and then
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liquify again as the reaction proceeded to completion. Following complete con-
sumption of the aryl chloride starting material, the mixture was diluted with
ether (20 ml), filtered through Celite, and concentrated in vacuo. The crude
material was purified by flash chromatography on silica gel.

Nolan reported that the use of the carbene ligand derived from the deproto-
nation of 7 results in the formation of an efficient catalyst for the reaction of aryl
chlorides and acyclic secondary amines [52]. For example, di-n-butylamine
efficiently reacts with 4-chloroanisole at 100 °C in the presence of this catalyst,
Eq. (54). Hartwig disclosed that the saturated carbene ligand derived from
the deprotonation of 16 yields a considerably more reactive catalyst which is
capable of coupling acyclic secondary amines and aryl chlorides at room tem-
perature [76].

Bu - Bu
/ cat. Ligand/Pd ;
R™\— Bu R\— Bu

R L (mol%) Pd Source (mol%) Reaction Conds. Yield, %
p-OMe 74) Pd,(dba);z (1) KOt-Bu, dioxane, 100 °C 98
o-Me 16 (1) Pd(dba), (1) NaOt-Bu, DME, RT 97
p-CN 16 (1) Pd(dba), (1) NaOt-Bu, DME, RT 97
2.2.7

Reaction of Cyclic Amines with Aryl Sulfonates

The use of aryl triflates or other sulfonates in the amine arylation reaction is
highly desirable from a synthetic standpoint since a large variety of phenols are
easily accessed and derivatized. Aryl and vinyl triflates have enjoyed great utility
in other Pd-catalyzed transformations such as the Stille [77] and Suzuki [78]
couplings, and the Heck [79] reaction.

In 1997, the Buchwald and Hartwig groups reported the efficient couplings
of aryl triflates with cyclic amines [80, 81]. In general, both groups obtained
moderate to good yields of the desired products when electronically neutral or
electron-rich aryl triflates were used (Egs. 55, 56). Yields were lower in the reac-
tions of electron-deficient aryl triflates due to competitive triflate cleavage
under the reaction conditions. Hartwig first showed that slow addition of the
aryl triflate could minimize this unwanted side reaction.

2.2 mol% (+)-BINAP

- 2 mol% Pd(OAc),
Me T HN —_— M N
NaOtBu €
toluene
Me

Me 80 °C
76% (55)

10 mol% DPPF

O - HN/ \o 5 mol% Pd(dba), O N/ \O
—_—T
\__/ NaOt-Bu N/
toluene

100°C 90% (56)
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Later that year, the Ahman and Buchwald reported an improved procedure
for the reaction of triflates and cyclic secondary amines [82]. The use of Cs,CO;
as base allowed numerous electron-deficient aryl triflates to be coupled in high
yield. The reaction between the 4-cyano-substituted aryl triflate and morpho-
line in the presence of (£)-BINAP/Pd provided the desired arylamine in 28%
yield, Eq. (57). However, when the triflate was added over the course of 30 minutes,
the desired product was isolated in 60% yield. The use of Cs,CO; as base
improved the yield of arylamine to 84 %. The use of a mild base also allowed for
the use of functionalized aryl triflates in the C-N bond forming reaction.

General Procedure for the Palladium-Catalyzed Arylation of Amines with
Aryl Triflates using a BINAP/Pd-Catalyst and Cs,COj; as Base: (Excerpted with
permission from [82]. © 1997 Pergamon Press). An oven-dried Schlenk tube was
charged with cesium carbonate which had been finely ground with a mortar and
pestle. The tube was then charged with Pd,(dba); (4.6-9.2 mg,0.005-0.01 mmol)
and BINAP (9.3-18.7 mg, 0.015-0.03 mmol). The Schlenk flask was fitted with
a septum and attached to a Schlenk line. After the air atmosphere was replaced
with argon, toluene (2 ml), aryl bromide (1.0 mmol), and amine (1.2 mmol) were
added by syringe. After the septum was replaced with a teflon valve, the reaction
was sealed and heated to 100 °C with stirring until starting material was con-
sumed as judged by GC analysis. The reaction mixture was cooled to room tem-
perature, diluted with ether (20 ml), filtered, and concentrated. The crude reac-
tion mixture was then purified further by flash chromatography on silica gel.

2.2-4.5 mol% (+)-BINAP

/ N\ 2-3 mol% Pd(OAc), / N\
NC oTf + HN O] e —— NC N O
_/ toluene _/

80 °C
Rxn. Conditions Yield, %
NaOt-Bu 28
NaOt-Bu, slow addition 60
Cs,CO3 84 (57)

Other groups have utilized the (+)-BINAP/Pd-catalyst to prepare several
interesting products by the amination of aryl triflate precursors. For example,
the 3H-naphth([2,1-b]pyran triflate below was coupled in 72 % yield, providing a
photochromic material, Eq. (58) [83]

3 mol% (+)-BINAP
2 mol% Pd(OAc),

NaOt-Bu
toluene
80 °C
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Wentland and co-workers reported that amine-substituted analogues of the
analgesic cyclozine could be easily prepared by the Pd-catalyzed C-N bond
forming reaction [84]. For example, the pyrrolide-substituted compound was
prepared by using the (£)-BINAP/Pd-catalyst in 54% yield, Eq. (59). Several
cyclic, acyclic secondary, and primary amines were coupled with this triflate
utilizing both (+)-BINAP and DPPF as supporting ligands.

4)> 15 mol% (£)-BINAP N4)>
N

10 mol% Pd(OAc),
+ —_—
HN(] NaOt-Bu wMe

wMe toluene A
80 °C Me

Me N
54%
TfO Q 0 (59)

The 6/Pd-system is the most efficient catalyst for the coupling of cyclic amines
and aryl triflates [42a]. In the case of electron-rich or electronically neutral aryl
triflates, the reaction can be performed at room temperature with NaO¢-Bu as
base, Eq. (60). In reactions of electron-deficient aryl triflates, use of K;PO, as base
and running the reaction at 80 °C results in clean C-N bond formation.

1.0-1.5 mol% 6

/ N\ 1 mol% Pd / N\
R OTf + HN O — > R N 0]
/ __/

R Reaction Conds. Yield, %
t-Bu Pd(OAc),, NaOt-Bu, Toluene, RT 79
OMe Pd(OAc),, NaOt-Bu, Toluene, RT 81
NO, Pdy(dba)z, KsPO4, DME, 80 °C 76 (60)

2.2.8
Reaction of Secondary Acyclic Amines with Aryl Sulfonates

Using the conditions described above for the reaction between cyclic amines
and electron-rich or electronically neutral aryl triflates, acyclic secondary
amines can also be effectively coupled, Eq. (72) [80, 81]. As was observed with
cyclic amines, the use of electron-deficient aryl triflates results in lower yields
due to triflate cleavage. The use of a mild base such as Cs,CO; allowed for the
coupling of electron-deficient aryl triflates and acyclic secondary amines [82].
This protocol, which employed a (+)-BINAP/Pd(OAc), catalyst, furnished the
desired coupled products with good to excellent yield, Eq. (61).

4.5 mol% (+)-BINAP

Me 3 mol% Pd(OAC), Me
R4< >—OTf + HN - % R4< >—N
Bn €s5COq Bn
toluene
80 °C
R Yield, %

CN 78
CO,Me 85 (61)
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The 6/Pd-catalyst system is very effective at the arylating acyclic secondary
amines with aryl triflates in moderate to good yield, Eq. (62) [42a].

2 mol% 6

Bu Bu

/ 1 mol% Pd(OAc /
t-BuOOTf + KN _1malt Pd(OAD. t-BuON\

Bu NaOt-Bu Bu

toluene
80°C 73%  (62)
Hartwig has reported a DPPF/Pd-catalyzed C-N coupling reaction between a
diarylamine and an aryl nonaflate, Eq. (63) [64b]. The coupling below proceeded
in 95-100% yield (NMR) and was used in a strategy to prepare oligo(rm-aniline)
compounds.

_H /@\ _Bn
TBSO™ i: N NfO N 3 mol% DPPF

1.5 mol% Pd(dba),

NaOt-Bu/LiBr
toluene
110 °C

+

OMe OMe

n
TBSO

IO
N N
OMe OMe
95-100% (NMR) (63)

23
N-Arylation of Primary Amines

2.3.1
Reaction of Primary Aliphatic Amines with Aryl Bromides

The coupling of aryl bromides with primary aliphatic amines often suffered from
the formation of reduced arene by-products similar to the reactions with sec-
ondary amines. For example, the use of (£)-BINAP as a ligand greatly improved
the yield in the coupling of 5-bromo-meta-xylene and n-hexylamine, Eq. (64) [27].

Me, Ligand Me
0.25 mol% Pdy(dba)s
+ HaNHex S e ——

Br 2 NaOLBU NHHex
toluene
Me 80 °C Me
Ligand Yield, %

(o-tol)3P (1 mol%) 35

BINAP (0.75 mol%) 88 (64)
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In addition, electron-rich aryl bromides were better tolerated with the BINAP/
Pd-system, Eq. (65). Although NaOt-Bu is typically used as base, Prashad and
co-workers recently reported that NaOMe and NaOi-Pr may also be used as
well [30].

Me 0.75 mol% BINAP Me

0.25 mol% Pd,(dba);
HoNHe -
MeO Br + 2 X NaOLBU MeO NHHex
toluene
80 °C
95%  (65)

Simultaneously with the report by Buchwald, Hartwig demonstrated that the
DPPF/Pd-catalyst efficiently couples primary amines and electron-deficient and
electronically neutral aryl bromides [29]. For example, the couplings of n-bu-
tylamine with aryl bromides possessing nitrile and ketone functional groups
proceed with excellent yields, Eq. (66).

15 mol% DPPF

5 mol% (DPPF)PACI,
+
ROBr H,NBU —neoBy RONHBU

THF
100 °C
R Yield, %
COPh 96
CN 93 (66)

Representative Procedure for the Palladium-Catalyzed Arylation of Amines
with Aryl Bromides using DPPF/Pd: (Excerpted with permission from [29].
© 1996 American Chemical Society) In an inert atmosphere dry box, DPPFPACI,
and 3.0 equiv. of DPPF/Pd were added to a solution of 20 equiv of bromoben-
zophenone and 25 equiv of sodium tert-butoxide in 8 ml of anhydrous THE. The
reaction tube was sealed with a cap containing a PTFE septum and removed
from the dry box. Butylamine (25 equiv) was added to the reaction mixture by
syringe, and the mixture was heated to 100 °C for 3 h. The reaction was cooled to
room temperature, the volatile materials were removed by rotary evaporation,
and the product was isolated by either sublimation or silica-gel chromatography
(20:1 hexane/EtOAc or 10:1 hexane/Et,0 followed by 4:1 hexane:Et,0).

Weak bases such as Cs,CO; and K;PO, have been utilized in the BINAP/
Pd-catalyzed reaction between aryl bromides and primary amines [27 a, 40]. For
example, the coupling of 4-bromomethylbenzoate with n-hexylamine can be
performed in 72 % yield without cleavage of the ester, Eq. (67).

3 mol% (+)-BINAP

1 mol% Pd,(dba)s
S —
MeOchBr + HyNex 5200, MeOZCONHHex

toluene

100°C 72%  (67)
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The efficacy of BINAP to shut down S-hydride elimination was demonstrat-
ed in the arylation of enantiomerically enriched primary amines as well [53, 54].
For example, the arylation of a-methylbenzylamine with 4-bromobiphenyl pro-
ceeded with preservation of optical activity when (+)-BINAP was used as the
ligand, Eq. (68). In contrast, the use of (o-tol);P as ligand resulted in a significant
erosion of enantiomeric excess (70 % ee).

4 mol% (+)-BINAP
2 mol% Pd,(dba)s H
+
Ph—<: :)—Br HoN —>Na0t-Bu Ph—<: >—N

toluene
Me 100 °C Me

>99% ee 86%y, >99% ee (68)

The efficacy of the BINAP/Pd-system to mediate C-N bond formation
without stereochemical erosion has been taken advantage of by several
groups. Diver and co-workers described the double amination or ortho-di-
bromobenzene with (S)-a-methylbenzylamine to yield the desired C,-sym-
metric diamine in 61 % yield, >99% ee, and 91% de, Eq. (69) [85]. Schmalz
reported a similar coupling reaction to prepare new ligands for asymmetric
catalysis [45].

Me Ph
5 8 Mol% (¢)-BINAP
r \/@ 4 mol% Pds(dba)s NH
+ ——
Br H2N - NaOt-Bu NH (69)
: toluene
Me 135°C WL
5 equiv. Me™ "Ph

61%y, >99% ee, 91% de

Mangeny doubly arylated (R,R)-1,2-diphenylethylenediamine with several
aryl bromides to yield the desired chiral ligands in good to excellent yields [86].
For example, the reaction of bromobenzene mediated by the (+)-BINAP/Pd-cat-
alyst furnished the desired compound in 89% yield, Eq. (70).

10 mol% (+)-BINAP

Ph  Ph 5 mol% Pd,(dba)s Ph  Ph
A N
NaOt-Bu
H,oN NH, toluene NH HN
reflux

89% (70)

The coupling of primary amines with resin-bound aryl bromides was
effected cleanly with both the (+)-BINAP/Pd- and DPPF/Pd-catalyst systems.
Groups at Boehringer-Ingelheim and Merck have reported that BINAP/Pd-
and DPPF/Pd-based protocols allow for efficient C-N bond formation, while use
of (o-tol);P/Pd-catalysis results in significant aryl bromide reduction, Eq. (71)
[31,32].
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Br 15-20 mol% Ligand

H , HoN__Ph  5mol% Pds(dba)s

—_—
Q P

© 100 °C

crw)g“”ecrf@

Ligand Ratio

(o-tol)3P 65:35
BINAP 100:0
DPPF 100:0 (71)

During their studies on the synthesis of norastemizol, Senanayake, Tanoury
and co-workers reported that high levels of regioselectivity were observed in the
amine arylation such that primary amines reacted in preference to secondary
ones [87]. For example, the coupling of 4-aminopiperidine in the presence of the
BINAP/Pd-catalyst resulted in reaction at the primary amine functional group,
Eq. (72) [34].

4.5 mol% BINAP

1.5 mol% Pdy(dba
O—Br + HNC>—NH2 1.5 mol% Pdy(dba);
R/_ NaOtBu

toluene
100 °C

)
/\NH+/\NC>—NH2

R = R =
R Yield, % Ratio
0-CN 87 59:1
p-CN 84 271 (72)

Beletskaya was able to prepare monoarylated propylenediamine derivatives
by using an excess of the starting diamine and a DPPF/Pd-catalyst; the reaction
below proceeded in 75 % isolated yield, Eq. (73) [88].

1 mol% DPPF Ph
0.5 mol% (DPPF)PACI, \©\
_—
PhOBr + HZN/\/\NHZ NaOt-Bu N/\/\NHZ
dioxane H

3 equiv. 105°C 75% (73)

Similarly, Schrock utilized the (+)-BINAP/Pd-system to doubly arylate
diethylene triamine to afford the ligand shown below in quantitative yield,



164 A.R.Mugci - S.L. Buchwald

Eq. (74) [89]. Notably, the arylation is observed exclusively at the primary amino
group. The MIT group prepared several polyamine-based ligands in this
fashion.

Me 4 mol% (+)-BINAP
H 1.5 mol% Pdy(dba)s
—_—
Me Br + HzN/\/N\/\NHz NaOt-Bu
toluene
Me 80 °C
Me Me Me Me
N
Me H H Me
99% (74)

Lim and Lee coupled the binaphthol derivative below with benzylamine to
yield the desired product in 75% yield, Eq. (75) [90]. Subsequent removal of the
benzyl protecting groups was effected by hydrogenation, thus demonstrating
that benzylamine may be used as an ammonia equivalent.

Br BnHN
OO 4 mol% DPPF OO
OMe 10 mol% Pdg(dba)g OMe

+  BnNH,

_—
OMe NaOt-Bu OMe
dioxane
105 °C
Br BnHN
4 iv.
equwv 75%  (75)

Aminophosphine 4 is an excellent supporting ligand in the room-tempera-
ture reaction of aryl bromides and primary amines [42]. The 4/Pd-catalyst is
capable of coupling a hindered aryl bromide such as 2-bromo-meta-xylene with
n-butylamine in excellent yield, Eq. (76).

Me 7.5 mol% 4 Me
HexNH 2.5 mol% Pd,(dba)s
+ ex L
Br 2 NaOt-Bu N\E
DME ex

Me RT Me
88% (76)

The catalyst derived from hindered phosphine 6 also is effective in the aryla-
tion of primary aliphatic amines with aryl bromides, Eq. (77). Although this
system is capable of mediating such a reaction at room temperature, with more
hindered substrates, heating is required [42a, 48].
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0.5 mol% 6
2 1% P
/ \ Br + R'NH2 (Mi / \ NH
X NaOt-Bu < o
R R R
toluene
80 °C
R R’ Yield, %
3,5-Me, Bn 86
2,6-Me, CH,CH=CH, 92 (77)

A Merck group reported an interesting kinetic resolution of a racemic di-
bromocyclophane via Pd-catalyzed amination [91]. While BINAP was a poor
ligand for the reaction in terms of selectivity, the C,-symmetric cyclophane-
derived PHANEPHOS (17) proved to be optimal. Reaction of the cyclophane
derivative with benzylamine afforded the unreacted dibromide in 45% ee after
37% conversion, corresponding to a selectivity factor of 12, Eq. (78).

3 mol% 17
1 mol% sz(dba)g
+  BnNH,
NaOt-Bu/TIPFg
CH3(CH,);7NMezBr NHBn
toluene
(* 50 °C ©) R)
@ 37% conversion

45% ee
(s=12) (78)

(S)-Phanephos (17)

Fig. 16

2.3.2
Reaction of Primary Aromatic Amines with Aryl Bromides

Buchwald’s original BINAP/Pd-catalyst effectively couples aryl bromides with
aniline derivatives, and either alkoxide bases [30] such as NaO¢-Bu or mild bases
such as Cs,CO; may be used, Eq. (79) [27, 37]. Similarly, Hayashi et al. have
reported the use of DPBP (11) in the coupling of an aryl bromide and aniline.

CO2CH3 4.5 mol% BINAP CO2CH3

3 mol% Pd(OAc),
+  HyN oMe ———————>
Br 2 ~< >, cs,c0; H@OMe

toluene

100 °C 22% (79)
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Hartwig’s DPPF/Pd-based system is able to effect similar C-N bond formation
reactions between aryl bromides and aniline derivatives, Eq. (80) [29].

15 mol% DPPF

. 5 mol% (DPPF)PACI,

Ph@Br HZNO —NaotBu Ph@”@
toluene
100°C 94%  (80)

The BINAP/Pd- and DPPF/Pd-catalyst systems have been used by numerous
groups to react aryl bromides with arylamines. Ward and Farina as well as

Willoughby and Chapman performed the arylation reaction with arylamines

and resin-bound aryl bromides [31, 32]. Snieckus reported the use of the Pd-cat-

alyzed C-N bond forming reaction to prepare several acridone derivatives,

Eq. (81) [92]. Kamikawa et al. prepared phenazine derivatives via an initial C-N

bond coupling and subsequent cyclization, Eq. (82) [93].

CONEt, 0.9 mol% BINAP CONEt;
@ 0.6 mol% Pd,(dba)s
+  H,N - =
Br 2 NaOt-Bu H@
toluene
90-100 °C 81% (81)
COzMe N cat. BINAP
2 o] Pd(OAC),
B + _—
' OMe Cs,CO,
toluene
NO, Ph 100 °C
MeO,C

N o]
NO,

Ph
99% (82)

In 1997, Kanbara reported the preparation of poly(imino-1,3-phenylene)
using Pd and several different supporting ligands. BINAP/Pd-catalysts provided
the desired polymer in 86 % yield, Eq. (83) [94]. Similarly, Singer, Sadighi, and
Buchwald described the preparation well defined end-functionalized oligoani-
lines using the BINAP based-system [95]. The general strategy is outlined in
Eq. (84); the double coupling reaction proceeded in 91% isolated yield. More
reactive catalyst systems were later developed and used to prepare high molec-
ular weight polyaniline.

30 mol% BINAP

/@\ /@\ 5 mol% Pd,(dba)s
+ —_—
NaOt-Bu
Br Br H2N NH2 toluene N

100 °C H n
86% (83)
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1) BINAP,Pd(OAC),,

NOBr tH N@NH Naor-Bu
/ 2 e ————
Ph,C’ «HCI HC  2) (Boc),0, DMAP

3) HONH,, CsHsN

?00

LA O

9196 BOC (84)

Frost and Medonga utilized an iterative amine arylation strategy to prepare
benzamide-based peptidomimetics [96]. The researcher reported the DPPF/
Pd-catalyzed coupling with several primary amines, including aniline, Eq. (85).
Acylation of the resulting diarylamine with 4-bromobenzoylchloride furnished
the substrate for the subsequent amination reaction. Schmalz reported a similar
coupling to prepare new ligand precursors [45].

cat. DPPF
_ Pdydba); Q
FCOre oD —g— OO
NaOt Bu
Ph,N Ph,N H
100°C 95%  (85)

Louie and Hartwig described an application of the DPPF/Pd-catalyst toward
the synthesis of oligo(m-anilines). The diarylamine monomer was prepared
using this protocol in quantitative yield, Eq. (86) [64b]. Goodson and Hartwig
have extended the method to synthesize other monomers for the preparation of
poly(N-arylanilines) [54c].

cat. DPPF
Pd(dba),
_—
Oy —gm— O
toluene
TBSO OMe 110 °C TBSO 99% OMe

(86)

Phosphinoether PPE-OMe (3) is an effective supporting ligand in the palladi-
um-catalyzed coupling of aryl bromides and arylamines [37]. For example, reac-
tion of the hindered aniline below proceeded in 94% yield with as little as
0.5 mol% Pd, Eq. (87).

Me Me 0.75 mol% 3 Me Me

0.25 mol% Pd,(dba)s
+ HyN Me —m—>
Br 2 NaOt-Bu N Me
M M toluene M M
e e ° e e
80 °C 94% (87)
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Kocovsky and co-workers reported the arylation of aminobinol mediated by
a catalyst prepared from bulky aminophosphine 18 and Pd(dba), [97]. Complete
conversion was observed in less than 5 minutes at 60 °C using the 18/Pd-system,
Eq. (88); the BINAP/Pd-catalyst required 2 h for complete consumption of sub-
strate under the same conditions.

OO 8 mol% 18 OO
—_—
OH NaOt-Bu OH
toluene
60 °C

100% conversion (88)

NMeg
oo

18

Fig.17

DPEphos (19)/Pd-catalysts are effective in the coupling of arylamines and
aryl bromides, particularly with sterically hindered coupling partners [57, 98].
For example, the coupling below proceeded in 90% yield when a 19/Pd(OAc),-
catalyst was used, Eq. (89).

Me i-Pr, 7.5 mol% 19 Me i-Pr

5 mol% Pd(OAc),

+  H,N - >
Br 2 NaOt-Bu N

) toluene .
i-Pr 100 °C Me i-Pr

90%  (89)

Ph,P PPh,

DPEphos (19)

Fig.18

Guram’s phosphine 5 and Pd,(dba); efficiently mediate the arylation of ani-
line derivatives at elevated temperatures as well, Eq. (90) [47].
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Me O Me O

j Me 6 mol% 5 j Me
2 mol% Pd,(dba); o
+  H,N —_— N
NaOt-Bu H
al toluene cl
105°C 96% ~  (90)

Hartwig reported that ferrocene-based diphosphine 13 catalyzes the
arylation of aniline at room temperature, Eq. (91) [72]. Additionally, the
(t-Bu);P/Pd-based system effects the room-temperature condensation of
anilines and aryl bromides. However, the (t-Bu);P/Pd-catalyst is consider-
ably more active [50]. While the reaction with 4-bromotoluene and aniline
proceeded in 20 h using 5 mol% 15/Pd(dba),, the reaction between bromoben-
zene and aniline was complete in 1 h using only 1 mol% of the (#-Bu),P-derived
catalyst.

cat.
. L|gand/Pd(dba)2
—< >— HoN —< >—
2 NaOt Bu R H@
toluene
RT
R Reaction Conditions Yield, %
Me 5 mol % 15, 5 mol% Pd(dba), 94
H 0.8 mol % (t-Bu)sP, 2 mol% Pd(dba), 87 (91)

The 6/Pd-catalyst is also capable of coupling aryl bromides and arylamines at
room temperature and tolerates electron-donating groups and ortho substitu-
tion on the aryl bromide, Eq. (92) [42a]. Although the transformation can
be performed at ambient temperature, the scope of the reaction is much greater
at 80-100°C. In addition, at elevated temperatures, bases such as Cs,CO; and
K;PO4 may be used.

Me 1.5 mol% 6
0.5 mol% Pd,(dba)s
Br * H,N OMe ——MM W >
NaOt-Bu
toluene
Me RT
Me
N@OMe
H
Me

88% (92)

The high reactivity of the 6/Pd-catalyst was exploited in the preparation of
high molecular weight polyaniline, Eq. (93) [99]. After thermolytic deprotection
of the Boc protecting groups and air oxidation, emeraldine, the conductive form
of polyaniline was obtained.
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Boc 15 mol% 6
/@/N\Q 2.5 mol% sz(dba)g \©\
_—
NaOt-Bu
Br NH

2 THF
RT-80 °C

80-96% (93)
The arylation of aniline derivatives can be executed such that triarylamine
products can be obtained from a one-pot procedure. Marder and co-workers
coupled aniline with the first equivalent of aryl bromide using the DPPF/
Pd-based catalyst at 90 °C, Eq. (94) [100]. After the reaction was judged complete
by TLC, the second aryl bromide was added to the reaction, along with an addi-
tion amount of base and catalyst. The resulting mixture was heated to 90 °C. After
chromatography, the unsymmetrical triarylamine was obtained in 72 % yield.

0.9 mol% DPPF

N @ 0.6 mol% Pd,(dba);

HoN

<:> 2 ~ NaOtBu R‘@’H‘@
toluene

R = -(CH,),0allyl 90 °C
1.8 mol% DPPF

1.2 mol% Pd,(dba)s
BUQB NaOt-Bu, toluene

90 °C

00"
s

72% (94)

Harris and Buchwald took advantage of the differential reactivity between
aryl chlorides and aryl bromides in the Pd-catalyzed C-N bond coupling to
design a simple one-pot procedure for the preparation of unsymmetrical tri-
arylamines, Eq. (95) [101]. Reaction of the aniline with an aryl bromide and an
aryl chloride in the presence of the 6/Pd-catalyst resulted in clean production of
the desired triarylamine. After complete consumption of the aryl bromide to
furnish the corresponding diarylamine, the aryl chloride then reacted to yield

the desired unsymmetrical product.
Me
10 mol% 6
5 mol% Pd,(dba);
_— N

Me
Me
NaOt-Bu
toluene Me
Cl 80 °C
OMe

OMe

Me
Br

Me@NHZ +

90% (95)
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233
Reaction of Primary Amines with Aryl lodides

Wolfe and Buchwald first reported the palladium-catalyzed arylation of primary
amines with aryliodides in 1996 [67]. The (o0-tol);P/Pd-system effected the reac-
tion in moderate yields. Both aliphatic and arylamines were coupled in moder-
ate yield, Eq. (96).

Me 2 mol% (o-tol)sP Me

0.5 mol% Pd,(dba)s

| + HoNR S ——
2 NaOt-Bu NHR

dioxane
Me 100 °C Me
R Yield, %

Hex 69
Ph 64 (96)

Subsequently, Wolfe and Buchwald reported a significant improvement in the
coupling of aryl iodides and primary amines [68]. The addition of 18-crown-6
to the reaction resulted in a significant improvement in this catalyst system. In
addition, BINAP was used as the supporting ligand instead of (o-tol);P. While
the coupling of 4-iodo-N,N-diethylbenzamide and n-hexylamine proceeded in
only 19% yield using the original procedure, the room-temperature/BINAP/
18-crown-6 procedure resulted in an 88 % isolated yield of the desired product,
Eq. (97).

1.5 mol% BINAP

0 0.5 mol% Pd,(dba)s O
|+ HaNHex ——— — Sy >—©—NHHex
EGLN a>tbu Et,N

18-C-6
THF 88%
RT (97)

Hartwig reported the arylation of anilines with aryl iodides using a DPPF/
Pd-catalyst, Eq. (98) [29]. This system provided the desired diarylamines in good
to excellent yield.

15 mol% DPPF

@ 5 mol% DPPFPACI,

Me | + HyN _—

<:> 2 NaOt-Bu Me < > H@
THF

100°C 92%  (98)

The catalyst derived from 13 and Pd(dba), is effective in the arylation of
primary amines with aryl iodides as well [72]. The 13/Pd-system is sufficiently
reactive to accomplish this transformation at room temperature, Eq. (99). While
aliphatic amines are coupled in moderate yield, the arylation of aniline deriva-
tives proceeds quite efficiently.
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1 mol% 13
1 mol% Pd(dba),
+ HNR &@—— s
Bu@l 2 NAOLBD BUONHR
THF
RT
R Yield, %
Bu 47
Ph 95 (99)

Denmark utilized the BINAP/Pd-catalyst to doubly arylate 1,2-diphenylethyl-
enediamine with 2-iodonaphthalene, Eq. (100) [102]. The reaction below pro-
ceeded in 70% yield, and no epimerization due to -hydride elimination/rein-
sertion was observed. The resulting diamine was used to prepare a chiral HMPA
derivative.

cat.

Ph Ph +)-BINAP/Pd,(db Ph Ph
O | . : () 2(dba)z : 3
) \ NaOt-Bu

HaN  NHp dioxane Q NH HN O
110°C
o Re

(100)

Kagechika et al. reported the preparation of a retinoic nuclear receptor
ligand utilizing the BINAP/Pd-catalyzed C-N bond forming reaction [103]. The
aniline derivative below was coupled with 4-iodoethylbenzoate in 48% yield,
Eq. (101).

Me Me t
NH | cat.
2 \@\ (£)-BINAP/Pd(dba);
_—
’ COMEt NaOt-Bu (101)
2 toluene
Me Me
Me Me H
L
CO,Et
Me Me 48%
234

Reaction of Primary Aliphatic Amines with Aryl Chlorides

Hartwig and co-workers reported that several ferrocene-based diphosphines
are useful in the arylation of primary amines with aryl chlorides [72]. Known
ligands 20 [104] and 21 [105] are particularly effective in the coupling of
chloroarenes and primary aliphatic amines, Eq. (102).
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Me 1.5 mol% Ligand Me
@ 1 mol% Pd
Cl + _—
HoNBu NaOt-Bu NHBu
toluene
Ligand Reaction Conds. Yield, %
13 Pd(dba),, 110 °C 57
20 Pd(OAc),, 85 °C 89
21 Pd(OACc),, 85 °C 94 (102)
Me Me
@L e d e
- PPh, PCy,
Fe Fe
< <
20 21
Fig. 19

Concurrently with this report from Hartwig, Buchwald and co-workers
reported that the system based on commercially available ligand 4 is an excellent
catalyst for the coupling of aryl chlorides and primary aliphatic amines,
Eq.(103) [42].

Me 1.5 mol% 4 Me
0.5 mol% Pdy(dba)s

Cl +  HoNHex - - 5
2 NaOLBU NHHex

toluene
Me 80 °C Me 99%,

(103)

Phosphine 15, developed by the Symyx group, can also mediate the C-N bond
formation between an aryl chloride and a primary amine, Eq. (104) [47, 75].

Me 6 mol% 15 Me
2 mol% Pd(dba),

Cl + HyNOct [ ———
2 NaOLBU NHOct

toluene
Me 105 °C Me 9206 (104)

The catalyst formed from 6 and palladium acetate mediates the reaction
between a large number primary amines and aryl chlorides as room tempera-
ture, Eq. (105) [42a, 48]. This catalyst enjoys an even wider substrate scope,
however, when the transformation is performed at elevated temperatures. Addi-
tionally, elevated temperatures allow for the use of mild bases in the C-N bond
forming reaction.



174 A.R.Muci - S.L. Buchwald

1.5 mol% 6
1 mol% Pd(OAc),
7\ +  HoNHex 2 7\
RQCI 2 NaOLBu R NHHex
toluene
RT

R Yield, %
2,5-Me, 98
0-OMe 99 (105)

Heterocyclic carbene ligands have also proven effective in the coupling of aryl
chlorides and primary amines. While Nolan reported that the ligand based on 7
effects the desired reaction at elevated temperatures [52], Hartwig reported that
the saturated ligand catalyzes the reaction at room temperature, Eq. (106) [76].

cat. Ligand/Pd
Me@Br +  HzNHex o toandird Me@NHHex

L (mol%) Pd Source (mol%) Reaction Conds. Yield, %
7 (4) Pd,(dba)z (1) KOt-Bu, dioxane, 100 °C 86
16 (2) Pd(dba); (2) NaOt-Bu, DME, RT 40
(106)

235
Reaction of Primary Arylamines with Aryl Chlorides

Hartwig reported that the ferrocene-derived phosphines 13, 20, and 21 are all
effective as supporting ligands in the Pd-catalyzed reaction of aniline deriva-
tives and aryl chlorides, Eq. (107) [72]. These bulky, electron-rich ligands allow
for the desired C-N formation to be performed with as little as 1 mol% Pd.

cat.
" o 4 ngand/ Pd(dba),
© <:> H2N© ~ NaotBu Ve < > H@
toluene
110°C
Ligand (mol%) mol% Pd Yield, %
13 (4.5) 3 93
20 (1.5) 1 99
21 (3.0) 2 96 (107)

The catalyst derived from commercially available aminophosphine 4 is also
mediates the desired reaction between chloroarenes and aniline derivatives,
Eq. (108). Although the 4/Pd-system is effective for many applications, the 14/Pd-
catalyst enjoys a similar substrate scope in the cross coupling reaction [42].

1.5 mol% 4

0.5 mol% Pdy(dba)s
M o—< >—CI -
e + HZN—Q—Me N Meo—QH—Q—Me

toluene
100 °C 93% (108)
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Guram’s phosphine 15 proved to be an excellent supporting ligand for Pd in
the coupling of arylamines and aryl chlorides [47, 75]. Reaction of the hindered
aniline below with a 15/Pd-catalyst provided the desired product in excellent
yield, Eq. (109).

Me Me 6 mol% 15 Me Me
2 mol% Pd(dba)z
cl +
H2N Me —NaotBu
toluene
Mé Me 105 °C Me  ggo, Me (109)

Hartwig reported that tri-tert-butylphosphine/Pd-catalysts mediate the
coupling of aniline derivatives and aryl chlorides at room temperature, Eq. (110)
[50]. Electron-deficient, electronically neutral, and electron-rich aryl chlorides
were tolerated in the coupling reaction.

4 mol% (t-Bu)sP
Q | 5 mol% Pd(dba),
Cl + - e
toluene
RT 75% (110)

Bulky phosphine 6 also effects the desired cross coupling at room tempera-
ture for a wide variety of aryl bromides and arylamines, and at elevated temper-
atures, the substrate scope is greatly enhanced [42a,48].

10 mol% 6
NG o 2.5 mol% Pd(OAc),
+ HoN Me >
<:> 2 <:> NaOt-Bu NC <:> N < > Me
toluene
RT 78% (111)

The high reactivity of the of the 6/Pd-system is exemplified by the transfor-
mation depicted in Eq. 122. Despite the extreme steric demand of these two sub-
strates, the desired product was obtained in 73 % yield [42a].

Me i-Pr 8 mol% 6 Me i-Pr
4 mol% Pd,(dba);
cl + R
HoN NaOt-Bu N
) toluene
Me i-Pr 80 °C Me i-Pr 439

(112)

As was observed with primary aliphatic amines, the carbene-derived catalysts
are able to effect the coupling of aniline derivatives with chloroarenes. The
saturated carbene-based system reported by Hartwig provided the desired C-N
bond formation product at room temperature, while the system described by
Nolan required elevated temperatures [52, 76].
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cat. Ligand/Pd
Me Cl * HyN — > Me H

L (mol%) Pd Source (mol%) Reaction Conds. Yield, %
7 (4) Pd,(dba)s (1) KOt-Bu, dioxane, 100 °C 96
16 (2) Pd(dba), (2) NaOt-Bu, DME, RT 82
(113)

2.3.6
Reaction of Primary Aliphatic Amines with Aryl Sulfonates

Wolfe and Buchwald reported that the arylation of aliphatic amines with aryl
triflates could be effected with the BINAP/Pd-catalyst [80]. Triflate cleavage was
a common side reaction, thus, slow addition of the aryl triflate often resulted in
improved yields of the desired compound.

2.2 mol% (+)-BINAP

2 mol% Pd(OAc),
_ + A ———
t BuOOTf H,NHex NaOLEL t BuO—NHHex

toluene
80 °C
Reaction Conds. Yield, %
Standard Conditions 55
Slow Addition of Triflate 65 (114)

Simultaneously, Hartwig reported that the DPPF-based system also mediates
the desired C-N bond formation [81]. The Yale group observed that slow addi-
tion of the aryl triflate often improved yield of the desired product, Eq. (115).

cat.
DPPF/Pd(dba),
+
PhOC@OTf HNBU — ——— s PhOCONHBu
toluene
Reaction Conds. Yield, %
Standard Conditions, 5 mol% Pd, 100 °C 57
Slow Addition of Triflate, 1.5 mol% Pd, 85 °C 63 (115)

Wolfe and Buchwald susbsequently reported that by use of a milder base
such as Cs,COj; resulted in significant improvements in yield, particularly in the
cases with electron-poor aryl triflates [82].

Me 4.5 mol% (+)-BINAP Me
3 mol% Pd(OAc),
Me oTf + HoNBn B — Me NHBn

Base

toluene
80 °C

Base Yield, %
NaOt-Bu 72

Cs,CO3 90 ( 1 16)
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Wentland et al. utilized the BINAP/Pd-protocol to derivatize the opioid cycla-
zocine with several amines. For example, the desired aminated alkaloid was
obtained in 66 % yield, Eq. (117) [84].

4)> 15 mol% (+)-BINAP N4)>
N

10 mol% Pd(OAc),

—_——
T HaNBN NaOt-Bu "Me
Me toluene A
/ 80 °C Me
Me BnHN
TfO 66%  (117)

Catalysts based on bulky phosphine 6 effect the arylation of primary aliphat-
ic amines with aryl triflates at room temperature, Eq. (118) [42a]. Substantial
improvement in scope is observed when the reactions are performed at elevated
temperatures with mild bases such as K;PO,; triflate cleavage is often less prob-
lematic under these conditions.

1 mol% 6
1 mol% Pd(OAc),
_ + _ > -
t-Bu OTf H,NBn NaOLBu t-Bu NHBnN
toluene
RT 81% (118)

Hartwig reported the first amination of an aryl tosylate with an aliphatic
amine. Utilizing electron-rich ferrocene-based ligand 20, the coupling with
hexylamine shown below proceeded in 83 % isolated yield, Eq. (119) [72].

3 mol% 20

2 mol% Pd(OAc),
+
Me@OTs HoNHex  ——— —————> MeONHHex

toluene
110 °C 83% (119)

2.3.7
Reaction of Primary Arylamines with Aryl Sulfonates

As was observed with aliphatic amines, slow addition of the aryl triflate to the
aniline in the presence of the BINAP/Pd-catalyst often improved the yield of the
desired product, Eq. (120) [80].

2.2 mol% (+)-BINAP
O ot 2 mol% Pd(OAc)z
Tf +
H2N T NaOtBu Q ”
toluene
80 °C
Reaction Conds. Yield, %

Standard Conditions 61
Slow Addition of Triflate 68 (120)
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With the DPPF-based system, better yields of the C-N bond formation prod-
ucts were often obtained in the reaction of aryl triflats and anilines compared to
the BINAP-catalysts, Eq. (121), however, triflate cleavage was still a significant
side reaction when electron-poor aryl triflates were used [81].

4.5 mol% DPPF

1.5 mol% Pd(dba),
Ph OTf + —_—
Q “2N© NaOt-Bu P“{:}H@

toluene
85 °C 96% (121)

The Buchwald group revealed that the use of mild bases such as Cs,CO; and
K;PO, helps minimize the amount of triflate cleavage [82], thus improving the
yield of the arylation product, Eq. (122). In addition, functionality that is sensi-
tive to NaO¢-Bu is better tolerated when bases such as Cs,CO; are used.

4.5 mol% (+)-BINAP

3 mol% Pd(OAc),
MeOC oTf + —<: >— —_——
H,oN OMe Cs,COs

toluene
65 °C

woe D)o

90% (122)

Hicks and Brookhart reported the amination of a tropolone triflate using the
BINAP/Pd-catalyst as a strategy to prepare new ligand precursors [106]. For
example, the coupling the sterically hindered 2,5-diiso-propylaniline proceeded
in 86 % isolated yield, Eq. (123).

i-Pr 1 mol% (+)-BINAP
oTf 0.5 mol% sz(dba)3
T HN T Cs,COs
) toluene
i-Pr 80 °C (123)

Singer and Buchwald found that the catalyst derived from DPEphos (19) was
optimal for the arylation of the triflate derived from BINOL shown below,
Eq. (124) [107]. Several useful chiral ligand building blocks were prepared in
good to excellent yield.

o) e 0O
oTt 5 mol% Pd(OAc), N
opms NN Cs,CO3 lE')PMB
cat. EtsN
90 °C

20% (124)
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Bulky phosphine 6 affords an extremely active catalyst which is capable of
effecting the C-N bond formation reaction between aryl triflates and aniline
derivatives at room temperature [42a]. However, better yields, less triflate cleav-
age, and a wider substrate scope are observed when the reactions are performed
with K;PO, at elevated temperatures, Eq. (125).

Me 1 mol% 6

. 0.5 mol% Pd,(dba)s
M OC—< >—OT + —_——
e HoN KsPO,

DME
80 °C Me

oo OO
H

91%  (125)

Hartwig reported the first arylation of aniline using an aryl tosylate. The reac-
tion was catalyzed by a 13/Pd-catalyst, Eq. (126). Using a bulky base and elevat-
ed temperatures, the desired product was obtained in 78 % yield [72].

3 mol% 13
2 mol% Pd(dba)z
OTs + HyN NC N
NaO-2,4,6-t-BusCqHs 2,4,6-t-BuzCgH3 H
toluene
110 °C 79% (126)

2.4
Arylation of Ammonia Equivalents

Since the use of ammonia in the palladium-catalyzed C-N bond formation
reaction is not possible, it was desirable from a synthetic standpoint to develop
a practical protocol for the installation of an ammonia equivalent. In 1997,
Buchwald et al. reported that commercially available benzophenone imine is
useful for such a purpose [108]. This reactant may be coupled with a large
variety of aryl halides and triflates to furnish the desired product in good yields.
The benzophenone moiety has the advantage that it can be removed via several
different methods, allowing the synthetic chemist flexibility in the protecting
group removal strategy. Imine removal may be effected by a transamination
protocol (with excess hydroxylamine), by hydrogenolysis in the presence of a
palladium catalyst, or by acidic hydrolysis.

The reaction of benzophenone imine and an aryl bromide usually proceeds in
excellent yield. For example, the transformation below is accomplished in 97 %
yield over both the coupling and deprotection steps, Eq. (127). Good yields are
often observed with aryl iodides and triflates with the BINAP/Pd-catalyst as well.

1) cat. BINAP/Pd
NaOt-Bu, toluene

Ph 80 °C
NC—@—Br N NCONHZ
o 2) HNOH, NaOAc

MeOH, RT 97%  (127)
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Representative Procedure for the Use of Benzophenone Imine as an Ammonia
Equivalent: (Excerpted with permission from [108]. © 1996 Pergamon Press) A
Schlenk tube was charged with sodium tert-butoxide (1.4 mmol), Pd,(dba),
(0.00125 mmol), and BINAP (0.00375 mmol). The Schlenk tube was fitted with a
septum and attached to a Schlenk line. After the air atmosphere was replaced
with argon, toluene (4 ml), 4-tert-butylbromobenzene (1.0 mmol), and ben-
zophenone imine (1.2 mmol) were added by syringe. After the septum was
replaced with a teflon valve, the reaction was sealed and heated to 80°C with
stirring until starting material was consumed as judged by GC analysis. The
reaction mixture was cooled to room temperature, diluted with ether (40 ml),
filtered, and concentrated. The crude reaction mixture was then recrystallized
from MeOH to furnish the desired product in 90 % yield.

The DPPF-catalyst system is also useful in the arylation of the benzophenone-
based ammonia equivalent [109]. The coupling of 4-bromoanisole and benzophe-
none imine proceeded in excellent yield with only 0.5 mol% palladium, Eq. (128).

0.75 mol% DPPF

Ph 0.5 mol% Pd(OAc),
MeO Br + HN= ~ ————————> MeO NH,
o NaOt-Bu

toluene
95 °C 93% (128)

Aminophosphine 4 has been reported to effect the coupling of benzophenone
imine and an electron-poor aryl chloride, Eq. (129) [42a]. Hartwig also report-
ed that the system derived from heterocycle 17 is sufficiently reactive to effect a
similar transformation [76].

0.5 mol% 4

Ph 0.5 mol% Pd,(dba)s
O,N cl + HN= — 5% O,N NH,
Ph K3PO4

DME
100 °C 82%  (129)

Several groups have utilized benzophenone imine as an ammonia equivalent
in the palladium-catalyzed cross coupling. For example, Miillen and co-workers
prepared a new thermotropic dye via the BINAP/Pd-coupling of the corre-
sponding bromide, Eq. (130) [110]. Similarly, Basu reported the amination of a
mixture of bromopyrene derivatives [111].

-Pr Q 1 mol% BINAP
Br Ph 1 mol% Pd,(dba)s
lotetalr™
Ph

NaOt-Bu

=Y. o
ipr O 80°C. (130)
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Diederich et al. prepared the highly functionalized thrombin inhibitor below
using the Pd-catalyzed reaction [112]. The desired product was obtained in 17 %
yield over two steps.

1) cat. BINAP/Pd
Cs,COg, toluene
Ph 100 °C
_—
pnh 2 2NHCI, H,0
THF, RT

NH,
(131)

Aryl triflates are also good substrates for the benzophenone imine coupling
reaction. For example, Singer and Buchwald prepared the desired amino-BINOL
precursor in 87 % yield after acidic hydrolysis; the amination itself proceeded
in 90% NMR yield when DPEphos (19) was used as the supporting ligand,
Eq. (132) [107].

Ph
o0) soms, OO0
orf Ph 3 mol% Pd(OAc), N
—_—
OPMB Cs,CO3
Ph toluene OPMB
110 °C

90% (NMR)

(132)

Similarly, Lemiere utilized the Pd/BINAP-protocol to prepare the amino-
flavone below in 50% yield over two steps from the corresponding triflate,
Eq.(133) [113].

1) cat. BINAP/Pd

Ph.__O oTf Ph Cs,COg, THF Ph.__O NH,
reflux
| N |
b, 2) Pd(OH),/C
CgHao, EtOH
O OH e O OH

50%  (133)

Putnam reported that allylamines may also be used as ammonia equivalents
in the Pd-catalyzed coupling reaction [114]. The desired C-N formation was
effected with the DPPF/Pd-catalyst; subsequent cleavage of the allyl group was
achieved by treatment with methanesulfonic acid in the presence of a Pd/C
catalyst, Eq. (134).
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1) cat. DPPF/
DPPFPACI,,
NaOt-Bu, THF

80 °C
P“@Bf NN weon P“@NHZ

10 mol% Pd/C,
EtOH, reflux 69% (134)

Lee described a strategy where benzylamine could be used as an ammonia
equivalent as well [90]. The double reaction of the ditriflate below, followed by
hydrogenolysis, furnished the desired ligand precursor in 69% yield over two
steps, Eq. (135). The diamine product was also produced by double amination of
the corresponding dibromide.

o 1) cat. DPPF/Pd HzN
NaOt-Bu, BnNH,
OMe toluene, 90 °C OMe
—_—
OMe  2)PdIC, H, OMe
conll- N e
TfO RT HoN

69% (135)

Mori reported that Ti-N complexes obtained from N, fixation could be
utilized to prepare aniline derivatives via the Pd-catalyzed cross-coupling [115].
The complexes obtained from the reaction of dinitrogen with a mixture of
lithium metal, Ti(Oi-Pr),,and TMSCl served as an effective ammonia equivalent
to produce the desired aniline derivative after workup, Eq. (136). Thus, with this
system, the removal of any nitrogen protecting group was obviated.

N2

Ti(Oi-Pr)4

Li (0), TMSCI

THF 7 mol% DPPF

TiN G | 2.5 mol% Pd,(dba)s
—< >— + Ti-N Complexes ———————————»
Ph Br P NaOt-Bu
toluene
90 °C
e oo
2
77% 8%

(136)
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2.5
Arylation of Amides and Carbamates

The coupling of amides and aryl halides or sulfonates is a highly desirable trans-
formation since amides are ubiquitous in biologically active compounds. The
arylation of amides however, is considerably different from the analogous reac-
tions of amines since their pKas, and thus their relative reactivities, are consid-
erably different.

Shakespeare reported the first Pd-catalyzed arylation of an amide [116]. Specif-
ically, he investigated the coupling of lactams and aryl bromides using
a DPPF/Pd-protocol, Eq. (137). Significant generality was observed in the coupling
of 2-pyrrolidone, however, with both larger and smaller ring sizes, good yields
were only observed with electron-poor aryl bromides.

o 7 mol% DPPF

O
2.5 mol% sz(dba)g
+ B R B —
NH ' ( > NaOt-Bu N < > R
n

n toluene
90 °C

n R Yield, %

1 H 20

1 CF3 52

2 H 82

2 CF3 90

3 COPh 89 (137)

Yin and Buchwald reported that the catalyst based on Xantphos (9) as a sup-
porting ligand is an effective and general system for the arylation of amides
[117]. Using Cs,CO; as base, aryl bromides possessing electron-withdrawing
and electronically neutral groups were effectively coupled, Eq. (138). Both
primary and secondary amides cleanly afforded the desired products.

0 1.5mol% 9 0
0.5 mol% Pdy(dba)s .
@Br * HN)J\R' —©s.co. 7 N\ >R
R/_ | CSZCO3 > N\
R" THF or dioxane R\— R"
100 °C
R R' R" Yield, %
p-CN Ph H 93
p-CN Me Me 97
0-CO,Me Ph H 91
m-CO,;Me Ph H 90 (138)

Lactams were also excellent substrates in the arylation reaction using 9/Pd-
catalysts. Notably, the coupling of a f-lactam (n = 1) and bromobenzene afford-
ed the desired product in 93 % yield, Eq. (139) [117].
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0 3 mol% 9 o

0.5 mol% Pd,(dba)s
+ B —_—
NH : e N@
n dioxane n
100 °C

n Yield, %
1 93
2 96
3 92
4 90 (139)

Hartwig reported the first arylation of carbamates utilizing a (¢-Bu);P/Pd-
catalyst [50]. Aryl bromides bearing electron-withdrawing groups are excellent
substrates for the reaction, however, increasing electron density on the aryl
bromide results in moderate yields of the desired amide, Eq. (140).

cat. (@)

JOL (t-Bu)sP/Pd(dba) L
-buU)3 a)o
R‘@’Br * HNTTOtBu T NaoPh R‘@*” Ot-Bu
toluene
100 °C
R Reaction Conds. Yield, %
Me 5 mol% (t-Bu)sP, 2.5 mol% Pd(dba), 80
CN 5 mol% (t-Bu)sP, 2.5 mol% Pd(dba), 83
OMe 8 mol% (t-Bu)sP, 4 mol% Pd(dba), 62 (140)

The Xantphos (9)/Pd-system also mediates the coupling of aryl bromides
and carbamates [117]. The coupling of benzyl carbamate below proceeds in
quantitative yield when Cs,CO; is used as base, Eq. (141).

1.5 mol% 9 )

o)
Py 0.5 mol% Pd,(dba)s S
OHC Bl + WN~ “OBn — e > OHC N~ “OBn
Cs,COg3 H
THF
45°C 99%  (141)

2.6
Arylation of Nitrogen-Containing Heterocycles

Nitrogen-containing heterocycles are interesting substrates for the amine aryla-
tion reaction since many pharmaceuticals possess such functionality. The aryla-
tion of such a species is not always straightforward, however, since their pKas are
considerably different from simple amines. In addition, some heterocycles, such
as indoles, are able to go unwanted side reactions.

Hartwig first reported the use of the pyrrole in the arylation reaction. Use of
a DPPF/Pd-catalyst afforded the desired products in moderate to good yield
[109]. Subsequently, the Yale group disclosed that a (¢-Bu);P/Pd-catalyst is able
to effect the reaction in comparable yields with lower catalyst loadings [50].
Similarly, the Tosoh group reported that Rb,COj; is a more efficient base using
the (#-Bu);P/Pd-catalyst under their conditions [118].
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cat.
S ngand/Pd
R—< :>—Br + HN<:| <:|
= Base
R Reaction Conds. Yield, %
t-Bu 6 mol% DPPF, 5 mol% Pd(OAc),, NaOt-Bu, 120 °C 87
H 3 mol% (t-Bu)sP, 3 mol% Pd(dba),, Cs,CO3, 100 °C 77
Me 3 mol% (t-Bu)sP, 1 mol% Pd(OAc),, Rb,CO3, 120 °C 70 (142)

In 1998, Hartwig also described the arylation of indoles using Pd catalysis
[109]. With the DPPF/Pd-system, good to excellent yields of the desired product
was obtained with electron-deficient aryl bromides.

1.5 mol% DPPF

@ S 1 mol% Pd(OAc)z
R Br + HN
CSZC03 %

toluene
100 °C
R Yield, %
CN 98
Ph 72 (143)

The use of (#-Bu);P/Pd-catalysts in the arylation of indoles has been reported
by both the Hartwig and Watanabe groups [50,118]. Moderate to good yields are
observed in the coupling reactions, however, side products resulting from C-ary-
lation at the 3-position are commonly isolated as well. Similarly, both groups
reported the arylation of carbazoles as well.

cat.

S (t Bu)sP/Pd
R Br + HN
Base

R Reaction Conds. Yield, %
OMe 3 mol% L, 3 mol% Pd(dba),, Cs,CO3, 100 °C 7
H 3 mol% L, 1 mol% Pd(OAc),, Rb,CO3, 120 °C 70 (144)

Old, Harris, and Buchwald investigated the arylation of indoles and found a
very strong dependence of the reaction efficiency on the supporting ligand used
[119]. Specifically, it was observed that C-arylation was problematic when aryl
bromides possessing electron-donating groups or ortho-substituents were sub-
jected to the Pd-catalyzed coupling. For example, while aminophosphine 4 was
useful in the reaction of 4-bromotoluene, related ligand 22 proved optimal in the
coupling of electron-rich aryl bromides such as 4-bromoanisole. Binaphthyl-
derived ligand 23 is useful in the coupling of ortho-substituted aryl bromides,
Eq. (145).
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cat.
@ S L/Pd,(dba)s G S
Br + HN —_— \ N
R \— NaOt-Bu R Y %
toluene
80-120 °C
R Reaction Conds. Yield, %

p-Me 3.75 mol% 4, 1.25 mol% Pd,(dba)s; 88

p-OMe 1.5 mol% 22, 0.5 mol% Pd,(dba)s 84
3,5-Me, 7.5 mol% 283, 2.5 mol% Pdy(dba)s 87 (145)

BOEN®
o
22 23

General Procedure for the N-Arylation of Indoles: (Excerpted with permis-
sion from [119]. © 2000 American Chemical Society) A Schlenk tube was
charged with sodium tert-butoxide (1.4 mmol), Pd,(dba); (0.005 mmol), and 4
(0.015 mmol). The Schlenk tube was fitted with a septum and attached to a
Schlenk line. After the air atmosphere was replaced with argon, toluene (2 ml),
aryl bromide (1.0 mmol), and the indole (1.2 mmol) were added. After the sep-
tum was replaced with a teflon valve, the reaction was sealed and heated to
80-100°C with stirring until starting material was consumed as judged by GC
analysis. The reaction mixture was cooled to room temperature, diluted with
ether (20 ml), filtered, and concentrated. The crude reaction mixture was then
purified by flash chromatography on silica gel.

Kelly reported the preparation of several transthyretin amyloid fibril inhibitors
using the BINAP/Pd-catalyzed coupling [120]. For example, the coupling below
furnished the desired phenoxazine derivative in 70 % isolated yield, Eq. (146).

Fig.20

COz2H 7.5 mol% (+)-BINAP

5 mol% Pd,(dba)s
+
Me@Br HN O —sco,

toluene

@COZH 100 °C
Me@—N 0
COH

70% (146)
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2.7
Arylation of Other Nitrogen Substrates

In 1998, the Buchwald group reported the arylation of benzophenone hydrazone
with several aryl bromides [121]. The desired reaction could be effected with the
BINAP/Pd-catalyst, however, the Xantphos/Pd-system proved particularly well-
suited for this transformation, Eq. (147).

Me
Me cat.
HN  Ph Ligand/Pd(OAc), NH Ph
Br  + N—= :
NaOt-Bu N=(
Ph toluene
Me Ph
Me 80 °C
Catalyst (mol%) Yield, %
(S)-BINAP/Pd(OAC), (1) 87
9/Pd(OAC); (0.1) 98 (147)

Concurrently with the report by Buchwald, Hartwig described a similar reac-
tion using the DPPF/Pd-based protocol [122]. The C-N bond coupling proceed-
ed in good to excellent yield with 1 mol% Pd, Eq. (148).

HoN Ph 1.5 mol% DPPF
::: 2N, 1 mol% Pd(OAc), = C@NH Ph
+ N —_— 3 N
F3C Br :<Ph Cs,CO3 N:<
toluene Ph
90 °C 91% (18)

The Buchwald group exploited the Pd-catalyzed hydrazone synthesis for the
efficient preparation of indoles. While removal of the benzophenone moiety and
isolation of the free hydrazine did not proceed cleanly, the MIT workers found
that Fischer indole synthesis could be effected by in situ exchange of the ketone
group. The desired indoles could thus be isolated in good to excellent yield over
two steps, Eq. (149) [121].

Me 1) cat. 9/Pd(OAc),

HaN Ph glg?(t: Bu,toluene Ph
B+ N e ——— \
Ph 2) Cyclohexanone N
TSOHeH,0 A
Me EtOH, 80 °C
92% (149)

N-Arylindoles could be prepared via a one-pot sequential arylation of benzo-
phenone hydrazone. For example, after the first C-N bond coupling with the less
reactive aryl bromide was performed with the 9/Pd-catalyst; after complete
reaction, the second aryl bromide was then introduced to the reaction mixture,
Eq. (150) [121]. The doubly arylated product could be cyclized to yield the
desired N-arylindole in moderate to good yield.
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5.5 mol% 9
HoN Ph 5 mol% Pd(OAc), MeONH Ph
+ —_— N
Me Br N=( NaOt-Bu, Et;N N=(

Ph m-xylene Ph

90 °C

Me NC

Me O
CN
\ as
mMe B Me\)LMe i
conc. HCI, EtOH Me N P
N=(

80 °C
80% CN 86%

(150)

Skerjl reported that tert-butylcarbazate could be regioselectively arylated
with the DPPF/Pd-catalyst [123]. When aryl bromides possessing ortho-
substituents were used, reaction at the less hindered nitrogen was observed,
Eq. (151). However, in the absence of ortho substitution, the arylation proceed-
ed on the Boc-protected nitrogen.

R 3 mol% DPPF
H,N Boc 1 mol% Pd(OAC)g
+ .
MeO,C Br H —>K2C03

toluene

1 o,

0o-c HoN. _Boc

N. B |
.. ,-Boc

MeO,C R

CO,Me
69% (R = Me) 83% (R =H)

(151)

Bolm and co-workers have described the arylation of sulfoximes with aryl
bromides, iodides, triflates, and nonaflates [124]. The BINAP/Pd-catalyzed
transformation proceeds in moderate to excellent yields, Eq. (152). The resulting
N-arylsulfoximines were used to prepare new chiral ligands. Harmata and Pavri
have used similar transformations to prepare several benzothiazines [125].

7.5 mol% Ligand

o 5 mol% Pd(OAc), o
X + .S~ —_ .S~
O HNTY Ph Cs,CO; N Ph
e toluene e
110 °C
X Ligand Yield, %
Br tolBINAP 83

oTf BINAP 51 (152)
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Yin and Buchwald found that Xantphos (9) was the most effective supporting
ligand for the arylation of sulfonamides, Eq. (153). Primary and secondary sul-
fonamides were efficiently reacted under these conditions [117].

o0 1.5 mol% 9 MeO,C
\\S’/ 1 mol% Pd(OAc), O\\ /,O
MeO,C Br + -2~ p-Tol, ——— -
z < > H’\'}A' Cs,CO3 ’}‘,s p-Tol
€ dioxane o
100 56 87% Me (153)

Several aryl bromides were coupled with the vinylogous amide below in
moderate to excellent yields by Edmonson et al., Eq. (154) [126]. The Merck
investigators also reported that this C-N bond forming reaction could be
exploited to prepare quinoline and indole derivatives.

0 10 mol% 4
5 mol% Pd,(dba)s
Me Cs,CO3
toluene
Me 80 °C
0]
MeO@—HN
Me
Me

87% (154)

Johnson described the preparation of several 2’-deoxyadenosine and guanosine
amine adducts that have been implicated in carcinogenesis via the Pd-catalyzed
coupling [127]. The TBS-protected purine derivatives were reacted with several
aryl bromides and triflates in good yield using a BINAP/Pd-catalyst and Cs,CO; as
base, Eq. (155).

NH,
N
¢l =N 10 mol% BINAP
e ph 10 mol% Pd(OAC),
TBSO N+ —_—
Cs,CO3
9 O2N toluene
oTBS N
/N SN NO-,
<N »
TBSO N

oteBs ¥ (155)
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2.8
Heteroaryl Halides in the Pd-Catalyzed Amine Arylation

The use of heteroaryl halides in the Pd-catalyzed C-N coupling would be useful
to the pharmaceutical chemist since heterocycles are commonly found in bio-
logically active agents. Wagaw and Buchwald first investigated the amination
of halopyridines and found that the original (o-tol);P/Pd-protocols were inef-
fective [128]. By using bis(1,3-diphenylphosphino)propane (dppp) as a support-
ing ligand, however, the coupling of bromopyridine with several amines could
be effected in good yield, Eq. (156).

4 mol% DPPP

=N 2 mol% Pd(OAc), =N

Br + HNRp NR
Q NaOt-Bu \ 7/ 2

toluene

70 °C

Amine Yield, %
H-N(Me)Bn 85

Morpholine 87 (156)

BINAP also proved useful in the C-N bond coupling reactions involving
halopyridines [128]. For example, the coupling of primary amines with chloro-
and bromopyridines could be performed with the (£)-BINAP/Pd-catalyst in
good yield, Eq. (157).

4 mol% (+)-BINAP
/:\ 2-4 mol% Pd(OAc), —
X N +  HoN—cHex ——————>  chex. & N

NaOt-Bu N7
toluene H
70 °C
X Yield, %
2-Cl 73
3-Br 82 (157)

Benzophenone imine may be used as an ammonia equivalent with halo-
pyridines as well. The coupling of the bromopyridine below, followed by depro-
tection via transamination with hydroxylamine, proceeded in 81% yield over
the two steps, Eq. (158) [128]. Analogously, Puttman found that allylamine could
also be used as an ammonia equivalent in the C-N coupling reactions of halo-
pyridines [114].

1) cat. (+)-BINAP
Pd,(dba)s, NaOt-Bu,

<\|j>7 . HN=<Ph toluene, 80 °C N=

Br — NH,

\_/ bh 2) HNOH* CI \_/
NaOAc, MeOH 6106
RT

(158)
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Sterically hindered monophosphines may also be used as supporting ligands
in the amination of halopyridines. Commercially available ligands 4 and 6 allow
for the desired reaction to proceed in good to excellent yield, Eq. (159) [42].

1.5 mol% Ligand

N=— 1 mol% Pd(OAc), N=
Br + HNR> _— NR
<\:/>7 NaOt-Bu \_/ 2

toluene
100-110 °C
Amine Ligand Yield, %
H-N(Me)Ph 4 94

H,NBn 6 86 (159)

Other heteroaryl halides may be used in the Pd-catalyzed cross coupling
reaction. Senanayake and co-workers reported the reaction of a chlorobenz-
imidazole and a primary amine to synthesize the antihistamine norastemizol
[34, 87]. The key Pd-catalyzed coupling reaction proceeded in 85% isolated
yield using 0.5 mol% Pd, Eq. (160). During these investigations, the Sepracor
group also noted that primary amines reacted preferentially over secondary
amines.

0.7 mol% BINAP

N 0.25 mol% Pdy(dba)3
S—cl + HZN@N—CozEt B
N NaOt-Bu

toluene
85 °C
=
N
\>—N4<3N—C02Et
N H
F 85%
(160)

Senanayake also demonstrated that the amination reaction could be effected
with several related heteroaryl chlorides [34, 87]. The coupling of piperidine
with several heteroarene substrates proceeded in good yield, Eq. (161).

cat.
N BINAP/Pd N
N—cl + HN - > N—N
@Ex} i > NaOt-Bu X>_i >

toluene
85 °C
X Yield, %
(0] 66
S 78

NCH2(4-F-CgHy) 71 (161)



192 A.R.Muci - S.L. Buchwald

In 1998, Dodd reported the amination of the f-carboline-carboxylic amide
below using the BINAP/Pd-protocol, Eq. (162) [129]. The desired product was
obtained in 52 % yield.

B X 20 mol% (+)-BINAP BnHN

NHPh 10 mol% NHPh
Pdg(dba);g'CHClg —

N + HNBh ————— N
" W 2 NaOt-Bu \ W

THF

. . 520
SO,NMe, reflux SO,NMe,

(162)

Rouden described the amination of the heteroaryl chloride below with several
primary amines using the BINAP/Pd-catalyst, Eq. (163) [130]. The resulting prod-
ucts were new ligands for serotoninergic receptors.

S = 0.75 mol% BINAP S x
| N 0.25 mol% Pdy(dba); | N
/ \=l  + HNR - = 5 /=
N= NaOt-Bu N=
Cl NHR

110-130 °C
R Yield, %
n-Hexyl 94
tert-Butyl 65 (163)

The Tosoh group described the first amination of bromothiophenes with a
(t-Bu);P/Pd-based system [131]. The reactions between several bromothiophenes
and diphenylamine proceeded with moderate yields, Eq. (164).

cat.
&S (t-Bu)3P/Pd(OAC), I
+ HNPh —_—
\="Br 2 NaOt-Bu \="NPh,
toluene
120 °C

Substitution Yield, %

3 69
2 36 (164)

Luker et al. subsequently investigated the use of electron-deficient thio-
phenes in the C-N bond forming reaction [132]. Using a BINAP/Pd-catalyst, the
Nottingham group reported that the desired transformations proceed in good to
excellent yield with several primary and secondary amines, Eq. (165).

R 5 mol% BINAP R
S 5 mol% Pd(OAc), S
A\ +  H,NBu s ee—— A\
~ Br 2 CSZCO3 ~ NHBu
toluene
110 °C
R Yield, %
CO,Me 94

CN 89 (165)
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Lépez-Rodriguez and co-workers prepared a number of serotonin 5-HT,,
receptor ligands using palladium catalysis [133]. The Spanish group used both
DPPP- and BINAP-based systems to couple bromine-substituted benzimida-
zoles with piperazines. For example, the reaction of the protected heterocycle
below with N-methylpiperazine proceeds in excellent yield, Eq. (166).

10 mol% DPPP —\
Br /\ 10 mol% Pd(OAc),
+ HN N-Me —— >
__/ NaOt-Bu
toluene

85 °C NN 97% (166)

Watanabe’s group at Tosoh Corporation reported the coupling of a chlorine-
substituted indole and piperazine using a 24/Pd-based catalyst, Eq. (167) [134].
The indole substrate, which was prepare via a novel palladium-catalyzed cycliza-
tion, was aminated in 94 % yield.

1.5 mol% 24 /—\
Cl /\ 1 mol% Pd(dba)2
’ HN\_/NH N Ot-B
a u
N__~
Me,N o-xylene MezN 94%

120 °C
(167)

Fig. 21

Several 2’-deoxyadenosine-amine adducts that have been implicated in
carcinogenesis were prepared via the Pd-catalyzed amine arylation reaction as
reported by Lakshman and co-coworkers [135]. For example, the coupling of the
protected 6-bromoadenosine derivative below was achieved in good yield using
the 4/Pd-catalyst, Eq. (168).

Br
N
</:E%§N 30 mol% 4
\ WJ+HW—§:> 10 mol% Pd,(dba)s
_— =

TBSO
KsPO,
o MeO DME HN
80 °C
N SN OMe
OTBS < |l
.
TBSO N

o

otes /2% (168)
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Crosslinked nucleosides have been similarly prepared by two different
groups. While Sigurdsson and Hopkins performed the dimerization below with
the BINAP/Pd-catalyst, in the presence of NaOt-Bu to isolate the desired prod-
uct in 40% yield, Johnson found that when Cs,CO; was used as base, the dimer
was obtained in 90 % yield, Eq. (169) [136].

OBn OBn
N B N BN
N N
¢ ] ¢ ]
A A
TBSO N™ N7 Br TBSO NT >N NH,
© " 0 cat
(+)-BINAP/Pd
OTBS OTBS Base
toluene
OBn OBn
Nf = N
N N
¢ [
Base Yield, % 8BS0 N~ Sy oTBS
NaOt-Bu 40 O H
OTBS (169)

Glycosylamines have been coupled to 6-halopurines using the BINAP/Pd-sys-
tem. Chida and co-workers performed these reaction as a model study towards the
synthesis of spicamycin and septacidin antitumor agents [137]. The coupling of
the mannose derivative below was achieved at elevated temperatures in a sealed
tube to furnish the desired C-N bond formation product in 79 % yield, Eq. (170).

N 10 mol% (-)-BINAP
BnO— Q8" c—¢ N 5 mol% Pda(dba)s
BnO NH, + _ R

BnO NaOt-Bu
N« _NPMB toluene
g 140 °C
BnO OBn
BnO = m

SN

N
79% \—NPMB
(170)

29
Intramolecular Arylation of Amines and Amides

2.9.1
Intramolecular Arylation of Amines

More than 15 years ago, Boger reported an intramolecular amine arylation using
stoichiometric quantities of palladium. In 1997, the Buchwald group investigat-
ed catalytic variants of the cyclization [138]. Initial studies involved the in situ
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generation of the aminostannane previously described for intermolecular reac-
tions, however, tin-free methods were soon discovered.

The intramolecular C-N bond forming reactions proved to be more straight-
forward than their intermolecular counterparts [138]. The desired couplings
often could be achieved using (Ph;P),Pd as catalyst to form 5-, 6-, and 7-mem-
bered nitrogen heterocycles, Eq. (171).

©\/MNHBH 1 mol% (PhzP)4Pd @C/\gn
n _—

NaOt-Bu/K,CO
Br 2 3 N

toluene Bn
100 °C
n Yield, %
1 87
2 72
3 61 (171)

Unlike the intermolecular variants, the intramolecular amine arylation of
a-chiral substrates proceeded without racemization when the reaction was per-
formed with the (o0-tol);P/Pd-catalyst, Eq. (172) [54].

H Ph 8 mol% (o-tol)3P
\l/ 4 mol% Pd,(dba)s
Me NaOt-Bu N
Br toluene
100 °C )—Ph
Me
96% ee 80%y, 96% ee (172)

An alternative indole synthesis was reported by the Buchwald group where
initial displacement of the primary bromide by benzylamine is followed by a
Pd-catalyzed cyclization, Eq. (173) [139]. After deprotection, the desired indole
was obtained in 54 % yield over two steps.

Bu 1) cat. (o-tol)s/Pd B
BnNH,, NaOt-Bu u
toluene, 80 °C

- A\
Br
W P )
Me 4 Me

54% (173)
Dodd and Abouabdellah performed the cyclization below with a BINAP/Pd-

catalyst to furnish, after air oxidation, the pyrido[2,3-b]indole in 51 % yield,
Eq. (174) [140].

Q 0
0 5 mol% BINAP — 0
_ 2.5 mol% Pdy(dba)s \
\ D — 4
NH NaOt-Bu N
N~ TBr R DMF N
Me 80°C Me

51% (174)
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Kamikawa used two different Pd-catalyzed C-N bond-forming reactions for
the convergent preparation of several phenazines [93]. After intermolecular
coupling was achieved, the nitro group was reduced. Subsequent Pd-catalyzed
cyclization afforded the desired product in 80% yield over three steps, Eq. (175).

COZMe 1) cat. BINAP/Pd Cone
NaOt-Bu, toluene
Br HoN 100 °C NS
+ B —
2) cat. Pd/C, H, i~
NO Br 3)cat. BINAP/Pd N
CO,t-Bu NaOt-Bu, toluene CO,t-Bu
100 °C 80%

Aryl iodides could also be used in the intramolecular C-N bond coupling.
Notably, cyclization could be achieved using triethylamine as base and solvent at
room temperature in good yield with the iodide substrate, Eq. (176) [138].

E:(\/NHBH cat. (PhsP)4Pd @
—_——
| Base N

Bn
Reaction Conds. Yield, %
1 mol% cat., NaOt-Bu/K,COg3, toluene, 65 °C 96
5 mol% cat., EtsN, RT 87 (176)

Exploiting the utility of this type of cylization, Peat and Buchwald described
the formal synthesis of several alkaloids. Reaction of the aminoiodide below
proceeded in 72 % yield, Eq. (177) [141].

Me 10 mol% (o-tol)3P Me
MeO N 5 mol% Pdy(dba); MeO N
NaOt-Bu
MeO toluene MeO
| 80 °C BnN
NHBnN

72% (177)

The cyclization below proceeded in 80 % yield using stoichiometric quantities
of palladium, similar to the report by Boger, Eq. (178) [15, 142]. Wood reported
that efforts to render this reaction catalytic in Pd (5 mol%) resulted in only 60 %
conversion after 5 days.

I
(Ph3P)4Pd O O
e,
toluene
NH reflux N s0% (178)
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2.9.2
Intramolecular Arylation of Amides

Initial studies on the intramolecular arylation of amides revealed that tri(2-furyl)-
phosphine was an effective supporting ligand for the cyclization of substrates
that furnish five-membered rings, Eq. (179) [138]. The analogous reaction to
prepare the six-membered ring product was considerably less efficient, however,
providing the quinoline derivative in 44 % yield. Subsequent studies by Yang and
Buchwald found that several different catalyst systems were more efficient than
the original one reported [143]. Specifically, the catalyst derived from MOP (25)
and Pd(OAc), proved particularly effective and formed the same six-membered
ring in 87 % yield using only 3.3 mol% Pd. Cyclization to the seven-membered
ring could best be effected using Xantphos (9) as ligand.

©\/Mr’?|HAC cat. Ligand/Pd @n
B ———
Cs,CO
Br Gene N

toluene Ac
100 °C
n Reaction Conds. Yield, %
1 20 mol% (2-furyl)zP, 10% Pd,(dba)s 99
2 20 mol% (2-furyl)sP, 10% Pd,(dba)s 44
2 5 mol% 25, 3.3 mol% Pd(OAc), 87
3 5 mol% 9, 3.3 mol% Pd(OAc), 90 (179)

I I OMe
oo

MOP  (25)

Fig. 22

The synthesis of lactams could also be performed by the (o-tol);P/Pd-sys-
tem, however, high catalyst loadings were required, Eq. (180) [138]. Yang and

n n
NHBn cat. Ligand/Pd
N o (180)
O Base N
Br

toluene B
100 °C :
n Reaction conds. Yield, %
1 20 mol% (O-t0|)3P, 10% sz(dba)g, K,CO3 59
2 20 mol% (o-tol)3P, 10% Pd,(dba)s, K,CO3 82
1 5 mol% 25, 3.3 mol% Pd(OAc),, Cs,CO3 82
2 5 mol% 25, 3.3 mol% Pd(OAc),, Cs,CO3 94
3 5 mol% 25, 3.3 mol% Pd(OAc),, Cs,CO3 88
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Buchwald later showed that the same reaction could be more efficiently accom-
plished using a MOP (25)/Pd-catalyst [143]. In addition, the 25/Pd-protocol
allowed for the analogous cyclizations to be conducted with carbamate sub-
strates.

Snider and co-workers executed a palladium-catalyzed carbamate cyclization
as a key step in the synthesis of (-)-asperlicin [144]. The dipeptide below was
converted to the desired intermediate in 48 % yield over 3 steps without epimer-
ization of the two stereocenters, Eq. (181).

CO,Ph CO,Ph
1) Hg(OTFA)/KI TrocHN™"
ANP)
—_—
3) cat. (o-tol)zP/Pd
toluene >//K
105 °C 48% i-Bu

3
Palladium-Catalyzed Alcohol Arylation

3.1
Reaction of Aliphatic Alcohols

The arylation of aliphatic alcohols is particularly challenging because the com-
petitive B-hydride elimination side reaction that was problematic in the amine
arylation is even more prevalent in the analogous C-O bond forming reactions.
Thus, the coupling of tertiary alcohols such as tert-butanol and aryl halides has
seen considerable success, while general methods for the arylation of primary
and secondary alcohols have been more elusive.

Hartwig first reported the arylation of tert-butanol in 1996 [145]. Using a
DPPF/Pd-catalyst and NaOt-Bu as the tert-butoxy source, several electron-de-
ficient aryl bromides were coupled in moderate yield, Eq. (182).

12 mol% DPPF

R ( ) B 10 mol% Pd(0)
r - 4< >; _
NaOt-Bu R Ot-Bu

toluene
100 °C
R Yield, %
CHO 66
CN 58
COPh 69 (182)

The reaction between aryl bromides and aliphatic alcohols bearing a-hydro-
gens was first described by Buchwald et al. using a tolBINAP/Pd-system [146].
Several primary and secondary alcohols were coupled with electron-deficient
aryl bromides in moderate to good yield, Eq. (183).
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3.6 mol% tolBINAP

1.5 mol% Pdy(dba)s
NC Br + HOR T NCQOR

toluene
70 °C
R Yield, %
Bn 71
Me 81 (183)

In limited cases, electronically neutral aryl bromides also served as good sub-
strates in the Pd-catalyzed C-O bond formation with the tolBINAP/Pd-system.
For example, 1-bromonaphthalene was coupled with cyclohexanol in 65 % yield,
Eq. (184).

3.6 mol% tolBINAP
0 O 1.5 mol% sz(dba)g, O O—<:>
NaH
toluene
70 °C 65%  (184)

The Tosoh group reported that a (#-Bu);P/Pd-catalyst allowed the prepara-
tion of tert-butyl ethers from the corresponding aryl bromides and NaO#-Bu
[147]. Electron-withdrawing as well as electron-donating substituents were
tolerated on the aryl bromide, although increased electron density on the aryl
bromide results in greater amounts of reduced arene and biaryl side products,
Eq. (185).

3 mol% (t-Bu)sP

7\ 1 mol% Pd(OAc)z \ \
B + +
r<—/ ' NaotBu OorBu

toluene
120 °C
R Ratio Yield, %
4-CHO 99.5:0.5:0 91
4-t-Bu 94:4:2 85
3-OMe 70:26:4 82 (185)

Di-tert-butylferrocenylphosphine (26) is an excellent supporting ligand
for the coupling of NaO#-Bu and aryl bromides (eq 186) [148]. During kinetic
studies of this reaction, Hartwig and co-workers noted that a portion of the aryl
halide was consumed prior to formation of the aryl ether product [149]. It was
subsequently determined that ligand 26 was being arylated during the course of
the reaction to yield a much more active catalyst system. Pentaphenylated ligand
27 could in fact be prepared from 26 and chlorobenzene via palladium catalysis
in 85% yield.

5 mol% 26

B ( > B 5 mol% Pd(dba),
t- B ——— - -
u r NaOLBu t-Bu Ot-Bu

toluene
85°C 84% (186)
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@\Pt-Bug Ph_Fe PtBu,
Fe Ph\ézph
<= o

Ph
26 27

Fig.23

The 27/Pd-catalyst is considerably more reactive that the 26-based system.
The new, more reactive catalyst was reported to allow the coupling of electron-
rich aryl bromides with NaO#-Bu in moderate yields, Eq. (187) [149].

5 mol% 27
MeO ( > B 5 mol% Pd(dba),
_— -
e r NaOLBU MeO Ot-Bu
toluene
80 °C 67% (187)

Mann and Hartwig have also investigated the use of sodium tert-butyldime-
thylsilanoate (NaOTBS) in the C-O bond forming reaction with aryl bromides
[150]. The efficacy of DPPF- and tolBINAP-based catalysts, as well as nickel-
based systems, were compared, Eq. (188).

10 mol% Ligand

10 mol% Pd(dba),
R Br —_——
NaOTBS R OTBS

toluene
120 °C
Ligand GC Yield, %
DPPF 49
toIBINAP 75 (188)

Watanabe et al. have reported that electron-deficient aryl chlorides may be
coupled with NaO#-Bu in the presence of the (-Bu),P/Pd-catalyst,Eq. (189) [147].

3 mol% (t-Bu)sP

1 mol% Pd(OAc),
OHC CIl ————————» OHC Ot-Bu + PhCHO + Biaryl
NaOt-Bu

tol
fz%eyce 60% (95:5:0) (189)

Ferrocene-based phosphine 24 is also an effective supporting ligand for the
Pd-catalyzed condensation of chloroarenes and sodium tert-butoxide [148]. The
coupling of 2-chloro-para-xylene, followed by acid mediated cleavage of the
tert-butyl group, yielded the desired phenol in 71% yield, Eq. (190).

5 mol% 24 Me

5 mol% Pd(dba),

Cl _ >
NaOt-Bu OH

toluene, 85 °C

Me then H* Me  71% (190)
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Pentaphenylated ligand 27 forms a catalyst that is considerably more reactive
than 26. This system mediates the efficient coupling of electron-rich aryl chlorides
with NaOz-Bu; meta-chloroanisole was reacted in 92 % yield, Eq. (191) [149].

5 mol% 27
- 5 mol% Pd(dba),
—_—T -
NaOt-Bu Ot-Bu
toluene
MeO o MeO
80 °C 92% (191)

3.2
Reaction of Phenol Derivatives

Methods for the arylation of phenols have been more successful than analogous
reactions of aliphatic alcohols since the Pd (II) phenoxide intermediate is unable
to undergo unwanted pB-hydride elimination. Hartwig and co-workers first
reported the use of a DPPF/Pd-catalyst to prepare diaryl ethers in 1997 [151].
The system was particularly effective with electron-deficient aryl bromides and
electron-rich phenols, Eq. (192).

6-11 mol% DPPF

5-10 mol% Pd(dba),
NC Br + NaO R > NC O R
toluene/THF

100-120 °C
R Yield, %
OMe 92
H 51 (192)

The use of ferrocene-based ligands 26 and 27 also effected the Pd-catalyzed
formation of diaryl ethers, Eq. (193) [148, 149]. The 27/Pd-catalyst is more reac-
tive and mediates the transformation in better yield and at lower temperatures.

2-5 mol% Ligand

2-5 mol% Pd(dba
D e oo S 7y 0 o
R\— toluene

60-110 °C
Ligand R Yield, %
26 2-Me 85
27 2-Me 99
26 4-t-Bu 74 (193)

Buchwald and co-workers disclosed that the palladium-catalyzed diaryl ether
formation can be performed with a 6/Pd-based system [152]. These reactions
are accomplished using a mild base such as K;PO,, and with electron-poor aryl
bromides, the reactions proceed in good to excellent yield, Eq. (194).

3 mol% 6

2 mol% Pd(OAc)2
MeOC + HO MeOC O
K3PO4

toluene
100 °C 94%  (194)
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In some cases, the 6/Pd-catalyst is capable of mediating the coupling of
electron-rich aryl bromides and phenols as well [152]. For example, the reac-
tion of 3-bromoanisole shown below proceeded in 87% yield, Eq. (195).
With more challenging electron-rich substrates, other bulky ligands are better
suited.

Me 3 mol% 6 Me
2 mol% Pd(OAc),
Br + HO —_— (@)
K3PO,
toluene
MeO 100 °C MeO 87% (195)

General Procedure for the Preparation of Diaryl Ethers using 6/Pd: (Excerpt-
ed with permission from [152]. © 1999 American Chemical Society). An oven-
dried resealable Schlenk tube was fitted with a rubber septum and was cooled
to room temperature under an argon purge. The septum was removed, and
the tube was charged with palladium acetate (4.5 mg, 0.02 mmol, 2.0 mol%),
ligand 6 (13.6 mg, 0.03 mmol, 3.0 mol%) potassium phosphate (424 mg,
2.0 mmol), the phenol (1.2 mmol) and the aryl halide (1.0 mmol). The tube was
capped with a septum and purged with argon, and then toluene (3 ml) ws added
through the septum. The tube was sealed with a Teflon screwcap, and the reac-
tion mixture was stirred at 100 °C for 14-26 h. The reaction was then allowed
to cool to room temperature and was then diluted with ether (40 ml), filtered
and concentrated. The crude material was purified by flash chromatography on
silica gel.

The catalyst based on ligand 26 has also been reported to mediate the forma-
tion of diaryl ethers from aryl chlorides. The reaction below proceeded in 82 %
yield, Eq. (196) [148].

Me 5 mol% 26 Me
@ 5 mol% Pd(dba), @
c o+ Nao~< >70Me TR, o—< >—OMe
toluene
80 °C

82% (196)

The Buchwald group has reported that hindered binaphthyl-derived phos-
phine 28 is an effective supporting ligand for the coupling of aryl chlorides and
phenols [152]. This catalyst system provided the desired ethers in good to excel-
lent yield, Eq. (197).

Me

3 mol% 28
1 mol% Pd(OAc),
Cl + NaO R _— (0] R
toluene
Me 100°C Me
R Yield, %
OMe 79

H 92 (197)
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3.3
Intramolecular Arylation of Alcohols

Similar to the development of the palladium-catalyzed C-N bond forming reac-
tions, investigations into the intramolecular alcohol arylation were first conduct-
ed. The Buchwald group first reported the intramolecular variant of this reaction
in 1996 utilizing both to]BINAP- and DPPF-based catalysts [153]. Five- and six-
and seven-membered rings were formed in the cyclizations in moderate to excel-
lent yield, Eq. (198). Yields were greatly diminished when the alcohol substrates
contained hydrogens a- to the oxygen due to competitive f-hydride elimination
of the palladium (II) alkoxide intermediate. Similarly, Hartwig subsequently
reported that the 26/Pd-catalyst could effect the cyclization below [148].

n
cat. ngand/Pd Me
%e base Me (198)
Br o

toluene
80-100 °C
n Reaction Conds. Yield, %
1 6 mol% tolBINAP, 5 mol% Pd(OAc),, K,CO3 89
1 2 mol% 26, 2 mol% Pd(dba),, NaOt-Bu 78
2 3.6 mol% DPPF, 3 mol% Pd(OAc),, NaOt-Bu 69
3 3.6 mol% DPPF, 3 mol% Pd(OAc),, NaOt-Bu 64

Recently, Buchwald and co-workers reported improved procedures for intramol-
ecular Pd-catalyzed C-O bond forming reactions with primary and secondary alco-
hol-containing substrates based on hindered ligands 6, 29, and 30 [154]. While the
DPPF/Pd-system accomplished the cyclization below in only 32 % yield, the catalyst
based on commercially available phosphine 6 furnished the heterocycle in 83 %
yield, Eq. (199). Hindered ligand 29 also provided the desired product in good yield.

Me
OH cat. Ligand/Pd
W S (199)
base
Br toluene 0" Me
65-100 °C
Reaction Conds. Yield, %
10 mol% DPPF, 5 mol% Pd(OAc),, NaOt-Bu 32
5 mol% 27, 5 mol% Pd(dba),, NaOt-Bu 64
3.5 mol% 6, 3 mol% Pd(OAc),, Cs,CO3 83

3.5 mol% 29, 3 mol% Pd(OAc),, Cs,CO3 79
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MegN
! ! Pt-Bu, ! Pt-Bu,

29 30

Fig.25

The 29 and 30/Pd-catalysts allowed for the efficient cyclization of substrates
bearing primary and secondary alcohol substituents [154]. Reaction of both aryl
chlorides and bromides was possible, providing five-, six- and seven-membered
heterocycles in moderate to good yield. Additionally, enantiomerically enriched
heterocycles could be prepared without epimerization of the carbinol-bearing
stereocenter, Eq. (200).

Me OH 3.5 mol% 30 Me
N\/\Bu 1.5 mol% Pd,(dba)s N
_— l (200)
NaOt-Bu
Br toluene 0" 'Bu
99% ee 20 °C 95% y, 99% ee
4
Conclusions

Palladium-catalyzed C-N bond and C-O bond forming reactions are useful
methods for organic synthesis. The iterative development of new catalyst sys-
tems has revealed profound ligand effects, both electronic and steric, on the
selectivity and efficiency of these transformations. Mechanistic studies have
been instrumental to the progress of both our research program as well as that
of the Hartwig group. Based on empirical observations, it seems that designing
a “silver bullet” ligand that effects all desired cross couplings is unlikely. Thus,
our group, and others, have sought to develop a toolbox of ligands that allow the
synthetic chemist to effect the desired transformation as efficiently and practi-
cally as possible. Continued efforts will improve the scope of these methods and
the mechanistic understanding of these processes.
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