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1. Introduction
1.1 Scope
Aclosmioman o v T
Arylamincs are a very common and imporiant feature in many organic molecules. They are found i

biologically active natural products and medicinally important compounds as well as in materials with uscful
electrical and mechanical properties. Their use in the synthesis of pharmaceuticals, dyes, pesticides and
arylamines on laboratory to manufacturing scales, and that new methods are devcloped for the synthesis of less

accessible derivatives.

steps (Scheme 1): nitration or nitrosation followed by catalytic hydrogenation or reduction with a metal sait.

These procedures have found large scale use, but have some limitations. For example, nitration may rcquire
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3
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strong acidic an tion conditions, and may be incompatible with certain functional groups causing

i

the muiti-step use of proiective groups. Regioselectivity may also be a significant issue in synthesis, with the

production of ortho/para mixtures. Aromatic nucleophilic substitution has the advantage of being a single

reaction step, but was rest cted” in synthetic use to substrates containing an electron withdrawing group
(EWQG). Inrecent years however, the nucleophilic substitution approach has been much developed by the

Scheme 1
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discovery of metal-catalyzed carbon-nitrogen bond forming reactions. This new field has been rapidly developing
since 1994, and has been reviewed from the organometallic viewpoint. Thus Buchwald’® and Hartwig* the
pioneers of the palladium catalyzed aminations have each summarized progress describing catalyst design and

the choice of appropriate ligands. A review’ of developments from mid-1996 to December 1997 also covers
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reactions with the more reactive oxygen and sulphur nucleophiles, as well as the amination chemistry. This new

velopments from 1990 to March 1999, and embraces advances in non-catalyze

reactions as well as the metal catalyzed processes. The main aim of this report is to give a broader perspective

of nucleophilic amination of aromatic systems, particularly with the synthetic options in mind.

1.2 Synthetic Limitations of Nucleophilic Substitution Mechanisms

Nucleophilic aromatic substitution is a long established reaction in organic synthesis,® and substitution

substitution. These mechanisms each place restrictions on the synthetic utility of the reaction, especially for
amination. In the general reaction pathway (Scheme 2), L. represents a suitable leaving group which either has no

< H. F. Br or triflate

|3 TR, T, 1 H 111

~—
o}

or is positively charged (N;"). In some substrates certain nucleophiles

Scheme 2
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The most common example of an Syl mechanism is the decomposition of diazonium salts in

solution.” In this process there is already nitrogen substitution in the substrate at the reaction site, and it has
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found only very limited usc in amination chemistry. The SxAr mechanism (Scheme 3) occurs by an addition-

. . " . . PR R [y [P LI S : em et ST T A A
elimination mcchanism involving a resonance stabilized intermediate,” and is restricted in synthetic use to
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substrates with an EWG at the ortho and/or para position, which helps stabilize the intermediate cyclohexadienyl

aninn T ic

3 racece hac heen the most widelv uged direct svnthetic
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catalytic methods, and continues to be used frequently ®
The benzyne mechanism involves the generation of a highly reactive intermediate produced by the

2

p.” The intermediate can then react with the nucleophile in two possible positions

elimination of the leaving grou

o
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giving two regioisomers, if ring substituents are present (Scheme 4). The ratios in which the isomers are
produced is dependent on the relative stabilities of the intermediates and steric effects, thereby limiting synthetic

(easibility

1eAdIUILY .

Scheme 4

/_ « _Br KNH, //\ - NH.- %\ = //,\*/NH2
2

. — ) - U I

- N VS TN

NR,

50% 50%

Nucleophilic aromatic substitution may proceed via a radical mechanism,” but this has not found use in
benzene amination. Photosubstitution leads to mixtures’ of anilines, and in somec cascs cine-substituted

products‘0 (Schemc 5).

Scheme §
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These well established uncatalyzed mechanisms thus have limitations in synthetic use. For example meta
substitutions are unfavoured, reactions may be relatively slow and some mechanisms afford regioisomers. It is

for these reasons that catalyzed aminations have been rapidly developed, and work has
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continued to improve the more traditional synthetic methodology.

2 Transition Metal Catalyzed Methods

2.1 Palladium Catalysis

Palladium catalyzed nucleophilic aromatic substitution has become a very useful and diverse synthetic
method for introducing an amine functionality onto a benzene ring.>*” It was first reported by Kosugi'' in

1983; he reported the reaction of N,N-diethylamino-tributyltin with bromobenzene (Scheme 6), resulting in

Scheme 6

PdCI,(P (o-tolyl) ),
L

rNEt, + Bu’,SnBr
PhMe

10 examples 16-81%

the formation of N,N-diethylaminobenzene. lodide and chloride were both tried as alternative leaving groups
to bromide, but in cach case no product was obtained. A benzyne Sna,l mechanism was dismissed as an
explanation for product formation, as no regioisomers were observed. An Sya ! mechanism was also
dismissed as reaction did not take place with iodobenzene (a good substrate for the Snal process), and
reaction with para-chlorobromobenzene did not give a di-substituted product (as expected in the Syacl
process). A probable mechanism of oxidative-addition and trans-metalation followed by reductive elimination
was proposed,8 but not proven.

In 1994, Buchwald'* reported an extension of this work involving a procedure for the gencral synthesis
of arylamines (as opposed to only diethylamino derivatives) via in situ gencration of aminostannanes using a

transamination reaction with BusSnNEt, (Scheme 7). However, good yields were obtained only when using

Scheme 7
I
Xy R
80 °C '!/ ) \
Bu",SnNEt, + HNRR—-L2®,_ Bun SNNRR' — Z ~ M>—NRR
u”,Sn + - u",Sn '
PAC,(P(o-tolyl),),
105 °C

55-88%



404 A. J. Belfield et al. / Tetrahedron 55 (1999) 1139911428

problems. In addition, reactions using primary aliphatic amines were not possible. Concurrently, Hartwig"
reported an independent investigation of this amination reaction, which focused on identifying the reaction

intermediates and making catalyst improvements. A year later Buchwald devised an alternative to the

reagents by extending Suzuki’s use of borane reagents in C-C bond forming reactions to the formation of C-N
bonds.!*  Palladium-catalyzed reactions of aryl halides and aminoboranes were investigated, and the
commercially available tris(dimethylamino)borane was reacted with 4-bromobiphenyl, (Scheme 8), to give

product in an 85% isolated yield. In a similar reaction to the transamination of the tributyltin amide mentioned

earlier, the tris(dimethylamino)borane species can undergo trans-amination reactions, which in turn can lead to a

Scheme 8
B(NMe,) ph_\__)_ 7 N\ _g [Pd,(dba),}/2 P(o-tolyl), o _<_/__ 7 e
3 + r 3 2
— NaOBu! _
PhMe, 100 °C

55-88%
more diverse range of arylamines. Further investigation led to the dlscovery that aminoboranes were not an
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catalytic amount of [PdCL(P(o-tolyD)s):] or [Pdx(dba)s]-2eq. P(o-lolyl)s in toluene (dba = dibenzylideneacetone)
o form arylamines (Scheme 9). This reaction is viable for the reaction of aryl bromides containing electron

withdrawing and/or electron donating groups with secondary and primary amines (although poor vields and

Scheme 9
[Pd,(dba),l/2 P(o-tolyl),
or
R\ [PACL{P(o-tolyl)},] R~/ N\
(/78" + HNR'R' 4 NaOBu' ——eim oo U—NR*R'
PhMe —
67-88%
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3-CO,Bu! PhCH, H 71
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by- products ¢ commonly observed with many primary amines). It is also suitable for substratcs with acid

oups (e.g. hemiacetals), but base sensitive groups are not tolerated. Hartwig"’ also independently

v & P2 e b 8 P Js M L L1y

sensimive ori
1811V 8

developed a method for arylamine synthesis using free secondary amines and without the need for tin or boron
reagents. Like Buchwald, he used the ligand P(o-tolyl);, but used the silylamide base LiN(SiMes), in the place of
NaOBu', which was found to increase reaction rates.

Buchwald proposed a possible mechanism'* (Scheme 10) for the catalyzed reaction cycle which involves

Scheme 10
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the oxidative addition of the aryl bromide to the Pd(0) species followed by the formation of a Pd(II) species

which undergoes reductive elimination to give the required product and the regenerated Pd(0) catalyst. In the
same paper, vanation of the ligand (PPh;,1,1°-bis(diphenylphosphino)-ferrocene (DPPF) and 13-

bis(diphenylphosphino)propane (DPPP)) was carried out. These ligands were found to be unsuitable as either no
amine product was formed or the major product was m-xylene. This result led Buchwald™ (o the conclusion that
the P(o-tolyl)s ligand was crucial to the success of the reaction, although this was later found to be incorrect. ™
Also found to be critical was the choice of base used; NaOMe and K,CO; were both tried as alternatives to
NaOBu' , but both were found to be unsuitable. This reaction method was also found to be useful for the
synthesis, by intramolecular cyclisation, of nitrogen heterocycles of ring size 5-7," (Scheme 11) and has been
investigated in more detail by Buchwald.'® One problem with the use of P(o-tolyl); as a ligand is that poor yields
are often observed in the cross coupling of primary amines with aryl bromides. Hartwig has shown'’ that when
P(o-tolyl); /Pd is uscd as the catalyst system, oxidative addition, palladium-nitrogen bond formation and
reductive climination proceed through monophosphine palladium complexes. These intermediate complexes are
thought to allow beta-hydride elimination in the reaction with primary amines giving the arene by-product in

high yields, and restricting formation of the arylamine (Scheme 10). Use of chelating bis-phosphine ligands had
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Scheme i1
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been found to inhibit beta-hydride elimination and it was for this reason that Buchwald'® examined BINAP (2.2°-
bis(diphcnylphosphino)-1.1’-binaphthyl) as the ligand component. A combination of Pdy(dba); and BINAP in

Lo neac ars ¢ 3
tie piesence of NaQOBu' was found to be an excellen

bromides. Importantly, this system was found to work well for the coupling of primary amines to aryl bromides

(Scheme 12).

Scheme 12
Cat Pd,(dba),
BINAP
ArBr + RNH, o ArNHR
NaOBu!
PhMe, 80 °C
61-97%
Ar R Yield %
3,5-di-MePh PhCH, 79
3,5-di-McPh  cyclohexyl 83
2-Me, 4-OMe n-hexyl 95

Beta-hydride elimination is inhibited in the (BINAP)Pd species, which is formed during the catalytic
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wnophosphine intermediate. BINAP also has the
ability to inhibit formation of catalytically inactive palladium bis(amine) aryl halide complexes and bridging
amido complexes which are resistant to rcductive elimination. These factors result in BINAP being a very
efficient ligand in the Pd-catalyzed cross-coupling of amines, and is especially useful for primary amines. Using
BINAP allows catalyst loadings of as low as 0.05% to be used, and good reaction to0 still be observed. Buchwald
later extended the use of BINAP to the catalysis of the coupling of amines to aryl triflates to give arylamines.'”
This is particularly useful in synthesis given the ready availability of aryl triflates from phenols. Buchwald also

131d ko sioad no a Ligand
DT UWdTU ad d Hypdiid

in place of BINAP, giving just as good yields. In addition, it was also found that the milder Cs,COs could be

used as the basc,’ leading to greater functional group compatibility.
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Buchwald’s group also discovered that (R)- or (S)- BINAP could be used to produce enantiomerically

pure products (Scheme 13) from optically pure chiral amines via intermolecular cross-couplings.” In this

Scheme 13
H
|
N Ph
\ \
‘ Cs,CO, |
PN — Z N
Br Yr-n
DA [Adlhal DfAa tnlul)
FUg\UG g, ¥\ tiyif, l
80% yield, 96% ee
' P Na(_)au

86% yield, >99% ee

process the bulkiness of BINAP was thought to inhibit the beta-hydride elimination/facial
isomerisation/reinscrtion sequence, which is responsible for isomerisation. However, BINAP was found to be
unsuitable for intramolecular couplings. Here P(o-tolyl); was found to be the ligand of choice, giving good
yiclds of product with no loss of stereochemistry.

The Pd-catalyzed methods mentioned so far have the drawback that they arc conducted at temperatures
of 65-110 °C and all involve the use of aryl bromides or triflates. Kang” approached this problem by using
diphenyliodonium tetrafluoroborate to introduce a phenyl ring onto secondary amines. This process was found
to take place at ambient temperature in the presence of LiN(SiMes), or NaOBu' using a catalyst of
Pd,(dba);.CHClI; or Pd/C as a Pd(0) source for the binding of P(o-tolyl)s.

In the Ullman ether synthesis, 18-crown-6 had been used to promote the reaction, and this led
Buchwald” to use it to enable the intermolecular coupling of amines to aryl iodides (previously these couplings
had not been as successful as in the intramolecular process). The presence of the crown ether led to the reaction
conditions shown (Scheme 14), where amines were coupled to aryl iodides at 20-40 °C in yields of 70-90%.

The scope of palladium catalyzed amination was further increased in 1996 when Ward and Farina”
showed that this methodology could be used to coupie secondary amines to resin-bound aryi bromides. BINAP
and DPPF were found to be the most compatible ligands for these Rink resin based reactions. Shortly after,
Willoughby and Chapman® described the synthesis of arylamines on Rapp Tenta-Gel S RAM resin, and reported

AT o - N I g 14D e

that a ligand of P(o-tolyl); gave products of a greaier purity than if BINAP was used as the ligand. In addiiion,
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Scheme 14
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Zhao® demonstrated optimized reaction conditions in which N-monoarylpiperazines in preference to
N,N'-bisarylpiperazines were synthesized via thc usc of unprotected piperazines. The method is applicable to

azines. Wher
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unsymmetrical piperazines are used, the reaction becomes
highly stereo-specific with the trans-diastereomeric product being produced preferentially in a 5:1 ratio, enabling
the facile synthesis of novel arylpiperazines. The process, however, requires rclatively high loadings of catalyst
(3 mol%) and product vields were relatively low (13-63%). An improved system for the formation of
arylpiperazines was reported by Nishiyama,’® using the relatively simple P(¢-Bu); ligand. Catalyst loadings of 0.5
mol% were used, but results showed good catalytic activity at loadings as low as 0.01-0.02%, demonstrating the
high activity of the catalyst. This activity and selectivity were attributed to the strong basicity and steric bulk of
the ligand helping reductive elimination {rom the reaction intermediate. The P(z-Bu)s; ligand was also found to be
suitable for the coupling of aryl chlorides as well as bromides and iodides. The coupling of acyclic secondary
amines using the ligands mentioned so far had always been less effective than the coupling of cyclic secondary
amines and primary amines. Buchwald”’ has dcscribed ligands derived from (rac)-PPFA and (rac)-PPF-OMe
which increased the yields of the coupling of acyclic secondary amines to as high as 97%.

Beletskaya® reported a highly selective method for the synthesis of mono-aryl substituted polyamines
from aryl bromides and iodides via palladium catalysis. Polyamines containing up to 4 amino groups linked via
1,2-diaminocthyl and/or 1,3-diaminopropyl fragments were coupled with aryl halides using (DPPF)PACl; as
catalyst and NaOBu' as base. Reactions, conducted with aryl halides containing electron-withdrawing and

electron-donating substituents in the ortho or para posilions, gave almost exclusively the mono-arylated

polyamine, (Scheme 15).

Scheme 15
N 7\ NN A
RNH (NR), NH, 4+ X—X )—R —=RNH (NR), NH—-\\ /)—R

\—/

y=1-2 5-89%
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Hong” demonstrated another highly selective system using polyamines. Here polyamines containing

hoth primary and sccondary amino groups were used in coupling to aryl bromides with BINAP being used as the
ligand. Selectivities ranging from 9:1 to 99:1 were observed, with the preferential product being the result of
coupling at the primary amine. If compounds containing two primary amines were used then the bis-aryl product
was observed (Schemel6)

Scheme 16

N N
/\ /\_B! + ) Pd,(dba),, BINAP | 1
\ / T =
HZN) kNH2 NaOBu!, 85 °C Tj ]/ 95%
PhMe N X °

triflates, and to a lesser extent iodides, and is ineffective in the amination of aryl chlorides due to the low

reactivity of the aryl C-Cl bond. Beller”® developed the first palladium catalyzed amination of an aryl chloride

Reddy’? also advanced catalyst design by applying knowledge that a metal centre coordinated by bulky
and clcctron rich phosphine ligands (e.g. PCy- or PPrs) can cleave a C-Cl aryl bond. This resulted in the
devclopment of the catalyst Pd(PCy:).Cl. (Scheme 17), for coupling secondary amines 1o aryl chlorides.
Hartwig™” also examined amination catalysts for aryl halide substrates and was first to achieve amination of aryl
tosylates, whilst further accelerating the reaction of aryl bromides and iodides. These alkyl phosphines were
considered as ligands because they would increase reactivity by increasing electron density at the metal centre.
Their tight binding propertics required buiky groups to be used to promotc dissociation, as it had been shown®
that the oxidative addition involves the complete dissociation of a chelating phosphine ligand (e.g. BINAP ).

DB'PF (1,1’-bis(di-tert-butylphosphino)ferrocene) was the main ligand examined, and it gave very good yields,
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Scheme 17
Pd(PCy ),C
' 3’2
Ar-Cl + R'(R)NH ——— Ar-N(R)R'

OBu!, PhiMe

1209C, 6-12 h

12-87%
allowing mild conditions (typically 110 °C, 24 h) to be used for the amination of unactivated aryl chlorides. The

importance of the steric hindrance from the fert-butyl groups was demonstrated by the inactivity of the

corresponding methyl substituted catalyst system.

33 <« .
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Pd,(dba),, N u)\

produced. The reaction involves the catalyzed coupling of the available benzophenone imine to an aryl halide or

triflatc followed by cleavage of the C=N bond to form the unsubstituted aniline. The catalytic system used was

-n-/ A 1z

Pd(OAc), or Pd;(dba); with BIN

foe w b ol el £V MM ﬂ O - . - R,
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Effective cleavage of the double bond required variation of the reaction conditions based on the nature of the

substrate. In general, acidic conditions were used in wet THF or MeOH solvent or a catalytic amount of Pd/C

was sometimes used. Hartwig™ later used a cataly

NaOBu' at 65-120 °C for 3-48 h to couple imines and azoles to aryl bromides. These conditions are suitable for

$ an
electron-rich, electron-neutral and electron-poor aryl halides and can also be used to couple pyrrole, indole and
catalysis using diphenylhydrazone with a catalyst system of PdClL(P(o-tolyl)s); and cithcr DPPP or BINAP in

g
toluene with Cs,CO5 as a base. Buchwald used the N-arylhydrazones (prepared using the method mentioned

. 36 . . P
her indole synthesis ™" The hvdrazones were treated with a ketone 1n acidic

is.” The hydrazones were with a ket
conditions to give the indole via an enolizable hydrazone, which undergoes Fischer indolisation (Scheme 19).

Large scale synthesis of arylamines using the majority of the ligands mentioned above is limited,
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T ketone g k\ J\/_R

Br |
N
Ph Ph 70-90%
Ketone = cyclohexanone
methylisopropyl ketone
acetophenone

reactions. Buchwald”’ reported the use of this ligand in combination with Pd(OAc),, in the coupling of primary
anilines to aryl bromides (Scheme 20). The catalyst system was not suitable for the coupling of alkylamines and

: ~ gy arssls srac frmirres ~ i e A7
1¥-dik 1 TINCS, Dut il inc Coup Llll IMary anuines was LUI.lllU i.U DE € uau /a8 d.bthU ad PU’UA
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and more active than Pd(OAc),/DPPF. Recently, Buchwald has eveloped“ a very active ligand system, which

Scheme 20
H
R R |
)<\\\ AN B X Pd{OAc),/DPEphos X\\\/N\A
T & 0 s -7 NI +~w
P N NaOBut or Cs,CO, N N
80-100 °C

80-90%

catalyses the amination of unactivated aryl chlorides at 80 °C and can be used in the catalysis of the amination of
activated aryl chlorides at room temperature. The system used was a combination of Pd,(dba); and Ligand 2 in
toluene or DME with NaOBu' or KsPO, and also catalyses the amination of a range of aryl bromides and iodides
at room temperature. Guram®® used a ligand of 2-(2'-dicyclohexylphosphinophenyl)-2-methyl-1,3-dioxolane
(F1gure 2, Ligand 3) in the couphng of aryl chlorides with primary and secondary amines. The ligand is a

gned DY uuraimn 10r usc with a y'l bromidcs and iodides, and is desi gned o
increase electron density at the palladium centre to promote oxidative addition of unreactive aryl chlorides. The
system was found to be an efficient catalyst in the coupling of the previously problematic acyclic secondary
amines. For ex:

chlorides with amines in yields of up t0 97%.

Kocovsky reported‘“”I the synthesis of the novel BINAP analogue 2-amino-2'-diphenylphosphino- 1,1'-
hinnmhthul IRMMADY and chawad 1t t1 have an ancalarating offort an the _nhenvlatinn af hinanhthvul aminno
viflapiniuiyi (viAar ), aii SHOWCG 1 10 aVve dlt aCCCiClaling Ciicr O ull fy-priClilyiauin O1 Difiapnuly: aiiino
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Figure 2 Ligand 2 Ligand 3
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alcohol and diamino derivatives when used in place of BINAP. Buchwald has also reported™ the synthesis of

ART A

similar BINAP analogues.
In 1999, Shakespeare reported® the coupling of lactams to aryl bromides using the DPPF ligand in

conditions identical to those of Hartwig (Scheme 21). It was found that the reaction yicld depended on the
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useful products. As long ago as 1985, Boger* used a stoichiometric amount of palladium-tetrakis complex to

catalyze an intramolecular cyclisation amination in the total synthesis of the natural antitumor antibiotic

use as building blocks for high-spin polyradicals, conductive polymers and especially due to their applications in
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electroluminescent disp

using high tcmperatures and a stoichiometric amount of copper, often resulting in poor yiclds. Hartwig®
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provided a route 1o these molecules in yields of up to 99% by using a variety of ligands. The best yields,
inating agents. Yamamoto™ provided
a route to triarylamines, which did not require the use of amino-lithium compounds, using P(z-Bu); as the ligand.
For this synthesis, this catalyst system was shown to be more active than that reported by Hartwig; reactions
typically, N-(3-methylphenylaniline together with mono-, di-, or tri-halobenzene together

o4
with the catalyst and NaOBu' in o-xylene. Yields were generally good, ranging from 77-99% (Scheme 22).

\

7\ i

Pd,(dba), / P(-Bu), \ 7N\
Br—(’ Y—Br + N—H -

— 1 NaOBu! /=< 7\
“ o-xylene (\\J) /)

80%

In 1998, Buchwald reported® a palladium-catalyzed synthesis of oligoanilines, which have been shown o
be environmentally stable conductive polymers and are used in rechargeable batteries, electrochromic displays
and anticorrosion coatings for steel. The wide scope and ease of this method allows for the production of many

novel oligoanilines, which may be end-functionalised,*® and of a controlled chain length with an odd or even

Figure 3 Compound 1 Compound 2

)
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N
=
C
<
1
Z
1
¥
2N
j/
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z

------ = newly formed bond

number of the monomer.

. .. 47 . . . . . . . .

Later in 1998, Morita™* used palladium catalyzed amination to synthesize a phenylpiperazine intermediatc
in the tatal cunthecic nf a derivative of a metahnlite of the antincuchotic agent arininrazanle  Alca in 1908
A1l Ui Luwar o RILIEW OO U A VAW I A VALI VWY Ul 4 INMWVKMU VALV UVl Wlw mlul]ﬂ]vll\l‘:lv uévll\- ul.l}l&lllub\]l\./. £ RAONS 1Ar A 7 T R]y

Tanoury™ applicd palladium catalyzed amination in the total synthesis of hydroxyitraconazole enantiomers

(Compound 2). The two halves of the molecule were individually prepared and then a piperidine coupled to an
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aryl bromide via palladium catalysis. Since both coupling partners in this convergent route are highly

functionalised, this synthesis shows the versatility of the catalyst system by demonstrating its tolerance to
functional groups.

Pearson*” has described the synthesis of unsymmetrical and/or functionalised tetra alkyl-p-phenylene

diamines from cyclopentadienyl(1,4-dichlorobenzenc)iron(I+) complexes. High yields of unsymmetrical (80%

been shown by Perez * to catalyze the synthesis of arylpiperazines (Scheme 24). Maiorana,” in 1997, also used
chromium tricarbonyl complexes, in the N-arylation of indoles using chloride or fluoride as a leaving group

esence of sodium hydride and DMF

Qix L AVAL

Further developments in the copper salt catalyzed amination of triarylbismuth (Bi III) and pentavalent bismuth

Scheme 23
Fe*Cp PF o _Ze*Cp PFg
- v Pyrrolidine r/\"j—\\ N
Cli / YW—_cClI —_— K/" . Ci
| —
_r'g
7\ V7R P henanthroline _Zii- P FFe

[N * -

PR . 1 o) ~53 1 . . . - P L R T
(Bi V) compounds have occurred.” Banfi’ has reported the synthesis of functionalised N-aryip

iperidines,

especially those substituted in the meta position, (Scheme 25).

In further studies of organobismuth reagents described by Barton,” a combination of

A N Y

Ar;Bi{OAc), and the soluble catalyst Cu(OPiv), was found

o be the most efficient cat:



A. J. Belfield et al. / Tetrahedron 55 (1999) 11399-11428 11415

Scheme 24

K.CO,

[V ¥ [=7aY

AR N 7N wr

L LA N— N
1
cricd, 3 equiv
R,=H,2-,3-,4-OMe R.,=H,Me,BOC 88-95%
X
Y NaH , DMF
AN P -~ m oan o A//\\
VU "

X=Cl,F R =H,Me,OMe,CI,CH(OE),

quantitative yields often being obtained. The effect of the steric hindrance of the aryl groups in these pentavalent

bismuth compounds on the amination, and other coupling reactions has been investigated by Finet.**
Scheme 25
COOEt
X COOEt Y
™~
N \ '/l\' Cu(OAc) N .
/ (‘\l —_ | + Ar,BiOAc

F
\
r—
+
=
\_
O
o
0
)y

22-67%

Chan,” in 1996, reported that the arylation of N-H bonds in amines, amides and imides, was facilitated
by triarylbismuth and cupric acetate (Scheme 26). The reactions require the presence of a 'tertiary amine
promoter' of cither pyridine or triethylamine to enable the reaction to proceed or to give reasonable yields.

Later, in 1998, Chan®® reported (Scheme 27) a modification of this reaction in which aryl boronic acids

were used in place of triarylbismuth in otherwise identical reactions. The reaction involves mild conditions (room
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R, R*= COR, CO;R, CONR;, SO:R, alkyl,aryl, H 36-100%

secondary, anilines, amides, imides, ureas, carbamates and sulfonamides) and is tolerant to many functional

groups on the boronic acid.

Scheme 27
9.1\ ArB(OH),/ Cu(OAc), / CH,Cl,/ rt R =L
N—H - - P
R/ Et,N or pyridine szﬂ _Q\,\ ,/),
!‘4.
e.q. 1
NH, — /\I/N\'i/\ 63%
\———/_ i U %
- NH ¢ YA w )— 74%

AL Lt et A ;__457 A L

At the same iime, Lam’™ appiied ihes
containing heteroaryl systems (such as imidazoles and triazoles), which may contain alkyl substituents or be
fused to a phenyl ring. It was also found that aryltrialkylstannanes could be used instead of the arylboronic

.

4. L PR DR M s honeerad o oA ioeon N N
acids, but a large drop i ihe 1d was observed and the use © d 1 and 1

tin creates disposal and potential toxicity
problems. Lam later applied the boronic acid-copper acetate coupling technique to the formation of C-N
aryl/heteroaryl bonds on solid support, providing a useful route to chemical libraries.*

I.-.

was important at the time because at this point there was no existing palladium catalyst system for this reaction.

It was limited to the leaving groups bromide, iodidc and triflate, although, as mentioned earlier, chloride



A. J. Belfield et al. / Tetrahedron 55 (1999) 1139911428 11417

cquivalents were subsequently developed. The catalyst system used was Ni(COD), (COD = cyclooctadiene)

with DPPF as a ligand (Scheme 28). This method may be used to couple both electron-rich and clectron-poor

as e 2 ethod
aryl chlorides and chloro-pyridines to primary and secondary amines under relatively mild reaction conditions.
Later, to climinate the use of the air-sensitive Ni(COD),, a method using DPPF with NiCl, and MeMgBr was
developed.” Nickel(Q) was also used as a catalyst by Fort.®® The catalyst system used is a known combination
from the synthesis of C-C bonds, and was a mixture of NaH, NaOAm', Ni(OAc), and 2,2’-bipyridine (in a ratio
of 2:2:1:2) in THF with 0.5 of an equivalent of styrene. It was used to aminate bromo- and chlorophenyls with

cyclic secondary amines (Scheme 28).

Scheme 28
cat.Ni(COD),, ligand , NaOBu!*
Ar-Cl  + HN(R)R' i - Ar-N(R)R'
PhMe , 70-100 °C
50-91%
R Ni comple R
\——/ n \ — \../[J ]n

X=8Br,Cl n=1,2

37-87%

The synthesis of a series of 4-(N,N-diarylamino)-4-nitroazobenzenes has been reported by Miller®® using

Scheme 29
(0]
TBDPSO” >~ x Ph —

' - 40 MNumian £ \N_[_.\\_N:N \ 7 NO
\//\ 1oV UWH—V - \ - / o \\ // -2

I cuy K,CO, ':/

. Culke /N

o-DCB, 100°C \\ /

/2 \ Y 2
PRNH—( )—N=N—( )—NO, \_/ s

PSPy nditinma rand eancnna hla

o~ LTS TR RS T £ sle - PSP PR . e o awna ns
giycoi dunel'nyi ether. (iven the harsn reaction CoO ldlu 1S USCA, fCaSnani yiCias aic ( otair

the reaction is tolerant of functionality, ¢.g. a TBDPS ether survives the reaction conditions (Scheme 29).

Goodbrand® has described the ratc acceleration of classical Ullman coupling reactions by

£iha mrmmar kinding Boan wh raline aimalar o .
i the Copper vinding ugzmd, 1,1(}-[1%‘16{1&1“1{}‘ oling, in equimolar amounts
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his also allows for milder temperatures to be used and improved yields of 61-85% were observed. This effect

-

catalysts and DMSO at 140 °C.

In 1990, Kotsugi®* reported the successful synthesis of aromatic amines from phenols containing

“r "\ ~ \(/’L ™ KF.ALO, , 18-crown6 & ™\
- I
\/H\n{/ v - No, DMSO,140°C,18h NN

anhydride and triethylamine and the triflatc reacted with the amine to produce the arylamine. Reactive amines

(e.g. piperidine) simply react on heating under reflux in acetonitrile but unreactive amines, such as aniline, do not
react on heating and insiead require 10 kbar pressure. The pressure procedure is aiso used for less-activatcd

triflates such as p-cyano and p-benzoyl, and was employed for activated aromatic fluorides.**

Since 1991 high pressure routes to aryl amines from aryl halides have been extensively developed by
jith strong EWGs {e.g. o-
/p-nitro). Here, reactions were carried out using activated aryl halides (with Br, Cl, F, I) and primary and
secondary amines in THF at 50 °C under a pressure of 7.2 kbar. The reaction is also viable for cyclic amincs and
using a variety of primary and secondary amines, derived from his earlier work showing no nitro group

substitution in mono- di- and tri-chloronitrobenzenes. These f{indings indicated that the bulkiness of the
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The comparatively low nucleophilicity of tertiary amines in relation to primary and secondary amines has

meant that their nucleophilic substitution reaction with aromatic halides has been difficult to achieve and few

of N-methyl substituted cyclic amines and mono-, di-, and tri-chloronitrobenzenes. Reaction were carried out at
pressures of between (.60 and 0.75 GPa, and in most cases gave mixtures of products. Depending on the amine

use

and the position of the substituents within the ring, demethylation and ring-opened products were observed
in varying ratios. Similar reactions were carried out using p-chloronitrobenzene® as substrate with N-methyl
and N-benzyl cyclic amines giving similar product variation.

Wynberg® has reported the formation of aromatic amines by the direct substitution of aromatic ethers by
lithium amides. Aromatic mcthoxy, phenyl and benzyl ethers were used as substrates and reacted with lithium
amines in THF under reflux. Reactions were found to proceed well with secondary amines, but poor yields were
observed with primary amines and hindered secondary amines. Lithium was also used by Periasamy’® for thc N-
amine. The
in preference to the biphenyl product was promoted by using an excess of halobenzene and lithium with respect
to the amine. Secondary amines and certain primary amines reacted in good yields (70-86%) but reaction was

Miyano’* showed that the introduction of a 2,6-di-zert-butyl-4-methoxy phenyl ester into an aromatic

system ortho or para to a fluoro or methoxy group facilitated the synthesis of 2- or 4-(diarylamino)benzoates in

cood to excellent vields. vig substitution of the fluoro or methoxv eroun bv a nrimarv or secondarv lithinm
bUV\-‘ LU Wwinaan 3 J AN LT g eA WU VAVW LAY A4 L2 2 AMUAY U lll\/\-llvl‘] Dl \.l“y UJ -~ }JL‘JII“&J wvi O Uil AlLRRINRARY
amide (Scheme 31)
Scheme 31
1R2
X TR R
I__cop \\-COR
Y L pinag: _THFHMPA 7N
H'R“NLI -~ r
L ¥ -23°C - reflux “\/
1-72 h
X =F, OMe
[ Mo At bAoAl ______ L ___.__1 M1
n = £, 0-uibu 4-menoxypnenyi, r’,
R2=H, alkyl, aryl

63-97%



11420 A. J. Belfield et al. / Tetrahedron 55 (1999) 11399-11428

NH,
major minor
product product
NO, NO,
> —\ Q mnaar -~ /NHo
X ~ vmr <
o ) < Bu'OK {
= L/ 'SNH, Bu yZ
Y Y
X=H,NO,,CN,CF;,Cl Y= NO,,CF;,CLF,0Me 2)21-72%  b)4-63%

Pagoria72 reported the use of 1,1,1-trimethylhydrazinium iodide as a reagent for the vicarious
nucleophilic substitution of hydrogen. Reactions were carried out on 3-substituted nitro-benzenes and 1,3-
dinitrobenzene and the reagent was found to be reactive enough to give substitution both ortho and para to the
nitro group. Vicarious nucleophilic substitution has also been developed by Makosza,” who reacted
sulphenamides with nitroarenes under basic conditions to give access to a range of substituted nitroanilines. By
varying the structure of the sulphenamide and nature of the base, some degree of control of the orientation of the
amination was obtained (Scheme 32).

In 1996, Bernotas and Adams™ developed a non-catalyzed synthesis for constrained arylpiperizines via

intramolecular aromatic amination of flouroarenes by piperazine (Scheme 33). The molybdenum ¢omplex uscd

Scheme 33
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in the reaction does not act as a catalyst, but is used (o cleave the isoxazole. Once cleaved the intermediate

Scheme 34
M
diothanolamine (nea—t) 0N _//_\ M/ oan_ano/
130 °C r o Woiy \ . / Y VU-OU /o
\
OH
o,u—</_\>—c1 —
NT——/
diethanolamine (2.5eq) /
DMF 100-130°C ~.  ON /N N 86%

activated arylamines. When p-nitrochlorobenzene (PNBC) is reacted with diethanolamine at 130 °C, the
substituted product is observed. When DMF was used as a solvent, however, it reacts with PNBC, not
ethanolamine, and the dimethylamino product was obtained. The reaction was also demonsiraied wiih

bromide as the leaving group and with halopyridines, quinolines and pyrimidines (Scheme 34).

In 1998, Salmoria’” reported a method of shortening the reaction times for the reaction of halobenzenes

under reflux at atmospheric pressure in a microwave oven. The same reactivity order among the nuclcophiles
and leaving groups was observed as in the non-microwave aided reaction, but rate increases of between 2.7 and
}2 t4v

Recently, in this laboratory, Brown”® reported a method for the high yield synthesis of meta-substituted

amination products (Scheme 35). Morpholine was used as the attacking amine and the substratc was a

Scheme 35
/\0
EWG X o EWG N
R [ j 60 h EWG\l/ﬁ/N\/
I // + N - l o
~ N 100 °C ~F
H DMSO

EWG =NO;,CN,CF;,F X=F 16-98 %
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fluorobenzene (chloro and bromo were tried, but failed to give any product) containing one or two meta

I
L3
;
"
b
I;
{
»
b

positioned EWGs (NO;> CN>CF;). Reactior
equivalents and also acted as the base in the reaction. The reaction was conducted in a small amount of DMSO
as solvent and was heated at 100 °C for 60h to give meta-substituted yields as high as 98%. This work indicates

ing meta-aminations arc possible when the intermediate cyclohexadien

inductively by EWGs.

4. Overview and Synthetic Options

Although the nucleophilic aromatic substitution of benzenes with amines is a long-established and

extensively studied reaction, many advances have been made recently to give improved synthetic yields without

advances have accelerated since 1994 by the extensive work carried out by Buchwald’s® and Hartwig’s* research

groups into the development of palladium catalyzed rcactions. Both groups have developed distinctive catalyst

nucleophiles. Other workers have also developed palladium catalysis and have applied the catalyzed rcaction to

the total synthesis of important compounds. An important recent development is the achievement of palladium

d substitutions with solid phase reagents”>*

that mav bhe useful in the imnortant develo
that may be usctul 1n the ortant develo

combinatorial chemistry. Other metals have also been developed for use as catalysts, but some of these methods

require stoichiometric amounts of metal, and would lead to residuc disposal issues in larger scale use.

g

Information from the palladium catalysis work (e.g. the ligand systems) has been applied to these other metals
creating high yielding and potenually cheaper processes.

Non-catalyzed methods also continue to be developed, mainly through varying reaction conditions, but
the rate of advance has been slower here.

Overall this report has hopefully demonstrated that the last few years have seen considerable progress in
the development of aromatic nucleophilic amination chemistry, and it is now the method of choice for the

synthesis of many aromatic amino derivatives, Publications in this field continue (o appcar frequently, and

Synthetic options

We have covered a wide range of substitution methods in this report, and here we provide an outline

guide to synthetic methods of choice.
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o General - Nucleophilic substitution is preferred to electrophilic approaches, and palladium catalyzed methods

are the moct vercatile Canventional non-metal nucleonhilic substitution is the ontimal method when EWGs
MLV VANV RIRUVLE T Wi Jgisvaaw . R U AL VR/RAVARSZARRL SARSRE ARAVLARR SSMVAVRS prArARAY WRRULIREILIRSELS A AN P - LA e .~ -— L g )
are present
a Arnionn Aisnlanmhilace - Thasa 1€ nnwwy na ragtrinrtinn nan tha ranaas Af aminae that ~an he 1:¢ad in malladinm
v AIINIIC (YULITUPLIIITD RIICLIU D IIJW LIV EUOLLIVLIULL UL LIV 1Al ULl Qilliinugg udiatl vdil ue udvid i pa.ua\.uulu

catalyzed reactions (except for the general steric restrictions found in organic chemistry), and this method is

particularly useful for substitution with anilines, where the DPEphos catalyst’ is valuable. Direct amination

can be achieved in good yield with benzophenone imine™ as the amine source

e Leaving groups - Fluoride is the best leaving group [or conventional substitutions, and has permitted
cirhotitiitimng t nrncand in smota_cithotititinm naeitinng /8 Benmaida jo o cmnerine losuing ormsis e sve i
SULBLILULIVID LU pluLteud 1 1l SULLILULIVLL PUSILIVIL. DIUVIIIC DY a4 bupt;uUl i qulg gu)up 111 pd.udulul 1

34

Triflate has the advantage that it gives access to the wide

o

reactions where NaOBu' is the optimal base.

range of phenols available as starting materials; here caesium carbonate is the base required.

® Aromatic Ring Substitution - When strong EWGs are present non-catalysed substitution in DMSO is
optimal for ortho- and para-substitution,® and for good yields in meta-substituted compounds it is essential to
use the recently reported reaction conditions of 60 h at 100 °C,”® employing fluoride as the leaving group.

For benzenes containing donor groups, palladium chemistry must be used for good results.

e Summary Table of Best Options

R2
R2 P Ne_
i = ~N ‘R1
H " R+ Hrt J — =
R Amine, R, R;
Aniline Primary Secondary
Ortho-EWG Pd Pd or Nu Nu
Meta-EWG Pd Pd or Nu Pd or Nu
Para-EWG Pd Pd or Nu Nu
Ortho,meta, para donor group Pd Pd Pd
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