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1. Introduction

(Hetero)aryl groups directly connected by single Csp?-Csp?
bonds to heteroaryl moieties are present as core structures in many
biologically active compounds,! naturally-occurring substances,?
agrochemicals,® and optical and photochromic materials in poly-
mer science.? As a consequence, particular interest has been paid to
devise highly efficient, regio- and chemoselective methods to form
(hetero)aryl-heteroaryl C-C bonds.

Until the late 1980s, the transition metal-catalysed cross-cou-
pling reactions between (hetero)aryl halides or pseudohalides and
(hetero)arylmetal derivatives, including (hetero)arylboronic acids,
(hetero)arylzinc reagents, (hetero)aryltin derivatives, (hetero)-
arylsilicon compounds, and (hetero)aryl Grignard reagents repre-
sented the most effective methodology for the synthesis of
arylheteroarenes and unsymmetrical biheteroaryls and these re-
actions still represent a versatile, very useful tool for the prepara-
tion of these compounds.”> Nevertheless, they are unfavourable
from the point of view of the cost and atom-economy since they
require that activating groups must be present on both coupling
partners. Thus, in the past few decades some new, more eco-
friendly and economic methodologies have been designed and in-
vestigated (Scheme 1). In most of them, the preparation and use of
stoichiometric amounts of organometallic reagents are avoided and
so the number of the reaction steps is reduced.

HetAr-COOH + Arl-X — 0% HetAr-Ar! + CO, ™)
R PR Ar Ar
7 OH . argr —Pdcat, ¢ W andior 7N (2)
L ALY R e o Dar
SveTX sy
(X=0,8)
Pd or Rh cat

HetAr'-H + HetAr-M ——————— HetAr'-HetAr? (©))

(M = B(OH),, BF3'K")

Pd cat
1 e Al

HetAr-H + Arl-H ——""=  HetAr-Ar 4)

Pd, Rh or Cu cat

HetAr'-H + (Het)Ar2-X HetAr'—(Het)Ar? (5)

(X = halogen, pseudohalogen)

Scheme 1. New methodologies for the synthesis of (hetero)aryl-substituted
heteroarenes.

A recently introduced interesting approach consists of a decar-
boxylative cross-coupling between a heteroaryl carboxylic acid and
an aryl halide (Eq. 1, Scheme 1).° The regioselectivity of this reaction,
which produces carbon dioxide as waste, is ensured by the
carboxylic acid functionality. On the other hand, arylfuran and
aryl(benzo)thiophene derivatives have recently been synthesised by
palladium-catalysed cleavage of C-H and C-C bonds of o,a-di-
substituted furyl- and (benzo)thienylmethanol derivatives,
respectively, with aryl halides (Eq. 2, Scheme 1).” Very recently, it has
also been reported that heteroarene C-H bonds can be transformed

into heteroaryl-aryl C-C bonds via palladium- or rhodium-catalysed
reaction with arylboronic acids or (hetero)aryl trifluoroborates (Eq.
3, Scheme 1).8 An appealing and highly advantageous alternative to
all these approaches, which enables the simultaneous functionali-
sation of Csp?-H bonds of heteroarenes and arenes, involves the
palladium-catalysed cross-dehydrogenative coupling of five-mem-
bered heteroarenes and some of their benzocondensed derivatives
with benzene, monosubstituted, and 1,4-disubstituted benzene
derivatives (Eq. 4, Scheme 1).° However, despite this approach can
providing arylheteroarenes in satisfactory yields, with no products
arising from arene or heteroarene homocoupling, its utility for the
efficient and highly regioselective preparation of a wide range of
classes of arylheteroarenes has yet to be explored.

In the last two decades, much more attention has been paid to the
synthesis of arylheteroarenes and unsymmetrical biheteroaryls via
transition metal-catalysed non-chelation assisted direct (hetero)-
arylation of heteroarene C-H bonds with (hetero)aryl halides or
pseudohalides (Eq. 5, Scheme 1) and, at present, this approach has
emerged as the most developed type of C-H bond functionalisation of
heteroarenes. One of the first examples demonstrating the feasibility
of this approach was published by Nakamura, Tajima and Sakai in
1982.1% Since then, the field of transition metal-catalysed direct inter-
and intramolecular arylation of electron-rich and electron-deficient
heteroarenes has undergone rapid growth. Interestingly, much of this
chemistry has been developed with the use of palladium catalysts.

Some reviews published in the early 2000s summarise the
progress achieved in this field in the 1990s'! and the increasing fre-
quency with which transition metal-catalysed direct (hetero)-
arylation reactions with (hetero)aryl halides or pseudohalides,
involving the use of new catalyst systems and new substrates, have
been developed and applied in a wide array of settings has been
documented in the excellent reviews published in 2006 by Fagnou,'??
in 2007 by Miura,”® Fagnou,'?" Gevorgyan,*° and Lautens,*® and
more recently in three chapters of a book on the modern arylation
methods edited by Ackermann,’4b in which, however, literature data
on the direct (hetero)arylation of heteroarenes published until 2007
have been partly reported. These reviews include synthetic aspects
and mechanistic considerations of these catalytic reactions capable of
activating unreactive Csp?>~H bonds of heteroarenes.

This critical review aims to complete the picture of the studies in
this hot area of research, also outlining the contribution of our re-
search group in devising new and convenient protocols for the
direct inter- and intramolecular (hetero)arylation of a broad spec-
trum of five-membered heteroarenes with (hetero)aryl halides.
Significant results that have been considered partly or have not
been summarised and discussed in the above mentioned re-
views!1~14 have also been highlighted in this article, which covers
developments appeared from January 2006 until the end of Feb-
ruary 2009. A major emphasis has been put on the synthetic aspects
of the various direct inter- and intramolecular arylation protocols,
but significant mechanistic proposals have also been shortly
reported and discussed.
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For the sake of clarity, the scientific literature of this review with
475 references has been subdivided into four sections: i) in-
termolecular direct (hetero)arylation of five-membered hetero-
arenes with one heteroatom; ii) intermolecular direct
(hetero)arylation of five-membered heteroarenes with two and
three heteroatoms; iii) intermolecular direct (hetero)arylation of
six-membered heteroarenes; and iv) synthesis of fused-ring het-
eroarenes via intramolecular direct (hetero)arylation of hetero-
arenes containing a (hetero)aryl halide tether. It is also worth
noting that the Conclusions section includes literature references
concerning the major developments in the area of this review,
which appeared from March to June 2009. However, the patent
literature has been mentioned only occasionally.

2. Intermolecular direct (hetero)arylation of five-membered
heteroarenes with one heteroatom

2.1. (Hetero)arylation of thiophene, benzothiophene,
thieno[2,3-b]thiophene, furan, and benzofuran ring systems

(Hetero)arylthiophenes have attracted remarkable attention as
important structural elements in biologically active compounds
and in materials showing conductive, semiconductive, non-linear,
and liquid crystalline characteristics."” On the other hand, 2-aryl-
benzothiophene derivatives have proven to be promising agents for
the treatment of diseases such as hypolipemia and estrogen-de-
pendent diseases.®

The palladium-catalysed direct arylation of thiophene, benzo-
thiophene, furan, and benzofuran with aryl bromides under
ligandless conditions was first reported by Ohta and co-workers in
1990." Electron-deficient aryl bromides were found to give C-2
arylated compounds in low to moderate yields and 4-bromoani-
sole, a deactivated aryl bromide, was shown to undergo reactions
with benzofuran and benzothiophene to provide the correspond-
ing C-2 arylated products in 12 and 11% yield, respectively
(Scheme 2).17 In 1992, the same authors investigated the palla-
dium-catalyed C-2 arylation of furan, benzofuran, thiophene,
benzothiophene, and 1,4-dimethyl-1H-imidazole with pyrazinyl
chlorides and found that the required C-2 aryl-substituted het-
erocycles could be obtained in moderate-to-good yields using
Pd(PPhs)4 as the catalyst precursor, AcOK as the base, and DMA as
the solvent.!® In subsequent years, significant contributions to the
development of efficient protocols for the regioselective palla-
dium-catalysed direct arylation of sulfur- and oxygen-containing
five-membered heterocycles and their benzocondensed de-
rivatives with aryl halides were given by the research groups of
Miura,'® Lemaire,?° and Mori.?!

T
e
Sy

(X=0,8)
(Ar = 4-(CHO)CgHg; 4-NO,CgH4)

SR OV

Pd(OAc); (5 mol%)
KOAc, DMA, 150 °C
(20 - 60%)

+ Ar-Br

T n

_ Pd(OAC); (5 mol%) _
“TKOAc, DMA, 150 °C

Ty
X

S (11%)
X =0 (12%)

Scheme 2. Pd(OAc),-catalysed C-2 arylation of thiophene, benzothiophene, furan, and
benzofuran with aryl bromides under ligandless conditions.

Especially noteworthy is the discovery by Miura’s group that the
addition of Cul to the palladium catalyst precursor increases the
yield of the arylated derivatives obtained by treatment of iodo- or
bromobenzene with 2-thiophene carbaldehyde (Scheme 3) and
azoles including 1-methyl-1H-benzimidazole, benzothiazole, and
benzoxazole.!®

Pd(OAc); (0 - 5 mol%)
Cul (0 - 2 equiv), PPh3
Cs,CO03 or K,CO3 (2 equiv)

WCHO + PhX ﬂCHO
S S

Ph
DMF, 140 °C
X Pd(OAc); Cul Base Yield
(mol%) (mol%) (%)
| 5 - CspCO3 12
| 5 2 Cs,CO3 82
Br 5 2 KyCO3 57
| - 2 Cs,CO3 0

Scheme 3. Pd-catalysed C-5 arylation of 2-thiophene carbaldehyde.

Mori and co-workers also found that C-H arylation reactions of
2-thiophene carbaldehyde, thiophene and benzothiophene with
aryl iodides are efficiently catalysed by a Pd(Il) complex in the
presence of an AgNO3/KF system or AgF.>! Moreover, these authors
observed that fractional addition of the additives remarkably im-
proved the yield of the arylation reactions.?'® Although the yield of
the C-5 palladium-catalysed arylation of 2,3-dibromothiophene
with 4-iodoanisole was only 41% by the addition of AgNO3 (1 equiv)
in one portion, the addition of AgNOs; in four portions
(0.5 equivx4), namely one portion every 2 h improved the yield to
83% (Scheme 4).%1¢

BIEROW,

Scheme 4. Pd-catalysed C-5 arylation of 2,3-dibromothiophene with 4-iodoanisole.

PdCI,(PPhs), (5 mol%) 8
AgNO; (0.5 equiv, 2 h x 4) r A
| OMe
KF (2 equiv) S
DMSO, 100 °C Br
(83%)

Remarkably, the C-H arylation proceeded smoothly and oc-
curred without affecting the bromo groups of the substrate. A high
yield (79%) was also obtained when the reaction of 2,3-dibromo-
thiophene with 4-iodoanisole was performed in the presence of
5 mol % PdCly(PPhs);, 1.0 equiv of AgNO3 and 1.5 equiv of TBAF in
DMSO at 100 °C for 5 h.2'¢ Analogously, the C-H arylation of 2-
bromothiophene with aryl iodides took place in the presence of
a palladium catalyst and AgNOs/KF or AgF to give 2-bromo-5-
arylthiophenes.?'®

In 2006, Mori and co-workers reported that the AgNO3/KF sys-
tem also induces the C-H arylation of 2,3-dibromothiophene with
aryl(iodo)palladium(ll)(z 2'-bipyridine)complex 1 in 64-78% yield
(Scheme 5).2

\ _ AGNOgKF Br \
‘ “DMSO, 1t-50°C ‘ S Ar
(64 - 78%) Br

Ar=3,5- (Me 2CeHs; 4-EtOOCCeHy; 3,5-(CF3),CeHs

Scheme 5. C-5 arylation of 2,3-dibromothiophene with complex 1.

They interpreted this result by supposing that the palladium-
catalysed C-5 arylation of bromothiophene derivatives proceeds
through electrophilic substitution of complex 1 triggered by the
AgNOs3/KF system to give an aryl(thienyl)palladium(Il) complex,
which undergoes reductive elimination to provide the C-H aryla-
tion product.??

More recently, the palladium-catalysed C-H arylation in the
presence of the AgNOs/KF system as an activator has been utilised
to prepare a variety of 2,5-disubstituted thiophene derivatives 3 in
moderate-to-good yields from trisubstituted ethenes 2 and aryl
jodides (Scheme 6).2% Interestingly, the reactions with aryl iodides
bearing an electron-withdrawing substituent were found to pro-
ceed in a relatively higher yield than the reactions involving aryl
iodides bearing an electron-donating group.
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Arl PdCly(PPhgz); (5 mol%) or Arl
Ar! » PdCly(dppb) (3 mol%) Ar'!
M * Al T RGNO; (1.0 equiv) N/
S KF (2.0 equiv) IR
2 DMSO, 100 °C, 24 h 3 (10 examples)

(26 - 80%)

Ar! = 4-MeOCgHy; 4-CF3CoHy; 3-CF3CoHy
Ar? = CgFs; 4-EtOOCCgHj; 4-CF3CgHa; 3,5-(CF3),CqHa; 4-MeOCqH,

Scheme 6. Pd-catalysed synthesis of 2,5-disubstituted thiophenes 3.

In 2006, Miura and co-workers established that, in contrast to
the reaction between diphenyl(thiophen-2-yl)methanol (4) with
aryl bromides in o-xylene at 150 °C in the presence of Cs,COs3 as the
base and catalytic amounts of Pd(OAc); and the sterically hindered
electron-rich P(biphen-2-yl)(t-Bu), ligand, which produces 2-
arylthiophenes in high yields,'* treatment of o,a-disubstituted 3-
thiophenemethanols 5 with a molar excess of aryl bromides under
similar experimental conditions gives 2,3-diarylthiophenes in good
yields via cleavage of the C-H and C-C bonds of the 2- and 3- po-
sition of compounds 5, respectively (Scheme 7). Thus, the tertiary
alcohol at C-2 in compound 4 and at C-5 in compounds 5 served as
a masked group of the corresponding C-H bonds.

Pd(OAc); (1.7 - 2.5 mol%)
OH i _2vI)(E- _ )
[l \\/ : Ph + ArBr P(biphenyl-2-yl)(t-Bu); (3.4 ,5 mol%) D*Ar
S Ph Cs,CO3 (0.7 - 1.0 equiv) S
4 o-xylene, 150 °C
(59 - 88%)

R_R Pd(OAc); (5 mol%) Ar

OH P(biphenyl-2-yl)(t-Bu), (10 mol%)
| N—ar
S

B + ArBr Cs,C03 (4 equiv)
Scheme 7. Synthesis of 2-aryl- and 2,3-diarylthiophenes from compounds 4 and 5,
respectively.

PhMe, reflux
(60 - 80%)

s (4 equiv)
5:R=Ph, Me

In the same year, Lemaire and co-workers synthesised 2-(4-
methoxy-2-nitrophenyl)benzothiophene (7) in 62% yield by direct
C-2 arylation of benzothiophene with bromide 6 in the presence of
aPd(OAc),/PPhs catalyst system and K,COs as the base (Scheme 8).24

Br O2N
@ * j@\ Pd(OAc),/PPh3 cat
KoCO3, DMF O N O OMe
S OoN OMe  440°C,5h S
6 (62%) 7

Scheme 8. C-2 Arylation of benzothiophene with bromide 6.

Lemaire also prepared a variety of 2-aryl-3-cyanobenzothio-
phenes 8 by the reaction of 3-cyanobenzothiophene with a slight
molar excess of aryl bromides in the presence of catalytic amounts
of Pd(OAc),, a molar excess of K2COs3, and the crown ether DCH-18-
C6 in DMF at 110 °C (Scheme 9).2° Compounds 8 were then used as
precursors to new benzo[c|thiophene[2,3-e]azepine derivatives
possessing potential biological properties.?> A variety of com-
pounds 8 had previously been synthesised in satisfactory yields via
C-2 arylation of 3-cyanobenzothiophene with aryl bromides and
iodides in the presence of n-BusNBr, a catalytic quantity of
Pd(OAc);, and a molar excess of K;COs3 as the base in DMF at 90 °C
under ligandless conditions.2%f

CN  Br R Pd(OAc); (5 mol%) CN R!
K2CO3 (3 equiv) N\ )
Nyt R? DCH-18-C6 (1 equiv) < O R
S R3 DMF, 140 °C 5
8 R
(63 - 82%)

R'=H, OMe, Oi-Pr, Cl, NMe,
R2, R%=H, OMe

Scheme 9. Synthesis of 2-aryl-3-cyanobenzothiophenes 8.

A small modification of this protocol involving the use of
a mixture of MeCN and water as the reaction solvent in place of
DMF was subsequently employed by Lautens and co-workers for
the direct C-2 arylation of selectively substituted thiophenes with
aryl iodides (Scheme 10).2° Tri- and tetrasubstituted thiophenes 9
were so prepared in satisfactory yields.

R
R | Pd(OAc); (5 mol%) g R2
R? R2 n-BugNBr (0.5 equiv) [N s
M A * 5 KoCOs (1.25 equiv) S
s R” MeCN/H,0 (9:1), 80 °C

R3
R' = H; R2 = COOEt; R® = NO, (64%)
R' = CH=CH-COOt-Bu; R? = Me; R® = NO; (68%)
R' = CH=CH-COOt-Bu; R? = Me; R® = OMe (62%)

Scheme 10. Synthesis of tri- and tetrasubstituted thiophenes 9.

Pd(OAc),-catalysed direct C-H arylation reactions in the presence
of n-BuyNBr were also employed by Mashraqui and co-workers to
prepare the first examples of 2,5-diaryl-3,4-dimethoxythieno|[2,3-
b]thiophenes 11 from 3,4-dimethoxythieno[2,3-b|thiophene 10 and
both electron-deficient and electron-rich aryl iodides (Scheme 11).%’

Me Me Pd(OAG), (4.4 mol%) Me Me
n-BugNBr (2.0 equiv)
m * Al K2CO3 (2.0 equiv) A~ D—ar
s s ) DMF, 80 °C, 12- 18 h §” °S
10 (2.1 equiv) (57 - 67%) "

Scheme 11. Synthesis of 2,5-diaryl-3,4-dimethoxythieno[2,3-b]thiophenes 11.

Similar reaction conditions, in which, however, KOAc was used
instead of KoCOs as the base, were employed by Borghese and co-
workers for the direct C-2 arylation of 3-methoxythiophene (12)
and 3,4-ethylenedioxythiophene (13) (EDOT) with aryl halides in
moderate to satisfactory yields (Scheme 12).28 Noteworthy, the
arylation reactions of 12 with functionalised aryl bromides were
found to be highly regioselective.

OMe , Pd(OAc); (10 mol%) OMe
Br R n-BuyNBr (1.0 equiv) a ;
E\g * \©/ KOAGC (3.0 equiv) S R
S DMF, 80 °C
12
R'=4-Cl (60%)
R'=4-Br (28%)
R" = 4-COOEt (56%)
R'=4-CN (53%)
R'=4-OMe (41%)
R'=4-NO, (73%)
R'=3-NO, (48%)

Pd(OAc), (10 mol%) o

o

o . Wsr n-BugNBr (1.0 equiv) o
[ S KOAc (3.0 equiv), DMF, 80 °C N
S S
13

(40%) S

Scheme 12. C-2 arylation of compounds 12 and 13.

The palladium-catalysed direct C-H arylation of EDOT, which is
a building block frequently used in the field of new organic mate-
rials,”® was also investigated by Mohanakrishnan and co-
workers.3® They prepared C-2 monoarylated EDOT derivatives in
moderate yields by the treatment of 13 with equimolar amounts of
electron-deficient (hetero)aryl iodides or bromides in DMF at 80 °C
in the presence of a slight molar excess of K;CO3; and a catalytic
amount of Pd(PPhs),.3%P

On the other hand, 2,5-di(hetero)arylated EDOT derivatives 14
were obtained in 35-50% yield by reaction of 13 with 2 equiv of
(hetero)aryl iodides in DMF at 80 °C in the presence 2.2 equiv of
K»COs3 and 19.8 mol % Pd(PPh3)4 (Scheme 13).3%
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o o
o + 2 (HetAr Pd(PPhg), (19.8 mol%) 0
m\/\g KaCO3 (2.2 equiv) [ D—(Het)Ar
S DMF, 80 °C,8-13h  (Het)Ar S
13 14
(Het)Ar = 4-MeOCgHy (35%)
(Het)Ar = 4-NO,CgHy (40%)
(Het)Ar = 2-NO,CgHy (35%)
Het(Ar) = 2-benzothiazolyl (50%)

Scheme 13. Synthesis of 2,5-di(hetero)arylated EDOT derivatives 14.

In 2007, Pellet-Rostaing and co-workers investigated the palla-
dium-catalysed C-H arylation of both 2- and 3-functionalised
benzothiophenes with (hetero)aryl bromides in the presence of
different additives: 1 equiv of n-BusNBr (Method A), 1 equiv of
DHC-18-C6 (Method B) or a catalytic quantitity of PPhs (Method
C).3! Representative examples of C-2 arylations of 3-functionalised
benzothiophenes 15 and C-3 arylations of 2-functionalised benzo-
thiophenes 16 with (hetero)aryl bromides according to Methods A-
C are illustrated in Scheme 14. In general, arylations at position 3 of
benzothiophenes 16 gave the required products in higher reaction
times and lower yields than arylations at position 2 of compounds
15. Interestingly, Methods A and B were also employed for the
synthesis of 3-functionalised 2-arylthiophenes 18 by C-2 arylation
of 3-functionalised thiophenes 17 (Fig. 1).3! On the other hand, 3-
functionalised 2,5-diarylthiophenes 19 (Fig. 1) were prepared from
compounds 17 via a one-pot process involving the use of Method B
or C-5 arylation of compounds 18 according to Method C3!

R? R!
Method A, B or C
@ + (HeyarBr TP A B @<Het)Ar
0.6 equiv S
15 (0.6 equiv)
Method R’ Ar Yield (%)
A CHO Ph 47
A CHO  4-MeOCgH, 64
A CHO 4-CF3CeHy 70
c CHO 3-Py 51
B CN 4-CICgH4 68
c OMe 2-Py 18
B OCH,CF3 2-(CN)CeH; 76
(Het)Ar
NRi+ (Het)Ar-Br — Method © Y
s 0.6 equiv) 3-24h S
16 (06eq
R! Ar Yield (%)
CN 3-Py 17
CN 4-CF3CeHy 67
OCH,CF; 3-Py 34

OCH,CF3  2-(CN)CgHg4 69

Scheme 14. Pd-catalysed C-2 and C-3 arylation of compounds 15 and 16, respectively,
according to methods described in the text.

R R R
0 e g
S S Ar2 S
17 18 19

R : OMe, OCH,CF3

Figure 1. Structures of compounds 17-19.

The arylated benzothiophenes and thiophenes synthesised in
this study were then evaluated on bacteria strains. Most of them
did not exhibit any antibiotic activity, but were found to selectively
inhibit the NorA multidrug transporter of Staphylococcus aureus.>!

In 2008, palladium bis(2,2,6,6-tetramethyl-3,5-heptadienoate)
was employed as the catalyst precursor for the C-2 arylation of
benzothiophene with aryl iodides in modest yields.3? This complex
also proved to be active for the regioselective C-2 arylation of other

electron-rich heteroarenes, including 1-methyl-1H-imidazole, 1-
methyl-1,2,4-triazole, and caffeine.>?

Doucet, Santelli and co-workers®> had previously found that the
catalyst system composed of [PACI(n>-CsHs)], and the unusual ligand,
cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)cyclopentane
(Tedicyp) is able to promote the direct C-5 arylation of a variety of 2-
substituted thiophene derivatives 20 with electron-deficient, elec-
tron-rich or sterically congested aryl bromides in good yields also
using very low catalyst loadings (Scheme 15). The most reactive aryl
bromides were coupled with thiophene derivatives using as little as
0.1-0.001 mol % catalyst.>> Interestingly, very low loadings of the
[PACI(13-C3Hs)]o/Tedicyp catalyst system also enabled the direct C-5
arylation of 2-substituted furans with aryl bromides.>* NMR studies
revealed that the transition metal circulates around the four phos-
phorus atoms of Tedicyp and this might account for an easy reductive
elimination step in the catalytic cycle and thus a high turnover.3*

D + ArBr
S

Tedicyp / 1/2 [PdCI(n®-C3Hs)J2 (0.1 - 0.01 mol%)

jas
AcONa (2.0 equiv), DMAc, 150 °C v~ S

Y
(2.0 equiv) Ph,P PPh,
PP PPh,
20 :Y = Ac, CN,CHO, NO,, OMe, F, CF3, COOR 2
Tedicyp

Scheme 15. [PdCl(n3-C3Hs)]y/Tedicyp-catalysed C-5 arylation of 2-substituted thio-
phenes with aryl bromides.

Since the use of a phosphine ligand such as Tedicyp seemed to
increase the longevity and stability of the palladium catalyst sys-
tem, Doucet and co-workers thought it is right to examine the use
of a bidentate phosphine ligand for the palladium-catalysed het-
eroarylation of heteroaromatics including 2-substituted furan,
thiazole and thiophene derivatives, benzoxazole, benzothiazole,
and 1-methyl-1H-benzimidazole with heteroaryl halides. Recently,
these authors reported that the use of the air-stable complex
[PACl(dppb)(C3H5)] as a catalyst precursor allows the hetero-
arylation of the above mentioned heteroarenes with heteroaryl
bromides in moderate-to-good yields (Scheme 16).3°
[PdCI(dppb)(n®-C3Hs)] (5 mol%)

KOAc (2.0 equiv), DMAc

120 - 150 °C, 20 h
(30 - 85%)

N
A \ N N N \
Hetar= 1L 2. I > |‘>;©:\;©:\;©:>
RQ . B X J Q N
R Me
D N N \ A\
HotAr? = J\/j\ D> D> \
Me N CIQ MeQ Ac f(}_

s oHe
Scheme 16. [PdCl(dppb)(CsHs)]-catalysed heteroarylation of five-membered hetero-
arenes with heteroaryl bromides.

HetAr'-H + HetAr>-Br HetAr'-HetAr?

Moreover, very recently, this complex has been used as the cat-
alyst for the regioselective heteroarylation of a range of heteroaryl
derivatives, including 2-cyano- and 2-butylthiophene, 2-propylthi-
azole, 2-methyl-4-methylthiazole, benzoxazole, and benzothiazole
both with chloropyridines and chloroquinolines in low to high
yields.3® The reaction conditions used for the C-5 arylation of 2-
butyl- and 2-cyanothiophene, 21a and 21b, respectively, with 2-
chloro-6-methoxypyridine are reported in Scheme 17. Compounds
22a and 22b were so obtained in 53 and 63% yield, respectively.

X
D . | X [PdCI(dppb)(n3-C3Hs)] (2.5 mol%) s |
17 >S = Cs,CO03 (1.2 equiv) R! N OMe
R CI” "N "OMe ik, 20h, 150 °C \
21a:R=n-Bu 22a: R =n-Bu (53%)
21b:R=CN 22b : R = CN (63%)
(1.2 equiv)

Scheme 17. Pd-aatalysed C-5 arylation of compounds 21lab with 2-chloro-6-
methoxypyridine.
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It is also worth noting that investigations recently carried out by
Doucet and co-workers have revealed that also Pd(OAc); is a suit-
able catalyst precursor for the direct C-5 arylation of 2-butylfuran,
2-butylthiophene, 2-methyl-3-methoxycarbonylfuran, and 2-n-
propylthiazole under ligandless conditions.” However, the effi-
ciency of this system has been found to be limited to reactions with
activated aryl bromides and does not seem to be appropriate for
reactions involving heteroaryl bromides. Nevertheless, the suc-
cessful reactions can be performed with as little as 0.01 mol %
catalyst.3® The high-yielding synthesis of compound 23 by C-5
arylation of 2-cyanothiophene (21b) with 4-bromoacetophenone is
illustrated in Scheme 18. This synthesis occurred with a TON of
8000.%7

D . Br\@\ Pd(OAc),
S (substrate / catalyst molar ratio = 10000)
Ac  AcOK (2.0 equiv), DMA, 150 °C, 20 h
(80%)

NC
21b (2.0 equiv)

S

NC
23

Scheme 18. Pd(OAc),-catalysed synthesis of compound 23 under ligandless
conditions.

Compared to the vast amount of research on the palladium-
catalysed direct arylation reactions of sulfur-containing five-
membered heteroarenes, there are fewer studies dealing with
furans, which have been published in the period January 2006-
February 2009. In 2008, Guttumukkala and Doucet reported that,
despite the fact that palladium-catalysed (hetero)arylation of
five-membered heteroarenes with one heteroatom usually occurs
at the a-position to the heteroatom, 2-methyl-5-acylfurans 24
undergo C-4 arylation with activated aryl bromides in DMA at
120 °C in the presence of KOAc as the base and a catalytic amount
of commercially available [PdCl(n3-C3Hs)]> (Scheme 19).38 The
procedure, which is tolerant to a wide variety of functional
groups on the aryl bromide [e.g., 4-CN, 4-F, 4-EtCO, 3-CN, 3,5-
(CF3),, and 4-Ac], furnished C-4 arylated furans 25 in modest to
satisfactory yields.3®

PACIM3-C3Hs)z (0.5 mol%) AT
ﬂCOR + gy IRl (05 molk) mCOR
o
Me’ o]

DMAc, KOAc (2.0 equiv)
120°C, 12 h Me

24 (2.0 equiv) : R = H, Me, Et (20 - 72%) 25

Scheme 19. Pd-catalysed C-4 arylation of 2-methyl-5-acylfurans.

In continuation of his studies on the multiple arylation of five-
membered heteroarenes with one heteroatom,'® Mijura in 2008
demonstrated that 3-furancarboxylic acid (26a) and its thiophene
analogue 26b undergo a unique perarylation reaction, involving
cleavage of three C-H bonds and decarboxylation, upon treatment
with 5-8 equiv of aryl bromides in the presence of a Pd(OAc),/PCy3
catalyst system and Cs,COj3 as the base to give the corresponding
tetraarylated products 27a and 27b, respectively, in modest to good
yields (Scheme 20).3°

COOH Pd(OAc); (10 mol%) Ar
PCys (40 mol%) Ar,

E\g + ArBr Cs,CO3 (5.0 equiv) I\&Ar
X MS 4A, 170 °C A X
26a:X=0 (large molar excess) mesitylene, 7-24 h 27a:X=0
26b:X=S (30 - 90%) 27b:X =S

(9 examples)

Scheme 20. Perarylation of compounds 26a and 26b.

The synthesis of tetraarylthiophenes 29 by palladium-catalysed
diarylation of 2,5-diaryl-3-thiophenecarboxylic acids 28 with aryl
bromides was also described (Scheme 21).3°

COOH Pd(OAc), (10 mol%) Ar2
) PCys3 (40 mol%) Ar2
[ D—art ¥ ABr T C0, (5.0 equiv) I\&Aﬂ
A7 S MS 4A, 170 °C A7 S
28 (3.0 equiv) mesitylene, 9-12 h 29
Ar! Ar? Yield (%)
Ph 4-MeOCgHy 47
4-MeOCgH, Ph 48
Ph 4-CF3CgH, 57
4-MeOCgH;  4-CF3CgHy 69

Scheme 21. Pd-catalysed reaction of 2,5-diaryl-3-thiophenecarboxylic acids with aryl
bromides.

Very recently, Zhu and co-workers have described that the di-
rect C-4 arylation of 2,5-disubstituted 3-fluorofurans 30 with a va-
riety of aryl bromides in NMP at 110-120 °C in the presence of KOAc
as the base and a catalytic quantity of PdCl,(PPhs), is facilitated by
the neighboring effect of the fluorine atom and provides tetra-
substituted monofluorofurans 31 in moderate-to-good yields
(Scheme 22).4°

F PdCIo(PPhs), (10 mol%) F
KOAc (2.0 equiv) Ar
+ ArB
WR1 (Zoreqruiv)NMP,ﬂO-mO °C,12-16h | D—R1
rRZ O : 51-739 R O
30 (31-73%) 31

(17 examples)

Scheme 22. C-4 Arylation of 2,5-disubstituted 3-fluorofurans 30 with aryl bromides.

It has also been shown that 2-substituted heteroarenes, in-
cluding 2-substituted furan, thiophene, thiazole, benzoxazole, and
benzothiazole derivatives, are able to undergo palladium-catalysed
direct C-5 arylation with aryl triflates,”®*' an important class of
electrophiles, which can be easily synthesised from the corre-
sponding phenols. The arylation reactions using these electro-
philes, which were carried out in the presence of KOAc as the base,
DMF as the solvent and a Pd(OAc),/PPhs catalyst system, occurred
in modest-to-satisfactory yields.*!* Interestingly, the electronic
properties of the aryl triflates proved to have a decisive influence on
the yields of the arylation reactions. In fact, electron-rich aryl tri-
flates gave satisfactory yields, but the electron-poor counterparts
led to the formation of phenols.#1?

The synthesis of 2-substituted furans and thiophenes, 32 and 33,
respectively, by palladium-catalysed C-5 arylation with aryl tri-
flates is illustrated in Scheme 23.

D + AOTf
X

Pd(OAC); (5 mol%)
PPhs (10 mol%) @ Ar
KOACc (2.0 equiv) R2

R2 X
X=0,8 DMF, 150 °C, 20 h 32:X=0
(2.0 equiv) 33:X=8
X R’ Ar Yield (%)
O MeCOCH, Ph 28
(e} n-Bu Ph 51
(e} n-Bu 2-Naphthyl 53
S n-Bu Ph 69
S CN Ph 64
S CN  4-t-BuCgHy 64

Scheme 23. C-5 arylation of 2-substituted furans and thiophenes with aryl triflates.

The regioselective direct arylations of five-membered hetero-
arenes with one heteroatom has also been achieved by the use of
rhodium catalysts. In 2006, Itami and co-workers reported in
a short communication that thiophene, furan and N-substituted
pyrrole and indole derivatives can be arylated with aryl iodides in
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m-xylene under microwave irradiation with the in the presence of
AgNO3; and DME and a catalytic amount of RhCI(CO)-
{P[OCH(CF3)2]3}2 (34) to furnish the required a-arylated derivatives
in good to excellent yields and with complete regioselectivity.*?
The use of the m-accepting phosphite ligand P[OCH(CF3);]3 was
found to be critical for obtaining high yields of a-arylated de-
rivatives. Representative examples of these reactions are reported
in Scheme 24.

RhCI(COX{P[OCHCCF3)l3} (34) (3 mol%) | D Ac
\ ‘ Ag,CO3 (1.0 equiv), DME (1.0 equiv) i s
m-xylene, 150 - 200 °C, 0.5 h (uw)
(1.5 equiv) (64%)
J\‘\/\> \©\ RhCI(CO}{P[OCHCCF3)]3} (34) (3 mol%) Me Il \\, <:> v
Ag2CO3 (1.0 equiv), DME (1.0 equiv) o
m-xylene, 150 - 200 °C, 0.5 h (uw) Me
(1.5 equiv) Y = Ac (64%)
Y =CN (66%)
OMe OMe

RhCI(COXPIOCHCCF )]s} (34) (3 mol%)
E\S + \©\ Ag2CO3 (1.0 equiv), DME (1.0 equiv) E%—@—/.w
s AC mxylene, 150 - 200 °C, 0.5 h (uw) s
(1.5 equiv) (94%)

Scheme 24. Direct C-H arylation of furan and thiophene derivatives catalysed by
complex 34.

In a subsequent full paper,*> in which a possible mechanism of
these arylation reactions was reported, it was surmised that ligand
dissociation from complex 34 is an initial step generating a coor-
dinatively unsaturated Rh(I) species 35, which thereafter initiates
an Rh(I)/Rh(IIl) redox cycle (Scheme 25). The proposed catalytic
cycle specifically involves: (i) oxidative addition of aryl iodide to 35
and generation of the cationic arylRh(IIl) species 36; (ii) electro-
philic rhodation of the heteroarene with 36 to give the hetero-
arylRh(Il) species 37; and (iii) reductive elimination of the
arylheteroarene with regeneration of complex 34.43

P(OR)s
CI-Rh-CO

34
r\ P(OR)s

Cl~,, -CO
Rh Ar'l, Ag*
P(OR);
35
Agl
HetAr AL cl T®
Al _cl CI,RhiP(OR)
Cl” "P(OR); 3
37 >_< 36
HO HetAr-H

Scheme 25. Possible mechanism of the Rh-catalysed arylation of five-membered
heteroarenes with one heteroatom.

2.2. (Hetero)arylation of pyrrole, indole, and indolizine ring
systems

In the last few years, significant attention has been paid par-
ticularly by the Sames research group to the direct arylation of
pyrroles and indoles with aryl halides.*4%” In 2004, this group
reported that N-aryl- and N-alkyl-substituted indoles undergo C-2
arylation by treatment with aryl iodides in DMA at 125 °C in the
presence of CsOAc as the base and a Pd(OAc),/PPhs catalyst sys-
tem.** The reactions (Scheme 26) that occurred with low catalyst
loadings demonstrated a high degree of functional-group tolerance
and provided the C-2 arylated derivatives 38 in modest to good
yields.

Pd(OAc); (0.5 mol%)
PPh3 (1 mol %)
CsOAc (2.0 equiv)
DMAc, 125 °C, 24 h

@37@

" (24 - 73%)
R" = aryl, alkyl (1.2 equiv)
FG!
FG?
N~
N
R!
38

Scheme 26. Pd(OAc),/PPhs-catalysed C-2 arylation of N-aryl and N-alkyl-substituted
indoles.

In 2005, Sames disclosed an efficient and reliable method for the
C-2 arylation of free (NH)-pyrrole and -indoles.*> The reactions
were carried out by the use of a catalyst system consisting of
a mixture of [RhCl(coe)], in the presence of cesium pivalate as the
base (Scheme 27). Unfortunately, this method was not applicable to
the arylation of 7-azaindole.

(4-CF3CeHa)aP (15 mol%)

R\A
I N\
\‘:\v,]‘\/,} A CsOPiv (1.4 equiv)

H (1.2 equiv) dioxane, 120 °C, 18 -36 h
(59 - 82%)

[RhCl(coe)], (2.5 mol%)

P\‘ @Ar

Scheme 27. Rh-catalysed C-2 arylation of free (NH)-pyrrole and -indoles.

Sames found later that palladium complexes containing an
imidazolyl carbene ligand catalyse the efficient C-2 arylation of N-
2-(trimethylsilyl)ethoxymethyl (SEM) protected pyrroles, indoles
and other azoles, including imidazoles and imidazo[1,2-a]pyridines
with aryl iodides.#’® Scheme 28 illustrates the C-2 arylation re-
actions of heteroarenes 39 including derivatives bearing basic ni-
trogens with aryl iodides, which are catalysed by the palladium
complex 40 containing an imidazolyl carbene ligand. Simple re-
moval of the SEM protecting group from the resulting C-2 arylated
heteroarenes 41 in the presence of a fluoride ion source provided
a convenient access to 2-arylated free (NH)-azoles.’?

Complex 40
/g + A CsOAc (2.0 equiv) /S;
J\ ! “DmA, 125°C, 24 L Ar
- 989
SEM (22-98%) SEM
39:R'=H, Me, COOMe 41
(SEM = Me3SiCH,CH,0CH3) = (15 examples)
N NN Me
et
o T Me
40 Pd2(PPha):

Scheme 28. C-2 arylation of SEM-protected azoles.

In 2007, Sames and co-workers proposed a phosphine-free
palladium-catalysed method for the direct C-2 arylation of free
(NH)-pyrroles and -indoles with aryl bromides and iodides.*’" The
reactions were carried out in DMA at 125 °C in the presence of
CsOAc as the base and a catalytic quantity of Pd(OAc); and provided
the required C-2-arylated heteroarenes, including tryptamine de-
rivatives, in low to satisfactory yields. Remarkably, aryl bromides
proved to be arylating reagents less efficient than the corrisponding
aryl iodides, giving low conversions and poor C-2/C-3 selectivity.
However, it was possible to significantly increase the conversion of
the reactions of aryl bromides by the addition of stoichiometric
amounts of (i-Pr);NH.47?

Two representative examples of reactions involving the use of
an aryl bromide and an aryl iodide, respectively, are reported in
Scheme 29. Noteworthy, this phosphine-free palladium-catalysed
method proved to be tolerant to a wide range of functional groups,
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including esters, ketones and carboxamides, but suffered from
sensitivity to the basic sp? nitrogen of imidazole and pyridine.’?

Pd(OAC), (2 mol%)

D Br _ CsOAc (2.8 equiv) _ Mcoom
COOM HN(I Pr)2 (1.0 equiv) pp N
e

DMA, 125°C, 48 h H

(2.0 equiv) (58%)
Pd(OAc); (2 mol%) Me,
\©\/> _ CsOAc (2.8 equiv) cl A
DMA, "DMA, 125°C,36h °C,36h N O
(60%) H

(1.4 equiv)

Scheme 29. Phosphine-free Pd-catalysed direct C-2 arylation of a free (NH)-pyrrole
and -indole derivatives.

On the other hand, in 2009, Fall, Doucet and Santelli have
demonstrated that, by using Pd(OAc), as catalyst precursor, 1,2,5-
trisubstituted pyrrole derivatives undergo direct C-3 or C-4 aryla-
tion with functionalised aryl bromides in DMA at 130 °C in the
presence of KOAc as the base to give arylated derivatives in mod-
erate-to-good yields.*® Unfortunately, this procedure is limited to
activated aryl bromides; aryl chlorides have been found to be
unreactive. On the contrary, a high-yielding Pd(OAc),/DavePhos [2-
dicyclohexylphosphino-2’-(N,N-dimethylamino)biphenyl]-cata-
lysed intramolecular C-4 arylation of a 1,2,5-trisubstituted pyrrole
derivative with an o-substituted aryl iodide had previously been
used by Trauner and co-workers to prepare racemic rhazinilam,
a compound able to interfere with tubulin polymerisation.

In recent years, other research groups have investigated the
direct C-2 arylation of N-protected and free (NH)-indoles.*9->4 In
2006, Sanford and co-workers utilised catalytic amounts of
IMesPd(OAc), for promoting the C-2 arylation reaction of 1-
methyl- and free (NH)-indole with diaryliodonium tetra-
fluoroborates in acetic acid.*° The reactions proceeded under re-
markably mild conditions (often at room temperature), were highly
selective and gave the required arylated derivatives 42 in good

IMesPd(OAc); (5 mol%)

isolated yields (Scheme 30).4°
Nt A""g AcOH, 25-80 °C, 15 h N
(64 - 80%) R!

R? BFy4
R'=H,Me (2.0 equiv) 42
(16 examples)

Scheme 30. Pd-catalysed C-2
tetrafluoroborates.

arylation of indoles with diaryliodonium

Appreciable amounts of arylation at the more electrophilic po-
sition of indoles were only observed when the 2-position was
blocked. It was also found that conditions similar to those reported
in Scheme 30 were suitable for the arylation of 1-methyl- and free
(NH)-pyrrole.®

In 2006, studies on the transition metal-catalysed arylation of
indoles also commenced from our research group and we described
the first examples of palladium-catalysed and copper-mediated
highly selective C-2 arylation reactions of free (NH)-indole with aryl
iodides under ligandless and base-free conditions (Scheme 31).5%!

Pd(OAc), (5 mol%)

@ + A Cul (2.0 equiv) @Ar
N DMF, 140 °C or N
H (2.0 equiv) DMA, 160 °C, 48 h 43 H
Solvent Reaction temperature Ar Yield (%)
DMF 140 °C 4-MeOCgHy 35
DMA 160 °C 4-MeOCgHy 53
DMA 160 °C Ph 29
DMA 160 °C 4-CF3CgH4 33

Scheme 31. Pd-catalysed and Cu-mediated C-2 arylation of free (NH)-indole with aryl
iodides under base-free and ligandless conditions.

DMA proved to be the solvent of choice for these reactions,
which were performed using a molar excess of aryl iodide.”!
However, the required 2-aryl-1H-indoles 43 were so obtained in
modest yields.

An attempt to improve these results by examining the role of
Pd(OAc), and the Cu(l) salt in the arylation reaction was un-
successful. Nevertheless, in the course of this investigation, it was
found that 1H-indoles 44 and 9H-carbazole (46) undergo reaction
with aryl iodides in the presence of 1.1 equiv of CuOAc under base-
free and ligandless conditions to give the corresponding N-aryla-
zoles 45 and 47, respectively, with complete N-selectivity and in

CuOAc (1.1 equiv)

modest-to-good yields (Scheme 32).5>
R
Cry
“DMA, 160 °C, 48 h N

4 (36 - 76%) Ar 45

+ Ar-l

Iz /im

| + py _CUOAC (1.1 equiv) | O
N ™ "DMA, 160 °C, 48 h N
46 (73 - 86%) Ar 47

Scheme 32. CuOAc-mediated N-arylation of 1H-indoles 44 and 9H-carbazole (46).

In 2008, Larrosa developed a methodology, which, for the first
time, enabled the direct palladium-catalysed C-2 arylation of N-pro-
tected and free (NH)-indoles with aryl iodides at room temperature
without the presence of phosphines or other ligands.” As shown in
Scheme 33, functionalised indoles were reacted with a molar excess of
aryl iodides in DMF at 25 °C in the presence of 5 mol% Pd(OAc),,
0.75 equiv of Ag>0 and 1.5 equiv of o-nitrobenzoic acid to give the
corresponding 2-arylindoles 42 in good to excellent yields.

Y. Pd(OAc); (5 mol%) Y.
N\ Ag,0 (0.75 equiv) N\
@ * Al 5 75,NCeHCOOH (1.5 equiv) L
R (2.0 equiv) DMF, 25°C, 15 h R!

R'=H, Me, Bn (58 - 99%) 42
(16 examples)

Scheme 33. Room temperature C-2 arylation of indoles with aryl iodides.

o-Nitrobenzoic acid and Ag,0 were used in order to generate
silver o-nitrobenzoate in situ. This salt, which is characterised by
a relatively poorly coordinating carboxylate, is presumably able to
remove the iodide anion from the oxidative complex 48 to give
a cationic palladium species 49 (Fig. 2), which would be more
electrophilic towards the indole unit.>?

®
Lo Ar Lo, Arl T O
Pd Pdl
oy - L OCOAr
48 49 : Ar = 0-OsNCgHy

Figure 2. Structures of complexes 48 and 49.

Very recently, the Larrosa conditions have been utilised by
Huestis and Fagnou for the efficient C-2 arylation of N-methyl-7-
azaindoles with aryl iodides, including electron-neutral derivatives
and compounds, which bear a cyano or a phenolic functional group
(Scheme 34).>3

Pd(OAc); (5 mol%) <R,
Ag,0 (0.75 equiv) u .
0-0;NCH,COOH (1.5 equiv) v._
(2 0 equiv) DMF, 80 °C, 24 h
(58 - 77%)

+ Arl-l

Scheme 34. Pd-catalysed C-2 arylation of N-methyl-7-azaindoles with aryl iodides.
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In 2008, Zhang and co-workers discovered that the direct C-2
arylation of N-protected and free (NH)-indoles can be achieved
with potassium aryltrifluoroborates in acetic acid at room tem-
perature in the presence of catalytic amounts of Pd(OAc), and
Cu(OAc), (Scheme 35).>4

Y. Pd(OAc), (5 mol%) Y.

A Cu(OAc); (10 mol%) A

@‘\/I} *+ ABFSK ——1cOH, 1t, 12 h l N Ar
R (1.5 equiv) (33 - 83%) R!

R"=H, Me, Bn 42

(37 examples)

Scheme 35. Pd/Cu-catalysed direct arylation of indoles with potassium
aryltrifluoroborates.

The formation of an ArPdOAc species from Pd(OAc), and the
ArBFsK salt, followed by electrophilic palladation of the indoles at
the C-3 position, was proposed for the mechanism of this reaction
(Scheme 36).°* The subsequent C-3 — C-2 migration with formation
of intermediates 50 and deprotonation should give the in-
termediates 51, which should undergo reductive elimination with
generation of Pd(0) and the 2-arylated indoles 42. The final step of
this process should involve oxidation of Pd(0) to Pd(Il) by
Cu(OAc).>*

Cu(OAc),

F

Y v
H [ D—ar ArBF,
O H N Pd
| 42 R AcO'®) OAc
N PdAr
PdAr /&
©Q I

R! [ BF30Ac] K

Scheme 36. Proposed mechanism for direct C-2 arylation of indoles with potassium
aryltrifluoroborates.

It should be noted that a mechanism for the palladium-cata-
lysed C-2 arylation of the indole ring with aryl halides, based on an
electrophilic attack at the C-3 position of the heteroarene scaffold
followed by a C-3 —C-2 migration, had been previously proposed
by Sames and co-workers.*°

In the last few years, significant attention has also been focused
on the design and development of highly regioselective protocols for
the efficient synthesis of 3-arylated indoles derivatives via transition
metal-catalysed direct arylation reactions.*>°6-62 Unsatisfactory re-
sults were obtained by Itami and co-workers, who found that the
microwave-mediated arylation of 1-methyl-1H-indole with 4-
iodoacetophenone in m-xylene in the presence of AgNOs and a cat-
alytic amount of RhCI(CO){P[OCH(CF3),]3}> (34) furnishes a mixture
of the C-3 and C-2 arylated derivatives (Scheme 37).42

Me
(1.5equiv) 34 (3 mol%), AGNO; (1.0 equiv)
.

DME (1.0 i
\©\ m-xylene, 150 - 200 °C (uw), 0.5 h N N
Ac

Me Me
(57%) (23%)

Scheme 37. Rh(I)-catalysed arylation of 1-methyl-1H-indole with 4-iodoaceto-
phenone.

On the other hand, in 2006, Djakovitch and co-workers in-
vestigated the application of heterogeneous palladium catalysts to
the arylation of 2-phenyl-1H-indole®® and found that C-3 arylated
derivatives can be obtained in low to moderate yields by treatment

of this heteroarene both with 1-bromo-4-fluoro- and 1-bromo-4-
nitrobenzene in NMP at 140 °C in the presence of AcONa as the base
and a catalytic quantity of the heterogeneous [Pd]/SBA-15,
[PA(NH3)4]/NaY or Pd(OAc), (Scheme 38).%6

R
@ Pd cat (1 mol%)
\©\ " AcONa (1.1 equiv) | N—ph
NMP, 140 °C, 12 d N
(1.1 equiv)
R Catalyst GLC yield (%)
F Pd(OAc), 48
F [Pd]/ SBA-15 35
F [Pd(NH3)s]/ NaY 7
NO, Pd(OAc), 55
NO,  [Pd]/SBA-15 36
NO, [Pd(NH3)s] / NaY 7

Scheme 38. Pd-catalysed C-3 arylation of 2-phenyl-1H-indole.

Subsequently, Djakovitch and co-workers investigated the in-
fluence of the PPhs ligand and the AgBF, additive on the selectivity
of the Pd(OAc),-catalysed arylation of 2-substituted indoles, in-
cluding 2-methyl-, 2-methoxycarbonyl- and 2-phenyl-1H-indole,
with 4-bromo- or 4-iodonitrobenzene in NMP at 140 °C in the
presence of AcONa as a base and observed that C-3 or N-1 arylated
indole derivatives, 52 and 53, respectively, could be obtained by
fine tuning of the reaction conditions for each substrate (Scheme
39).%7 Specifically, compounds 52 were selectively obtained in
quantitative conversion when 2-methyl-, 2-methoxycarbonyl- and
2-phenyl-1H-indole were reacted with 4-bromonitrobenzene in
the presence of 2 mol % AgBF4. Interestingly, a 3-arylated derivative
52 was also obtained from the reaction of 2-methoxycarbonyl-1H-
indole with 4-iodonitrobenzene in the presence of 2 mol % PPhs,
but formation of the N-1 arylated derivatives 53 was observed
when the reactions of 2-methyl- and 2-phenyl-1H-indole with 4-
iodonitrobenzene were performed in the presence of 2 mol % PPhs.

Ly
N N02

Pd(OAc), (1 mol%)
PPh; (0 - 2 mol%)

. AgNO; (0 - 2 mol%) and /or
\©\ NMP, 140 °C, 96 h ‘ Nk
NO

N
(R = Me, COOMe, Ph)

N
2 52 H
(1.1 equiv)
(X=Br,1) .
Selectivity (%)
R X Ligand Additive N-1 Arylation C-3 Arylation
Me Br - AgBF4 0 100
COOMe Br - AgBF4 0 100
Ph Br - AgBF4 0 100
Ph Br PPh3 - 22 78
Me | PPh; - 100 0
COOMe | PPh; - 0 100
Ph | PPh; - 100 0
Me | - - 85 15
Ph | - - 100 0

Scheme 39. Influence of reaction conditions on selectivity of the arylation of
2-substituted indoles with activated aryl halides.

Remarkably, 1-(4-nitrophenyl)-2-phenyl-1H-indole could also
be selectively obtained by a Pd(OAc),-catalysed reaction of 2-phe-
nyl-1H-indole with 4-iodonitrobenzene in the absence of ligands
and additives.>’

In 2007, Zhang and co-workers®® reported that free (NH)-in-
doles are able to undergo regioselective C-3 arylation when treated
with aryl bromides and K,COj3 in refluxing dioxane in the presence
of catalytic amounts of Pd(OAc),(PPhs), or [(t-Bu),P(OH)],PdCl,
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(POPd), a commercially available but expensive palladium complex
(Scheme 40). Unfortunately, the use of POPd, which was the cata-
lyst precursor of choice, proved to be unsuitable for the C-3 aryla-
tion of electron-withdrawing-group-substituted free (NH)-indoles,
which were found to depress the reaction.®

v. POPd (5 mol%) Ar
\©|\/\> KoCOs (3.0 equiv) Y- {
N Ar=Br “gioxane, reflux, 24 h |
H (12 - 80%) N
Y = H, OMe, CN

Scheme 40. POPd-catalysed C-3 arylation of free (NH)-indoles with aryl bromides.

One year later, Djakovitch found that free (NH)-indoles
substituted or unsubstituted at position 2 are able to react with
activated aryl bromides in refluxing dioxane in the presence of
K,CO3 as the base and [Pd(NH3)4]/NaY as the catalyst to give C-3
arylated indoles with complete selectivity (Scheme 41).>°

R2

()

[Pd(NH3)4] / NaY (1 mol%)
K2CO; (3.0 equiv) | N Rt
dioxane, reflux, 24 - 48 h H

O,

(1.1 equiv)
R'=H, Me, Ph; RZ=H, CN, NO,, OMe, CI, Me

Scheme 41. [Pd(NHs)4]/NaY-catalysed C-3 arylation of free (NH)-indoles.

Unfortunately, this procedure was either unsatisfactory or did
not furnish the required arylated indoles when free (NH)-indole, 2-
methyl- and 2-phenyl-1H-indole were reacted with deactivated or
unactivated aryl bromides.>®

Within the same year, we established that a combination of
Pd(OAc); and PCys can be used as catalyst precursor for highly
regioselective C-3 arylation reactions of free (NH)-indole with 4-
bromobenzene and 4-bromoanisole in refluxing toluene in the
presence of K,C03.5% We also found that, when bulky and electron-
rich phosphines such as P(t-Bu),(Biph), PBu(1-Ad), and P(t-Bu)s
were used in place of PCys, arylation of free (NH)-indole with 4-
bromoanisole takes place at the 1-position with complete regio-
selectivity. We additionally observed that the Pd(OAc),/PCy3 cata-
lyst system was unexpectedly unsuitable for the efficient C-3
arylation of free (NH)-indoles with aryl bromides different from
bromobenzene and 4-bromoanisole.?® Thus, this catalyst system
was significantly modified and, after an in-depth study, it was
found that clean and high yielding C-3 arylation reactions of free
(NH)-indole and its electron-rich 1-unsubstituted derivatives could
be performed with activated, unactivated and deactivated aryl
bromides in refluxing toluene in the presence of K2COs as the base
and a catalyst system consisting of a combination of Pd(OAc); and

BnEt3NCI under ligandless conditions (Scheme 42).5°
Y Pd(OAC), (1-5mol%) Y. Ar
N\ ot + ae BNEGNCI (4 - 20 mol%) -
mR AR COs (3.0 equiv) | N R
H PhMe, 110 °C, 24 - 96 h H
(53 -97%) (11 examples)

R" = H, Me, Ph, COOEt
Y =H, 5-MeO, 5-Me
Ar = Ph, 4-MeOCgHy, 4-EtOOCCgH,4, 2-MeCgHs, 4-CF3CgH4, 3,4,5-(Me0),CgH,

Scheme 42. Pd(OAc),/BnEtsNCl-catalysed C-3 arylation of free (NH)-indoles under
ligandless conditions.

It should be noted that a catalyst comprising Pd(OAc), and
a tetraalkylammonium salt had been previously used by Jeffery
for a Heck-type reaction of methyl acrylate with iodobenzene in
polar solvents in the presence of K,CO3 as base.’! Moreover,
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Jeffery’s conditions have also been used for the direct arylation of
2- and 3-substituted thiophenes in a mixture of acetonitrile and
water, 2% as well as benzothiophenes?® and 3-methoxy-
thiophene?® in DMF.

A more conventional Pd(OAc),/PPhs catalyst system was used by
Lemaire and co-workers to prepare 3-(4-methoxy-2-nitrophenyl)-
1-methyl-1H-indole (54) by C-3 arylation of 1-methyl-1H-indole
with 4-bromo-3-nitroanisole in DMF in the presence of K,CO3 as
a base (Scheme 43).52 Compound 54 was then employed as
a building block for the synthesis of an indole-containing rhoda-
mine dye.%?

OMe
&
@ +Br PA(OAC), (5 mol%) NO,
N oute PR (10 moi%) B
\ o ;

Me (1.1 equiv) K2COj3 (3.0 equiv) N

DMF, 130 °C, 4 h Me 54

(61%)

Scheme 43. Synthesis of 3-(4-methoxy-2-nitrophenyl)-1-methyl-1H-indole (54).

The interesting results of an in-depth investigation of copper-
catalysed direct arylation of indoles with diaryliodonium salts have
been published recently by Gaunt and co-workers.®® They found
that free (NH)-indole and 1-methyl-1H-indole undergo high-
yielding C-3 arylation reactions with (aryl)(2,4,6-triisopropylphe-
nyl)iodonium triflates in DCM or DCE at 35 °C in the presence of 1-
1.5 equiv of 2,6-di-t-butylpyridine (dtbpy) and 10 mol % Cu(OTf),
(Scheme 44).5% In many cases, the C-3/C-2 selectivity of these re-
actions was higher than 20:1.

Y i-Pr Cu(OTf); (10 mol%) Y Ar
\ 4+ N dtpby (1.0 - 1.5 equiv) N\
@‘\/I} Art +Pr| OTF “5CM or DGE. 35 ° - 60 °C ‘ N

R i-Pr R!
Y R’ Ar Yield (%) C3 : C2 selectivity

H Me Ph 72 nd.

H Me 4-MeCgHy 74 >20:1

H Me 4-FCgHy 74 >20:1

H Me 4-MeOCgHy 73 11:1

H H 4-FCgHy 71 10:1

H Me 4-BrCgH4 82 >20:1

H Me 4-1CgHy 65 >20:1

H Me 4-(NO,)CgHq4 86 >20:1

H Me 3-CF3CgHas 77 >20:1

H Me 2-MeCgHy 86 >20:1

H Me  2-(AcNH)CgHy4 72 >20:1
H Me 3-thienyl 57 8:1

H Me 2-Br-4 pyridyl 38 >20:1
H H Ph 74 nd.
6-COOMe H Ph 85 nd.
5-NO, H Ph 73 nd.
5-Br H Ph 75 nd.

Scheme 44. Cu(ll)-catalysed C-3 arylation of indoles.

Gaunt and co-workers speculated that a Cu(I) catalytic species is
oxidized to a highly electrophilic Cu(lll)-aryl intermediate ,which
undergoes Friedel-Crafts-type metalation and arylation at position
C-3 of the indole.%> However, the C-3/C-2 selectivity proved to be
highly dependent on the electronic nature of the N-protecting
group of the indole derivatives.

In fact, 1-acetyl-1H-indole was found to undergo preferential C-
2 arylation by treatment with a molar excess of diaryliodonium
triflates in DCE at 70 °C in the presence of 1.5-6 equiv of dtbpy and
10 mol % Cu(OTf), (Scheme 45).%3
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i-Pr. Cu(OTf), (10 mol%)
N\ + N dtpby (1.5 - 6.0 equiv) N\
@ ArIAQI Pr| OTf —>DCE, 70°C | N Ar

Ac i-Pr Ac
(1.5 - 6.0 equiv)
Ar Yield (%) C3: C2 selectivity

4-MeCgHy 69 6.5:1
4-MeOCgHy 49 26:1
4-FCgHy 72 6:1
4-ClICgHy4 83 5:1
4-BrCgHy 82 6:1
4-1CgH4 56 55:1
3-BrCgHg4 80 7:1
3-CF3CgH4 78 6.5:1
4-EtOOCCgH4 73 4:1
4-O7NCgHy 54 3:1

Scheme 45. Cu(ll)-catalysed C-2 arylation of 1-acetyl-1H-indole.

Many of the latter reactions were shown to occur with C-2/C-
3 selectivity higher than 4:1. Very recently, it has also been found
that 1-(pyridinyn-2-yl)indole-3-carboxaldehyde (55) undergoes
C-2 arylation by reaction with a molar excess of aryl iodides in
the presence of K;COj3 as the base and a catalytic quantity of Cu,0
in DMF at 153 °C (Scheme 46).5% The reaction requires a very long
reaction time and gives the C-2 arylated derivatives in satisfac-
tory yields when aryl iodides bearing an electron-donating group
on the ortho-, meta-, or para-position are used as the electro-
philes. On the contrary, a modest yield (35%) is obtained by the
reaction of 55 with 4-iodonitrobenzene under these experi-
mental conditions.*

CHO Cu,0 (10 mol%) CHO

N\ 1 K2CO3 (2.0 equiv) N\ "

@ * Al TBwF, 153 °C,3d L
N (2.0 equiv) N

7N 7N

(35 - 84%)
\!
55 — —

Scheme 46. Cu(l)-catalysed C-2 arylation of 1-(pyridinin-2-yl)indole-3-carbox-
aldehyde (55).

On concluding this section, we should mention that indoli-
zines have also been used as substrates for palladium-catalysed
direct arylation reactions.®>®® In 2004, Gevorgyan and co-
workers reported that indolizines 56 undergo (hetero)arylation
with (hetero)aryl bromides in NMP at 100 °C in the presence of
water, AcOK, and catalytic quantities of PdCl,(PPhs), to give 3-
(het&ro)arylindolizines 57 in good to excellent yields (Scheme
47).

8 ; PACI,(PPhs), (5 mol%)
TANE= 2 ot (HetAB H,0 (2.0 equiv) ZNF R
SN (HeYA™Br — 5ac (2.0 equiv) SN/
5 3 NMP, 100 °C
’ Het)Ar
56 (51 - 96%) 57 (Het

(1.1 equiv) (12 examples)

Scheme 47. PdCl,(PPhs),-catalysed C-3 arylation of indolizines 56.

Mechanistic studies supported an electrophilic substitution
pathway for these arylation reactions.®®

More recently, Fagnou and co-workers®® have synthesised 3-
arylindolizines 57a and 57b in excellent yields by treatment of the
corresponding indolizines, 56a and 56b, respectively, with 4-t-
butylbromobenzene in DMA in the presence of K;CO3 as the base
and catalytic amounts of pivalic acid, Pd(OAc); and PCys-HBF4
(Scheme 48).

10279
Pd(OAC), (2 mol%) 7T\ r
N Br PCyseHBF, (4 mol%) S\ N~/
@@*R * \©\ PivOH (30 mol %)
EBU ,C04 (2.0 equiv)
56a : R = COOMe (1.2 equiv) DMA, 100 °C, 2-3h
56b : R = COOEt tBu

57a: R = COOMe (95%)
57b : R = COOE (94%)

Scheme 48. Pd(OAc),/PCys-catalysed C-3 arylation of indolizines 56a,b in the pres-
ence of pivalic acid.

3. Intermolecular direct (hetero)arylation of five-membered
heteroarenes with two or three heteroatoms

3.1. (Hetero)arylation of oxazole, benzoxazole, and
oxazolo[4,5-b]pyridine ring systems

Benzoxazole derivatives include compounds of particular in-
terest for their known pharmacological properties.®” In 2006,
Bergman, Ellman and co-workers reported a method for the
rhodium-catalysed microwave-assisted C-2 arylation of benzox-
azole and other azoles, including free (NH)-benzimidazole,
1-methyl-1H-benzimidazole, a 4,5-disubstituted free (NH)-im-
idazole, and 3-phenyl-1,2,4-triazole with bromobenzene.®® A
mixture of exo- and endo-9-cyclohexylbicyclo[4.2.1]-9-phospha-
nonane (Cy-Phob), (58) and (59), respectively, served as a highly
active supporting ligand in these rhodium(I)-catalysed reactions.
As illustrated in Scheme 49 where the reaction conditions of the
2-arylation of benzoxazole with bromobenzene are illustrated,
the highly hindered amine i-Bu(i-Pr);N was employed as the
base.

[RhCl(coe)], (5 mol%)
i-Bu(i-Pr);N (3.0 equiv)
58 /59 (0.3 equiv)

N N
% + Ph-Br S—Ph
o o
DCB, pw, 250 °C, 40 min
F,/Cy Cy\P
db Cb coe = cyclooctene
58 59

Scheme 49. Rh(I)-catalysed C-2 arylation of benzoxazole.

It is notable that both electron-rich and electron-deficient aryl
bromides coupled with benzimidazole in good yields and that re-
active functionalities such as carboxamide, ketone and nitrile were
well tolerated under the optimised conditions of these
[RhCl(coe);]»/Cy-Phob-catalysed reactions performed utilising
microwave heating and i-Bu(i-Pr),N as the base.582

However, palladium catalyst systems have often allowed the C-2
arylation of benzoxazoles, oxazole and oxazolo[4,5-b]pyridine to be
performed under experimental conditions milder than those
employed by Bergman and Ellman for the above-mentioned rho-
dium-catalysed reactions.

In 1992, Ohta and co-workers published the first report con-
cerning a palladium-catalysed protocol for the arylation of benz-
oxazole.'® The researchers employed Pd(PPhs)s as the catalyst
precursor for the C-2 arylation of this heteroarene with 2-chloro-
3,6-dimethylpyrazine, an activated heteroaryl halide, in refluxing
DMA in the presence of AcOK as the base.

In 2007, Sanchez and Zhuravlev investigated the reaction of
iodobenzene with benzoxazoles in DMF at 100 °C in the presence
of Cs;CO3; as the base and a Pd(OAc),/PPhs catalyst system
(Scheme 50).5°
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Y- N
\@ Y o+ P
o

Y = H, Me, MeO, NO, (20 equiv)

Y.
Pd(OAc), (2.5 mol%) \@:N\
>—Ph
o

PPh3 (10 mol%)
Cs,CO3 (2.0 equiv)
DMF, 100 °C

Scheme 50. Pd(OAc),/PPhs-catalysed C-2 arylation of benzoxazoles.

A mechanistic investigation enabled the authors to establish
that these arylation reactions could not be rationalised on the basis
of the electrophilic mechanism, which is presumably implicated in
palladium-catalysed direct arylation of other electron-rich hetero-
arenes,'9%46 and a new mechanism (Scheme 51), which includes
generation of 2-isocyanophenolate derivatives 60 by ring-opening
of benzoxazoles as a key step, was proposed on the basis of ex-
perimental and computational studies.®®

PdL,

+2LH-2L

PdL, \< h-l

o to
/C[ />7P:d7|
N
Y Ph ~—

Scheme 51. Proposed reaction mechanism for Pd-catalysed C-2 phenylation of
benzoxazoles.

However, in our opinion, this mechanism should not operate
in the Pd(OAc),-catalysed and Cul-mediated C-2 arylation
reactions of oxazole and other azoles, including 1-aryl-, 1-benzyl-
and 1-methyl-1H-imidazole, free (NH)-imidazole, -benzimid-
azole and -indole, thiazole, and benzothiazole, with aryl iodides
in DMF at 140 °C under base-free and ligandless conditions,
which we recently developed.’®>"7® We proposed that, under
these experimental conditions, very different from those pre-
viously employed for performing transition metal-catalysed
arylation reactions of m-excessive and w-sufficient heteroarenes,
which invariably involve the use of a base,'®#%71 the reaction
mechanism is based on the formation of 2-azolylcopper(I) de-
rivatives, followed by a transmetallation reaction with arylpal-
ladium(ll) species and reductive elimination.”® On the other
hand, coordination of the azole to Cul to form mw-complexes might
significantly lower the pKj, value of their C-H bond at position 2
and facilitate their conversion into C-Cu bonds via reaction with
Cul in the presence of DMF, a solvent with mildly basic
characteristics.”?

The experimental conditions used for the synthesis of 2-(4-
methoxyphenyl)oxazole (61) by palladium-catalysed and Cul-me-
diated arylation of oxazole with 4-iodoanisole under base-free and
ligandless conditions are reported in Scheme 52.5!

Pd(OAc); (5 mol%)
Cul (2.0 equiv)
DMF, 140 °C, 74 h
e (74%)

E@

Scheme 52. Synthesis of 2-(4-methoxyphenyl)oxazole (61).

0O, Ea-

(3.0 equiv)

A significant contribution to the development of new and
highly efficient general methods for the direct arylation of five-
membered heteroarenes with two heteroatoms, by Greaney and
co-workers, who described the high-yielding, on-water direct C-
5 arylation of 2-aryloxazoles with electron-poor, electron-rich,
and sterically hindered aryl iodides containing additional func-
tional handles for further chemical elaboration, in the presence
of suprastoichiometric amounts of Ag>CO3 and catalytic quanti-
ties of PdCly(dppf) and PPhs (Scheme 53).73 In this system
whereby the organic components react in a heterogeneous
aqueous solution, Ag,CO3 was employed as both base and source
of silver. 2,5-Diaryloxazoles 62, which were prepared according
to this protocol, included balsoxin (62a) and texaline (62b), two
compounds isolated from Amyris species of plants in the
Caribbean.”

N PdCla(dppf)eCHsCla (5 mol%) N
N 1 | S Art
[O>_Ar * Al PPhs (10 mol%) A 2£0>_ r
. I
(1.2 equiv) Ag2CO;3 (2.0 equiv) 62
H20, 60 °C, 24 h (30 examples)
(76 - 98%)
N N —
| S>—Pn | >\ 4
MeO o o o) N
62a 4 62b
MeO [¢)

Scheme 53. On-water direct C-5 arylation of 2-aryloxazoles.

Remarkably, these reaction conditions proved also to be suitable
for the synthesis of 2,5-diaryloxazoles 62 via direct C-2 arylation of
5-aryloxazoles with aryl iodides (Scheme 54).7

N PACI,(dppf)eCH;Cl (5 mol% N
\ 1 2(dppf)eCHCl, (5 mol%) J:\ Ar!
| o> + A PPhs (10 mol%) A | o>_ '
Ar? (1.2equiv)  Ag,CO; (2.0 equiv) 62
H,0, 60 °C (12 examples)
(76 - 98%)

Scheme 54. On-water direct C-2 arylation of 5-aryloxazoles.

Two additional reliable methods for the preparation of 2,5-
diaryloxazoles via direct palladium-catalysed arylation reactions
have been recently described.”®’” Piguel and co-workers’® syn-
thesised a large variety of these heteroarene derivatives, including
the four alkaloids 62a, 62b, texamine (62c), and O-methyl-
halfordinol (62d) (Scheme 55) by the use of a modification of our
previously reported procedure for the palladium-catalysed and
copper-mediated C-2 arylation of 1-aryl-1H-imidazoles with aryl
halides under ligandless conditions.”®

N o N
/[ \> + Ar'-Br Pd(OA), (5 m?l %) JI S—Ar!
270 Cul (2.0 equiv) A" O
Ar (1.2 equiv) K2CO3 (2.0 equiv) 62
DMF, pw, 150 °C, 4 - 15 min (16 examples)
(63 - 81%)

N N —
Ly B
0 o o N
( 62 62d
[e) ° eO

Scheme 55. Microwave-assisted Pd-catalysed and Cu-mediated C-2 arylation of
5-aryloxazoles under ligandless conditions.

The modification, involving the microwave-assisted Pd(OAc);-
catalysed and Cul-mediated C-2 arylation of 5-aryloxazoles with
aryl bromides in DMF in the presence of K,COs as the base, allowed
the synthesis of 2,5-diaryloxazoles 62 in short reaction times and
high yields.
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On the other hand, 2,5-di(hetero)arylated oxazoles were
synthesised by Hoarau and co-workers through a palladium-
catalysed C-2 and subsequent C-5 direct (hetero)arylation pro-
cess of ethyl oxazole-4-carboxylate (63) with iodo-, bromo- and
chloro(hetero)arenes.”” A two-step hydrolysis/decarboxylation
sequence involving the so-prepared ethyl 2,5-di(hetero)arylated
oxazole-4-carboxylates (65) enabled the synthesis of a variety of
compounds 63, including 62a and 62b, in high overall yields
(Scheme 56).77

(for X = Br or 1) JohnPhos (10 mol%), dioxane

EtOOC. N, ) (for X = Cl) P(o-tol)3 (10 mol%), PhMe
\[O> * Ar-X T E6,C0; (2.0 equiv), PA(OAC), (5 mol %)

63 110°C, 18 h
(60 - 98%) (19 examples)

Ar?X (1.0 equiv)

EtOO
° C\[N\>7Ar1 (for X = Cl) JohnPhos (10 mol%), dioxane EtOOCIN%AH
o} (for X = Br) P(o-tol)3 (10 mol%), PhMe ) o
64 Cs,CO;3 (2.0 equiv), Pd(OAC), (5 mol%) A 65
110°C, 18 h

(60 - 95%) (13 examples)

1) LiOH (10 equiv)

N
DMF, H,0, 45 °C, 12 h N A
2) Cu0(120e i JI A PCy2
Oequiv), DMF ) >7~0 JohnPhos =
160 °C, 70 h 62

(75 - 100%) (4 examples)

Scheme 56. Synthesis of compounds 62 from ethyl oxazole-4-carboxylate (63).

As illustrated in this scheme, Buchwald’s JohnPhos ligand
was used both for the C-2 arylation of 63 with (hetero)aryl
bromides and iodides and the C-5 arylation of the resulting
ethyl 2-(hetero)aryloxazole-4-carboxylates 64 with (hetero)aryl
chlorides. On the other hand, P(o-tolyl); was the ligand of
choice both for the C-2 arylation of 63 with (hetero)aryl chlo-
rides and the C-5 arylation of compounds 64 with (hetero)aryl
bromides.

It was also found that the C-2 direct arylation conditions on
water, successfully used for the synthesis of 62a and 62b, were
ineffective for the arylation of 63 with 4-iodo-2-triisopropylsily-
loxazole (66).”

Nevertheless, the use of Herrmann’s palladacycle”® allowed the
preparation of triisopropylsilyl-[2,4’]-bisoxazolyl-4-carboxylic acid
ethyl ester (67) from 63 and 66 in 81% yield (Scheme 57).7°

Et00C N\ ! N\ Herrmann's palladacycle (5 mol%)
I > | >7T|PS Cs,CO3 (2.0 equiv)
63 ° sso PhMe, 110 °C, sealed tube
(81%)
EtOOC TIPS

N N\\(
A\
TOWO
67
Scheme 57. Direct C-2 arylation of oxazole 63 with iodide 66.

In 2008, Doucet and co-workers accomplished the direct C-2
arylation of oxazole and benzoxazole with either a range of
electron-rich and electron-poor aryl bromides or electron-
poor aryl chlorides in DMF at 100-150 °C in the presence of
CspCO3 as the base and PdCl(dppb)(allyl) as the catalyst
precursor.8°

Interestingly, the results were generally better in reactions in-
volving electron-rich aryl bromides compared to those of their
electron-poor counterparts. Scheme 58 illustrates the results
obtained in the synthesis of compounds 68 from benzoxazole and
4-substituted aryl bromides.&°

PPh,
N B C /Pd:\/
r N
O e CI-Om
O vy DMF, Cs,CO3, 100 - 150 °C, 20 h o

(2.0 equiv) 68

Substrate / catalyst ratio  Temp (°C) Y Isolated yield (%)

80 100 Ac 78
100 150 ArCO 61
100 150 CF3 84
20 100 CN 79
100 150 F traces
20 120 F 78
100 150 t-Bu 80
100 150 Me 61
100 150 MeO 85
100 150 MeoN 87

Scheme 58. PdCl(dppb)(allyl)-catalysed C-2 arylation of benzoxazole with 4-
substituted aryl bromides.

Most recently, Ackermann and co-workers have investigated the
challenging use of aryl tosylates and mesylates in palladium-cata-
lysed direct arylations of benzoxazole, 5-phenyloxazole and
caffeine 8!

Aryl tosylates and mesylates are easily accessible from phe-
nols and would thus be highly advantageous alternatives to aryl
halides from both ecological and economical standpoints.
Ackermann and co-workers discovered that a catalyst system
composed of Pd(OAc); and X-Phos enables high-yielding re-
actions of benzoxazole with electron-rich aryl tosylates in
a mixture of DMF and t-BuOH in the presence of K,COs; and
a catalytic amount of pivalic acid (Scheme 59). Notably, addition
of pivalic acid®? proved to be beneficial for the direct arylation of
benzoxazole with aryl tosylates and mesylates, but did not affect
the catalytic performance of the arylation of 5-phenyloxazole and
caffeine.8!

Pd(OAc), (5 mol%)
X-Phos (10 mol%)
t-BuCOOH (15 mol%)
DMF / t-BuOH (2 : 1)
K2COg3, 100 °C, 18-22 h
(78 - 97%)

I PCy;
i-Pr i-Pr
O X-Phos

Scheme 59. Pd-catalysed direct arylation of benzoxazole with aryl tosylates.

>
N
o] R

(11 examples)

@(l\)l\> . RQ/OTS

(1.2 equiv)

In this regard, it must be mentioned that, very recently, You and
co-workers have developed a new palladium-catalysed method-
ology which, for the first time, enables the direct C-arylation of
azoles, including benzoxazole, caffeine and thiazoles, with a broad
spectrum of aryl bromides without the presence of phosphines, the
aid of Cul, or metal additives by using pivalic acid as the
cocatalyst.3%P

An additional heteroarene containing two heteroatoms, which
has been used as a substrate in direct arylation reactions, is oxa-
zolo[4,5-b]pyridine (69). In 2006, Zhuravlev described that 69,
a compound with an electron-rich ring fused to an electron-de-
ficient system, undergoes C-2 arylation in modest to satisfactory
yields by treatment with a molar excess of aryl iodides in acetone at
30°C in the presence of a Pd(OAc),/PPhs catalyst system and
Cs,CO; as the base (Scheme 60).83
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Pd(OAc); (5 mol%)
PPh3 (20 mol%)
052003 (2.0 equiv)
acetone, 30 °C, 24 h

NN |
/\\>+©
X0

\4

69

O

(2.0 equiv)

Y Yield (%)

Me 52

Ac 67

NH; 74

Cl 39

CN 61

CH,0Leu(L)NBoc 41

CH,OLeu(D)NBoc 48

Scheme 60. C-2 arylation of oxazolo[4,5-b]pyridine (69).

Finally, we think it right to point out that, in recent years, at-
tention has also been turned to the replacement of expensive pal-
ladium catalysts with cheaper copper compounds in many types of
reactions®4-%¢ including the direct arylation of heteroarene C-H
bonds. In 2007, Do and Daugulis developed a method for the Cul-
catalysed C-2 arylation of benzoxazole and other azoles, including
oxazole, thiazole, 1-methyl-1H-benzimidazole, 1-methyl-1,2,4-tri-
azole, and caffeine, with aryl iodides.?”

As shown in Scheme 61, where the results of representative
arylations of benzoxazole are summarised, the method entails the
use of a molar excess of aryl iodides, DMF as solvent, and LiOt-Bu as
the base under ligandless conditions. Notably, this protocol also
enabled the efficient C-6 arylation of 2-phenylpyridine-N-oxide
with iodobenzene,3” but suffers from a limitation due to the fact
that it requires the use of a large excess of aryl iodides and the
strongly basic LiOt-Bu.

Cul (10 mol%)

N
D .
@:O> * Al T orBu (2.0 equiv)

(3.0 equiv) DMF, 140 °C, 10 min

e

Ar Yield (%)
4-CF3CgH4 91
4-FCgHgy 90
4-MeOCgH, 80
3,5-(Me),CgH3 85
2-MeCgHy 91
2,4,6-(Me)3CgH> 55
1-naphthyl 90
2-pyridyl 89

Scheme 61. Cul-catalysed C-2 arylation of benzoxazole.

More recently, Miura and co-workers have performed C-2 ary-
lation reactions of 1,3-benzoazole compounds, including benzox-
azole, 1-methyl-1H-benzimidazole, and benzothiazole, with
a molar excess of aryl iodides in the presence of a stoichiometric
amount of Cul, a catalytic quantity of PPhs as the supporting ligand,
and a molar excess of NayCO3; or K3PO4 as the base in DMF or
DMSO0.88 Remarkably, the use of these mild bases made various
functional groups tolerant in these copper-mediated reactions.
Scheme 62 illustrates the Cul-mediated C-2 arylation of benzox-
azole with aryl iodides.

"NaCO; (2.0 equiv)

N
Iy
0 Y DMF, 160 °C, 2 h
(43 - 93%)
N
L~
o

Y =H, OMe, CI, Br, COOMe, CN

Cul (1.0 equiv)
PPh3 (0.2 equiv)

Scheme 62. Cul-mediated C-2 arylation of benzoxazole with aryl iodides.

3.2. (Hetero)arylation of thiazole and benzothiazole ring
systems

Several protocols for the palladium-catalysed direct arylation of
thiazole?4323>37415187 35 benzothiazole ring systems>03336:42.52
with aryl halides have been described in the previous sections of
this article. However, in recent years, a number of additional pro-
cedures for the palladium-catalysed direct C-2 arylation of thiazole,
its derivatives, and benzothiazole have been developed.39-102

In 2005, the efficient C-2 arylation of thiazole and other elec-
tron-sufficient five-membered heteroarenes with aryl halides was
performed by Fagnou and co-workers by the use of Pd(OH), on
carbon as the catalyst under ligandless conditions.®® Within the
same year, Tamagnan and co-workers reported the high yielding
synthesis of a variety of 2-arylbenzothiazoles by direct coupling of
benzothiazoles with aryl bromides in DMF at 150 °Cin a sealed tube
in the presence of Cs;CO3 as the base and catalytic amounts of
Pd(OAc),, P(t-Bu)s and CuBr (Scheme 63).°C Interestingly, 2-aryl-
benzoxazoles could be analogously synthesised in good yields from
benzoxazole and aryl bromides.*

N
/@[ S+ Ar-Br
Y S

Y =H, OMe

Pd(OAc); (5 mol%)
P(t-Bu)3P (10 mol%)
Cs,CO3 (1.0 equiv)
CuBr (20 mol%)
DMF, 150 °C, sealed tube, 1 h
(63 -79%)

N
fas®
Y S

(12 examples)

Scheme 63. Pd(OAc),/P(t-Bu)s/CuBr-catalysed C-2 arylation of benzothiazoles with
aryl bromides.

It should be noted that a catalyst system composed of Pd(OAc), and
P(t-Bu)s, but lacking in CuBr, had been previously employed by Miura
and co-workers for the C-2 arylation of benzothiazole and the C-5 ary-
lation of 2-substituted thiazoles with aryl bromides in DMFat 150 °C.1%?

This research group had also discovered that the use of a less polar
solvent such as o-xylene and P(bipheny-2-yl)(t-Bu); as the ancillary
ligand was essential for the successive 4,5-diarylation of a thiazole
substrate having a 5-carboxyanilide as a sacrificial group.1??

In 2006, Hamada and co-workers showed that 2-trimethylsi-
lylthiazoles serve as efficient substrates for the synthesis of
2-arylthiazoles by a direct palladium-catalysed cross-coupling
reaction with biaryl triflates without the use of any fluoride
source.”! Two representative examples of these reactions, which
were performed in DMF at 140 °C in the presence of K»COs3, LiCl and
a Pd(OAc),/dppb catalyst system, are shown in Scheme 64.

Pd(OAc); (30 mol%)
dppb (30 mol%)
S K,CO3, LiCl (25 equiv)

DMF, 140 °C, 17 h

f \
f Me Si

+

1 OO oTf

(31% (6%)
Me Pd(OAc); (30 mol%) OO
dppb (30 mol%)
OTf —>
OTf | \ K2COg, LiCl (25 equiv)
MesSi s DMF, 140 °C, 17 h g g OH

(73%)

Scheme 64. Pd-catalysed reaction of 2-trimethylsilylthiazoles with biaryl triflates.
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One year later, Priego and co-workers published a new syn-
thetic route to afford 2-amino-5-arylthiazoles 72 in high yields
via direct C-5 arylation of N-protected 2-aminothiazole 70 with
aryl iodides in DMF at 140 °C in the presence of of Cs;CO3 as the
base and a catalyst system composed of Pd(OAc), and DavePhos
(71), followed by treatment with trifluoroacetic acid in CH,Cly
(Scheme 65).%2

Et00C.__y
\[ »—NHBoc
?0 1) Pd(OAc); (5 mol%) EtOOC. N
. Ligand 71 (10 mql%) v | \>—NH2
Cs,CO3 (2.0 equiv) S

DMF, 120 °C, 24 h 72
2) TFA, CH,Cly, rt

.

Y Yield (%)

H 80

. 3-Me 76

Y2 4-i-Pr 9

MeN 3-NO, 45

3-Cl 79

4-Cl 85

71 (DavePhos) 34-Cl 75
sl

4-NO, 48

Scheme 65. Synthesis of 2-amino-5-arylthiazoles 72.

Mechanistic studies of the palladium-catalysed reaction sug-
gested a proton-abstraction pathway involving a transition state 73
(Fig. 3).9 This pathway was similar to that proposed by Echavarren,
Maseras and co-workers for a related intramolecular direct aryla-
tion reaction.!®3

OEt

Figure 3. Transition state for Pd-catalysed C-5 arylation of compound 70.

In 2007, a two-step process involving direct arylation reactions
was used by Mori and co-workers for the synthesis of 2,5-diaryl-
thiazoles 77 bearing electron-withdrawing cyano and electron-
donating N,N-dialkylamino groups at the 5- and 2- position,
respectively (Scheme 66).>3 Thus, C-2 arylation of thiazole with
4-(N,N-dialkylamino)iodobenzenes 74 in the presence of TBAF as
the activator and a PdCly(PPhs),/Cul catalyst system gave the
compounds 75 in good yields. A further C-H arylation of these
heteroarenes at the 5-position with 4-iodobenzonitrile (76) was
carried out in DMSO at 80 °C in the presence of AgF and a catalytic
amount of PdCly(PPhs); to afford the donor-acceptor type
2,5-diarylthiazoles 77, showing strong light emission,?*” in 32-57%

overall yields.%
| PAClo(PPha)2 (3 Mol%) [ N
N, \Q , Cul (2 mol%) s
[s> * nR TBAF (2.0 equiv) R

R2 DMSO, 60 °C, 24 h )
(67 - 82%) 75 R

74

|
\©\CN (76) (2.0 equiv)

PACly(PPh3), (5 mol%)

oat
NC S)\©\

AgF (1.0 equiv) N'R1
DMSO, 80 °C,5-10h 77 Il?z
(67 - 82%)

Scheme 66. Synthesis of donor-acceptor-type 2,5-diarylthiazoles 77.

It should be noted that Mori and co-workers had previously
found that AgF is transformed into Agl when the palladium-cata-
lysed C-H arylation of thiazole or thiophene is performed with aryl
iodides.!>

Again in 2007, Gottumukkala and Doucet reported that the 2-
substituted thiazoles 78 undergo C-5 arylation with activated aryl
chlorides containing a range of functionalities such as acetyl, for-
myl, ester, nitro, nitrile or trifluoromethyl when reacted in DMA at
150 °Cin the presence of AcOK as the base and catalytic amounts of
the air-stable PdCI(dppb)(allyl) complex (Scheme 67).%4

£

(17 examples)

PdCl(dppb)(allyl) (10 mol%)
AcOK (4.0 equiv)
DMA, 150 °C, 15 h

(11-75%)

N
[ S—R' + ArCl
s

78 : R' = Et, n-Pr

Ar
Scheme 67. Direct C-5 arylation of 2-substituted thiazoles with aryl chlorides.

Within the same year, Greaney and co-workers developed the
first methodology for the direct C-5 arylation of 2-arylthiazoles
with aryl iodides on water.®® In this method, which compares
favourably with existing thiazole arylations®®8%9%102 working in
higher yields for a greater substrate range and being significantly
milder, the reactions are performed at 60 °C in the presence of
Ag>CO3 and a [Pd(dppf)Cl,]-CH,Cly/PPhs catalyst system (Scheme
68). Remarkably, the on-water reactions proved to be entirely un-
successful when they were carried out in the absence of Ag,C03.%

N [Pd(dppf)ClaleCHoCla (5 mol%) N

A\ 1 2 A 1
[ DA+ HetAr| PPh; (10 mol%) £s> Ar

S HetAr?

Ag>CO3 (2.0 equiv) (23 examples)
H20, 60 °C, 24 h
(56 - 99%)

(1.2 equiv)
Scheme 68. Direct C-5 arylation of 2-arylthiazoles on-water.

It is also worth noting that, as far as we know, this C-5 arylation
method on water as well as all those reported in this section of the
review have never been tested for the direct C-5 arylation of thia-
zole with an unblocked C-2 position.

More recently, a large variety of t-butyl 2-(hetero)aryl-4-thi-
azolecarboxylates 81 have been synthesised by direct palladium-
catalysed C-2 arylation of t-butyl 4-thiazolecarboxylate (79) with
(hetero)aryl iodides, bromides and chlorides (Scheme 69).°> The
reactions involving (hetero)aryl iodides were performed using P(o-
tol)s as the ancillary ligand, but those with (hetero)aryl bromides
and chlorides were found to require the use of 2-dicyclohex-
ylphosphinobiphenyl (80) as the ligand.>®

PA(OAC); (5 mol%)
+BuOOC. N (for X = 1) P(o-tol)s (10 mol%)
I Y + (Heha-x 3
g (for X = Br or Cl) ligand 80 (10 mol%)
79 Cs,CO3 (2.0 equiv)
DMF, 110 °C, 18 h

(58 - 95%) O

+BuOOC.__\
I S—(Het)Ar
s

81
(18 examples)

Scheme 69. Direct C-2 arylation of t-butyl 4-thiazolecarboxylate (79).

In 2008, Fagnou and co-workers made the highly important
discovery that the N-oxide group imparts a dramatic increase in
reactivity in direct palladium-catalysed arylation at all positions of
the azole ring.”’ It was found that this group permits regioselective,
high yielding, and room temperature arylation at C-2 of thiazole-
N-oxide (82), high yielding arylation at C-5 of the resulting
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2-arylthiazole-N-oxides 83, and also C-4 arylation of the so
obtained 2,5-diaryl-thiazole-N-oxides 84, thus providing a very
useful entry into exhaustively arylated thiazole derivatives 85.

As illustrated in Scheme 70, the synthesis of compounds 83 was
performed in toluene at room temperature in the presence of
CsyC03, a Pd(OAc);/CuBr/DavePhos/pivalic acid catalyst system and
by the use of aryl iodides as electrophiles.

©) Pd(OAc); (5 mol%)
CuBr (10 mol%)
DavePhos (10 mol%)
S PivOH (10 mol %)
82 Cs,CO0;3 (1.5 equiv), PhMe, 25 °C
(59 - 84%)

Q@
[N\> + Arl-l

o@ Ar>-Br O
N® Pd(OAc), (5 mol%)
[ S—Art P(EBU)sHeBF4 (5 mol%)
S K2COj3 (1.5 equiv) Ar2
83 PhMe, 70 °C
(64 - 80%)

(o)

N®
JI \>—Ar1

S

84

Ar3-Br Oe

Pd(OAG); (5 mol%) A _NO®
PPhs (5 mol%) I S—Ar!
K,CO3 (1.5 equiv) Ar? BSS
PhMe, 110 °C
(76 - 85%)

Scheme 70. Synthesis of 2,4,5-triarylthiazole-N-oxides 85 by sequential arylation of
thiazole-N-oxide (82).

On the other hand, a Pd(OAc),/P(t-Bu)s-HBF, catalyst system
was used for the C-5 arylation of compounds 83 with aryl bromides
in toluene at 70 °C in the presence of K;COs3 as the base, but more
forcing conditions proved to be necessary to convert the resulting
compounds 84 into 85. In fact, the compounds 84 were reacted
with aryl bromides in refluxing toluene in the presence of K,COs as
the base and a Pd(OAc),/PPhs catalyst system. Interestingly, the
compounds 85 could be easily deoxygenated by treatment with
zinc powder and aqueous NH4Cl in THEY?

In 2009, in continuation of these studies Fagnou and co-workers
have found that thiazole-N-oxides undergo C-2 direct arylation by
treatment with activated and unactivated aryl bromides in toluene
at room temperature in the presence of K;COs as the base, pivalic
acid as the additive and a catalyst system consisting of a mixture of
Pd(OAc); and 2-diphenylphosphino-2’-(N,N-dimethylamino)bi-
phenyl (86) as the optimal ligand (Scheme 71).%8

O@ Pd(OAc), (5 mol%) o@
Ligand 86 or DavePhos (10 mol%) R! N®
PivOH (0.2 equiv) ‘ \>,Ar1
R2 S
(20 examples)

R!

N® 4 Ar'—l
T

R2° S
(1.1 equiv)

K2COj (1.5 equiv), PhMe, 25 °C
(64 - 92%)

O PR,
MeoN l

86:R="Ph
DavePhos 71 : R =Cy

Scheme 71. C-2 direct arylation of thiazole-N-oxides.

Interestingly, superior yields have been obtained by switching
the ligand from 86 to DavePhos (71) when sterically congested aryl
bromides were used as electrophiles.%®

It has also been found that C-2 arylated thiazole-N-oxides can
undergo highly selective C-5 arylation by treatment, as previously
reported,”” with aryl bromides in toluene at 70 °C in the presence of
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K>CO3 and a Pd(OAc),/P(t-Bu)s- HBF4 catalyst system (Scheme 72).
Under these conditions good yields of 2,5 diarylated thiazole-N-
oxides have been obtained also using sterically encumbered aryl
bromides.®

o© Pd(OAc), (5 mol%) @
N® 1 o (tBusPH)BF (5 mol%) N®
[ S arl A B 00, (1.5 squiv) JI S—art
s PhMe, 70 °C A" S
(1.5 - 2.0 equiv) (67 - 99%) (10 examples)

Scheme 72. C-5 direct arylation of 2-arylthiazole-N-oxides.

Recently, Fagnou's research group has also established that the
regioselectivity and reactivity observed in the Pd(OAc),/PCys-cat-
alysed direct arylation reactions of thiazole-N-oxides and other
heteroarenes, including thiophene, benzothiophene, furan, indoli-
zine, imidazo[1,2-a]pyridine and pyridine-N-oxide, with aryl bro-
mides in DMA in the presence of pivalic acid can be predicted by
a  concerted-metalation—-deprotonation (CMD) mechanism
(Scheme 73), which involves concerted metalation of the hetero-
arene and H-transfer to the pivalate ligand.®® DFT and B3LYP ex-
change correlation functional experiments supported this
mechanism.?® On the other hand, it was observed that 3-fluo-
robenzothiophene reacts preferentially over the more nucleophilic
benzothiophene with several aryl bromides. Thus, this reactivity
was not consistent with an SgAr mechanism, but was compatible
with a CMD pathway.%®

N
)I N L,Pd(0)
Ar-B
Ar X s
N
A
L JI > Ar—Pd(L,)Br
Pd” X
Ar N
[ D+ +Bucoo®
X
t-BUCOOH N
o Ar [ N
Br L L,ﬁd‘ ~X
B
520
t-Bu

Scheme 73. CMD-pathway for Pd-catalysed arylation of 1,3-azoles with aryl bromides.

Again in 2009, a new protocol for the regioselective arylation of
thiazole and benzothiazole has been developed by Miyaoku and
Mori.%®

They used NaOH as a new activator for the reaction of benzo-
thiazole with aryl bromides in DMSO at 60 °C in the presence of
a PdCly(PhCN),/P(t-Bu)s - HBF4/Cul catalyst system ,which generally
provides 2-arylthiazoles 87a-e in excellent yields (Scheme 74). A
low yield, probably due to a concurrent saponification reaction, was
obtained only in the preparation of compound 87e.

PdCl,(PhCN); (10 mol%)

@N\> . B'\@ (+-BusPH)BF (20 mol%) @N@Y
S v Cul (10 mol%) S
NaOH (1.2 equiv)
DMSO, 60 °C, 24 h 87a:Y = Me (88%)
(18-91%) 87b:Y =H (81%)

87¢: Y = NMe;, (91%)
87d: Y = OMe (82%)
87e : Y = COOMe (18%)

(1.2 equiv)

Scheme 74. Use of NaOH as activator for the Pd/Cu-catalysed C-2 arylation of benzo-
thiazole with aryl bromides.
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Miyaoku and Mori also found that the reaction of a molar excess
of thiazole with 4-iodoanisole in DMSO at 60 °C in the presence of
NaOH as the base and catalytic amounts of PdCly(PPhs); and Cul
provides compound 88 in 77% yield (Scheme 75).

N ! N
0 "L C5—O-om
S OM S
(2.0 equiv) 88
Ol y
NaOH (2. 0 equiv)

8o (77%) Et 20

PdCI,(PhCN); (3 mol%)
Cul (2 mol%)
NaOH (2.0 equiv)
© DMSO, 60 °C, 24 h

(77%)

PdCIy(PhCN), (3 mol%)
Cul (2 mol%)

Scheme 75. Use of NaOH as activator for the Pd/Cu-catalysed synthesis of compounds
88 and 90.

Furthermore, these authors showed that similar reaction con-
ditions can be used for the preparation of compound 90, which is
potentially useful for the preparation of photoluminescent mate-
rialségfrom the bifunctional aryl iodide 89 and thiazole (Scheme
75).

Very recently it has also been shown that ligand-free Pd(OAc); is
capable of catalysing very efficiently the direct arylation of thiazole
derivatives at very low catalyst loadings.’°° By using activated aryl
bromides, the reaction can be performed employing as little as 0.1-
0.01 mol % catalyst, but disappointing results are obtained when
sterically congested aryl bromides or strongly deactivated aryl
bromides are used as arylating reagents.!°°

On the other hand, differently substituted 2,5-diarylthiazole
derivatives have been very recently synthesised by Mori and co-
workers in modest-to-low overall yields via PdCly(PPhs),-cata-
lysed, AgNOs-mediated C-H arylation at the 5-position and C-C
bond activation at the 2-position of a thiazole derivative masked at
C-2 by a (hydroxy)diphenylmethyl group.!®! The C-5 arylation re-
actions were carried out using aryl iodides as electrophiles in DMSO
at 100 °C in the presence of KF as the base, and the resulting ary-
lated derivatives were found to undergo Pd(OAc),/P(biphenylene-
2-yl)(t-Bu),-catalysed arylation at the 2-position with aryl iodides
in xXylenes at 150 °C in the presence of Cs;COs3 as the base through
the C—C bond activation.!’!

3.3. (Hetero)arylation of imidazole and benzimidazole ring
systems

In 2006, our research group disclosed an efficient procedure for
the highly regioselective synthesis of 1,2-diaryl-1H-imidazoles 92
via ligandless Pd(OAc),-catalysed and Cul-mediated C-2 arylation
of 1-aryl-1H-imidazoles 91 with aryl iodides and bromides in DMF
at 140 °C in the presence of CsF (Scheme 76).1%4

R\ Pd(OAC) (5mol%)  R1_
\[ N ax Cul (2.0 equiv) \[ YAz
N (X=Br, 1) CsF (2.0 equiv) N
Art " DMF, 140 °C, 19-65h Ar!
91 (2.0 equiv) (38 - 94%) 92

(12 examples)

Scheme 76. Pd-catalysed and Cu-mediated C-2 arylation of 1-aryl-1H-imidazoles.

This simple and practical method, which compares favourably
with those previously reported in the literature that are based on
the construction of the imidazole ring,'% allowed us to prepare 1,2-
diaryl-1H-imidazoles 92 containing electron-donating and/or
electron-withdrawing substituents on the aryl groups linked at
their N-1 and C-2-substituted positions.'®* Compounds 92 included

a selective COX-2 inhibitor and derivatives able to exhibit signifi-
cant cytotoxic activity against some human tumor cell lines.

Shortly afterwards, we found that a number of different
1,3-azoles, including N-imidazoles, free (NH)-imidazole, -benz-
imidazole and -indole, thiazole and oxazole, undergo highly
regioselective arylation by treatment with aryl iodides in DMF at
140 °C in the presence of a suprastoichiometric amount of Cul and
a catalytic quantity of ligandless Pd(OAc), under base-free condi-
tions to give the corresponding 2-arylated derivatives 93 in mod-
erate to excellent yields (Scheme 77).°%>> Remarkably, no product
of N-arylation of N-unprotected heteroarenes were observed under
these experimental conditions.

PN 0 PN
C [ S . Al Pd(OAc); (5 mf)l %) Z [ S ar
Sy ~7 (2.0 equiv) Cul (2.0 equiv) L7
Y =N.CH DMF, 140 °C, 48 - 115 h 03

o
Z=NAr", NH, NMe, O, S (23-99%)

Scheme 77. Pd-catalysed and Cu-mediated C-2 arylation of 1,3-azoles with aryl
iodides under base-free and ligandless conditions.

Some so-prepared novel compounds 93 and 1,5-diaryl-1H-im-
idazoles 94 were evaluated for their in vitro antitumor activity
against the NCI 60 human tumor cell line panel'®® and it was
established that compounds 94a and 94b were more cytotoxic than
combretastatin A-4 (95) (Fig. 4), a potent antimitotic agent isolated
from the stem of Combretum caffrum,'® of which they are structural

analogues.
N N
D IS
! N F N
Q\OMe MeO Q\OMe
MeO OMe MeO OMe

O
0 Q OMe
MeO OMe

95
Figure 4. Structures of compounds 94a, 94b and 95.

The compounds 94 were regioselectively synthesised in satis-
factory to good yields by coupling of 1-aryl-1H-imidazoles 91 with
aryl iodides in DMF at 140 °C in the presence of CsF as the base and
a calgaglyst precursor composed of Pd(OAc); and AsPhs (Scheme
78).

Pd(OAc); (5 mol%) 4

N N
AsPhz (10 mol%

R RPN N o

CsF (2.0 equiv) Ar2 N

N (2.0equiv)
Ar' DMF, 140 °C,21-90 h Ar'
91 94

_ 790
(42-72%) (19 examples)

R1

Scheme 78. Regioselective synthesis of 1,5-diaryl-1H-imidazoles 94.

In 2007, we focused our attention on the development of efficient
and practical methods to access 4(5)-aryl-1H-imidazoles 97. In fact,
many of these compounds elicit important biological and pharma-
cological properties.'%° Our initial investigations were turned to the
preparation of 97 by direct C-5 arylation of free (NH)-imidazole with
aryl iodides, but, to our disappointment no expected arylation
product was obtained when the reaction was carried out in DMF at
140 °C in the presence of 2 equiv of a base such as Cs;CO3 or AcOK
and a catalyst system such as Pd(OAc),/P(2-furyl); or Pd(OAc),/
PPh3.1'® We then searched for an alternative synthetic route and
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found that a large variety of compounds 97 could be efficiently and
selectively prepared by a PdCl,(dppf)-catalysed Suzuki-Miyaura
reaction of the commercially available, 4(5)-bromo-1H-imidazole
(96), with arylboronic acids in a refluxing mixture of toluene and
water in the presence of a suprastoichiometric quantity of CsF and
5 mol % BnEt;NCl (Scheme 79).110

BNEtsNCI (5 mol%)

Br\EN
| Y+ Ar'-B(OH
N> r-B(CH) CsF (3.0 equiv)

96H PhMe, H,0, 110 °C, 72- 139 h H

(76 - 90%)

PdCly(dppf) (5 mol%)

97

Scheme 79. Synthesis of 4(5)-aryl-1H-imidazoles 97 from 4(5)-bromo-1H-imidazole
(96).

We also speculated that heteroarenes 97 might be conveniently
prepared via a two-step reaction sequence involving the regiose-
lective C-5 arylation of an N-protected imidazole such as 1-benzyl-
1H-imidazole (98), followed by N-deprotection of the resulting
arylated derivatives 99 (Fig. 5).

N N
> 0

N A7 N
98 Bn 99 Bn

Figure 5. Structures of compounds 98 and 99.

In a study on this subject we found that the commercially
available 98 undergoes Pd(OAc),/P(2-furyl)s-catalysed arylation
both with electron-neutral and electron-deficient aryl bromides in
DMF in the presence of K>COs as the base to give 5-aryl-1-benzyl-
1H-imidazoles 99 in good yields and 94-100% C-5 regioselectivity
(Scheme 80).M"

Pd(OAc), (5 mol%)

N N
[ Y, Ay P@-furyls (10 moi%) /[ N
N 20 T K2CO3 (2.0 equiv) art” N
gg BN (2:0equv) - pyiE 440G, 27-87 h g9 BN

(43-73%)

Scheme 80. Direct C-5 arylation of 1-benzyl-1H-imidazole (98).

Compounds 99 could be converted into 4(5)-aryl-1H-imidazoles
97 in high yields by treatment with a large molar excess of am-
monium formate in refluxing methanol in the presence of Pd/C or
Pearlman’s reagent.!!!

The application of 5-aryl-1-benzyl-1H-imidazoles 99 in the
synthesis of 4,5-diaryl- and 2,4(5)-diaryl-1H-imidazoles 102 and
104, respectively, was also investigated.!'! It was found that the
compounds 102 could be regioselectively prepared via a three-step
reaction sequence involving the regioselective C-4 bromination of
99 and a palladium-catalysed Suzuki-type reaction of the resulting
bromoimidazoles 100 with arylboronic acids, followed by catalytic
N-debenzylation of the so-obtained 1-benzyl-4,5-diaryl-1H-imid-
azoles 101 (Scheme 81).!"

o

Ar?B(OH), (2.0 equiv)

NBS (1.05 equiv) PdCl,(dppf) (5 mol%)

Br N
p
1 N

’ MeCN, rt BnEt3;NCI (5 mol%)
A (64 - 80%) o CsF (3.0 equiv)
99 100 PhMe / Ho0 (1 : 1), reflux, 24 h
(67 - 99%)
A\ 10% Pd/C, HCOONHy, (10.0 equiv) A2
I S MeOH, reflux (99%) NN
a7 N or 1IN>
101 Bn 20% Pd(OH),/C, H, (1 atm) Ar 102M
MeOH, reflux
(46 - 99%)

Scheme 81. Synthesis of 4,5-diaryl-1H-imidazoles 102.
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On the other hand, some representative 2,4(5)-diaryl-1H-imid-
azoles 104 were regioselectively synthesised via palladium-cata-
lysed and copper-mediated C-2 arylation of the compounds 99 with
aryl bromides and iodides under base-free and ligandless condi-
tions, followed by catalytic N-debenzylation of the resulting 2,5-
diaryl-1-benzyl-1H-imidazoles 103.1"! As illustrated in Scheme 82,
compounds 103a, 103b, 103d and 103e were so obtained in satis-
factory yields, but unexpectedly, 103c and 103f were both isolated
in 21% yield.

Pd(OAc); (5 mol%) N
| \> + ArZX Cul (2.0 equiv) /[ \%ArZ
Art” N X=8r 1) DMF, 140 °C (for X =1) Art” N
g9 Bn @0 eqt;iv) DMA, 160 ° (for X = Br) 103Bn
65-168 h
Product
Ar'! Ar2 X 103  Yield (%)
4-MeOCgH4 Ph | 103a 56
Ph 4-MeOCgH4 | 103b 88
4-MeOCgHs  4-MeOCgHy4 | 103c 21
Ph 2-naphthyl Br  103d 59
4-MeCgHy4 4-(EtOOC)CgHs4 Br  103e 65
5-pyrimidyl ~ 4-MeOCgHs; Br  103f 21

Scheme 82. Pd-catalysed and Cu-mediated C-2 arylation of compounds 99.

Compounds 103a and 103b were then converted into the cor-
responding 2,4(5)-diaryl-1H-imidazoles, 104a and 104b (Fig. 6), by
a clean and efficient N-debenzylation reaction with a molar excess
of ammonium formate in refluxing methanol in the presence of 10%
Pd/C. On the other hand, compound 104c¢ was prepared from 103c
by the use of Pearlman’s reagent and ammonium formate as the
hydrogen source in refluxing methanol.

N

JI S—Ar2
N
H

104a : Ar' = 4-MeOCgHy; Ar? = Ph
104b : Ar' = Ph; Ar? = 4-MeOCgH,
104c : Ar' = Ar2 = 4-MeOCgH,
104d : Ar' = Ph; Ar? = 2-naphthy!

Ar!

Figure 6. Structures of compounds 104a-d.

This protocol, however, proved to be unsuitable to convert 103d
into 104d (Fig. 6), but this imidazole derivative could be obtained in
high GLC yield by debenzylation of 103d with H, at atmospheric
pressure in the presence of Pd(OH),/C in refluxing methanol.'"!
Notably, this protocol for the three-step synthesis of compounds
104 from 1-benzyl-1H-imidazole (98) proved to give overall yields
similar to those obtained by the procedure involving their two-step
preparation via a Suzuki-type reaction of 96 with arylboronic acids,
followed by highly regioselective palladium-catalysed and copper-
mediated C-2 arylation of the resulting 4(5)-aryl-1H-imidazoles 97,
both with activated and deactivated aryl bromides and iodides
under base-free and ligandless conditions (Scheme 83).1°

Pd(OAc), (5 mol%) N
Cul (2.0 equiv) JI S—Ar2
DMF, 140 °C (for X=1),72-88h 5 4/ ~N
DMA, 160 ° (for X = Br), 66 - 144 h 104H
(30 - 78%)

N
l > s Ar?—X
Ar'! -
H (X=Brl
97 (2.0 equiv)

Scheme 83. C-2 arylation of 4(5)-aryl-1H-imidazoles 97.

Nevertheless, the difficulties occasionally encountered in the N-
debenzylation of 1-benzyl protected imidazole derivatives
prompted us to investigate the corresponding 1-MOM protected
derivatives in direct palladium-catalysed arylation reactions. In
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fact, we hoped that the deprotection of 1-MOM-1H-imidazoles
might be easily performed under acidic conditions.

In a preliminary study, we found that 1-MOM-1H-imidazole
(105) undergoes arylation with 4-bromoanisole in DMF at 110 °C in
the presence of K;COs3 as the base and a Pd(OAc),/P(2-furyl); cat-
alyst system to give 5-(4-methoxyphenyl)-1-MOM-1H-imidazole
(106) with complete C-5 selectivity and in 65% yield (Scheme 84).1?
As expected, compound 106 underwent complete N-deprotection
by treatment with dilute HCI at 90 °C.

N 5 PA(OAC); (5 mol%) | N\>
[ oo P(2-furyl); (10 mol%) N
N oM K2CO3 (2.0 equiv) MOM
MOM _Dve DMF, 110 °C, 24 h
105 2.0 equiv, ’ ’ MeO 106
( quiv) (65%) e

Scheme 84. Direct C-5 arylation of 1-MOM-1H-imidazole (106) with 4-bromoanisole.

In the light of this finding, we next synthesised catharsitoxins D
and E, 109a and 109b, respectively, which are two naturally oc-
curring 2-alkyl-4(5)-phenyl-1H-imidazoles isolated from the Chi-
nese remedy, quing laug,'" via a reaction sequence involving the
direct palladium-catalysed C-5 arylation of 2-substituted 1-MOM-
protected 1H-imidazoles 107a and 107b with bromobenzene, fol-
lowed by N-deprotection of the resulting heteroarenes 108a and
108b, respectively (Scheme 85).11? Investigations to improve the
unsatisfactory overall yields of this protocol are under way.

N Pd(OAC), (5 mol%) N

[ YR, gy @AY (10 moi%) )I SR
N K2CO3 (2.0 equiv) pr” N

MOM DMF, 140 °C, 24 - 48 h MOM

107a: R =i-Bu 108a: R =/-Bu
107b : R = sec-Bu 108b : R = sec-Bu

conc. HCI/H,O (1:1)

N
mromonn [
reflux, 24 h Ph H

109a : R = i-Bu (33%)
109b : R = sec-Bu (47%)

Scheme 85. Synthesis of catharsitoxin D (109a) and catharsitoxin E (109b).

Recently, our continuing interest in the regioselective synthesis
of biologically active vicinal diaryl-substituted five-membered
heteroarenes,’®1%>114 has led us to turn our attention also to the
synthesis and evaluation of the cytotoxic activity against human
tumor cell lines of 4,5-diaryl-1-methyl-1H-imidazoles 110. On the
other hand, Wang and co-workers had previously reported that
compounds 110a and 110b (Fig. 7) exhibit significant cytotoxic and
antitubulin activities and are characterised by excellent bio-
availability and pharmacokinetic properties.!!>

2
Ar N
h
N
Me

110a : Ar' = N-methylindol-5-yl; Ar? = 3,4,5-(MeO)3CeH2
110b : Ar' = 4-MeO,3-(NH2)CeHs; Ar? = 3,4,5-(MeO);CeHa

Ar'

Figure 7. Structures of compounds 110a and 110b.

It was our goal to prepare compounds 110 possessing cytotoxic
activity much higher than that of the previously described imid-
azole derivatives using an environmentally friendly and in-
expensive procedure suitable to be scaled up for synthesising
amounts of these heteroarenes suitable for biological testing.

The results of a preliminary study concerning such a method
were briefly mentioned in a review on the synthesis and biological
properties of vicinal diaryl-substituted 1H-imidazoles'®* but, more

recently, we developed an improved, general and efficient three-
step procedure for the synthesis of compounds 110 bearing elec-
tron-rich, electron-neutral and/or electron-deficient aryl moieties
at their 4- and 5-positions (Scheme 86).11

Pd(OAC), (5 mol%)

[N\> + ar_gy _P@Auryl)s (10 mol%) JIN\> NBS (1.05 equiv)
N "Bl TK,C05 (2.0 equiv) A7 N MeCN, 1t
Me DMF, 110 °C, 24-90 h r Me 50 min-4h
11 (24 - 80%) 12 (55 - 70%)
(10 examples)
Br__N Ar?B(OH), (2.0 equiv) AR N
I S PACly(dppf) (5 mol%) I N
Arl N BréEt;l\gloﬁ m-0|;/o) Art N
Me S .0 equiv, Me
113 PhMe/H,0 (1:1), reflux, 24 h 110
(7 examples) (42 - 99%) (8 examples)

Scheme 86. Synthesis of imidazoles 110 via direct C-5 arylation of 1-methyl-1H-im-
idazole (111).

The first step of this procedure consists of the palladiun-cata-
lysed C-5 arylation of the commercially available 1-methyl-1H-
imidazole (111) with aryl bromides. In the second and the third step
of the sequence, the resulting 5-aryl-1-methyl-1H-imidazoles 112
undergo selective C-4 bromination with NBS, followed by
a PdCly(dppf)-catalysed Suzuki-type reaction between the so-
obtained bromo derivatives 113 and arylboronic acids under phase-
transfer conditions.!1®

As regards the first step of this process, it should be noted that
the protocol used to prepare compounds 112 proved to offer ad-
vantages in terms of yields, selectivity and/or electronic nature of
the aryl halides used as electrophiles over the previously reported
procedures for the direct palladium-catalysed C-5 arylation of
111.]8,193,117,118

It is also worth mentioning that some compounds, including
110c and 110d (Fig. 8), which were prepared according to the above
reported three-step process, are structural analogues of com-
bretastin A-4 (95) found to be highly cytotoxic against the panel of
60 human tumor cell lines of the NCI. In particular, 110d proved to
be more cytotoxic than 95 and all of the other imidazole tested at
that time.!1

OMe MeO.
SO, Moo
g N
MeO N |

N
? N
|y MeO N MeO N
N Me O Me
OO Me MeO MeO'
OMe OMe
110c 110d 110e

Figure 8. Structures of compounds 110c-e.

More recently, we have also found that compound 110e (Fig. 8),
which we prepared using the reaction sequence illustrated in
Scheme 86, is more cytotoxic than 95, but to a less extent than
110d.!"°

In 2008, the stepwise, exhaustive transition metal-catalysed
arylation of imidazole-N-oxide 114 was investigated by Fagnou and
co-workers,”” who found that 114 undergoes C-2 arylation by
treatment with 1-bromo-3,5-dimethoxybenzene in acetonitrile at
room temperature in the presence of K;CO3 and catalytic amounts
of pivalic acid, DavePhos, Pd(OAc), and CuBr (Scheme 87). The
resulting arylated heteroarene-N-oxide 115 was then reacted with
4-bromoanisole in refluxing toluene in the presence of K;CO3 and
a Pd(OAc),/PPhs catalyst system to give compound 116 in 62%
overall yield (Scheme 87).%
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9® Br OMe  Pd(OAc), (5 mol%) 96 OMe
N® . DavePhos (15 mol%) NO
)I P CuBr (10 mol%) )I )
PR N OMe PivOH (30 mol %) pn” N
Me K,COs (2.0 equiv), MeCN, rt Mj15 OMe

114 (94%)
MeOOC

Br< C
CH,OO0OMe

Pd(OAc); (5 mol%)
o Ph \
PPh;3 (15 mol%) Me OMe
K>COj3 (2.0 equiv), PhMe, 110 °C 116
(66%)

Scheme 87. Stepwise C-2 and C-4 direct arylation of imidazole-N-oxide 114.

Very recently, the experimental conditions to achieve the C-2
arylation of imidazole-N-oxides have been optimised and it has
been found that 1-methylimidazole-3-oxides 117 bearing an alkyl
or aryl group at the C-4 or C-5 position, when treated with aryl
bromides in acetonitrile at 70 °C for 20 h in the presence of K,CO3
and a Pd(OAc),/P(4-FCgHy4)3 catalyst system, provide the corre-
sponding C-2 arylated imidazole derivatives 118 in excellent yields
(Scheme 88).%8

, p® Pd(OAC), (5 mol%) ; p®
RLN® ; P(4-CF3CgHy)s (15 mol%)  RN__N®
I S+ Ar-Br KoCO3 (1.5 equiv) I S—art
r2° N MeCN, 70 °C, 20 h r2" N
Me (70 - 97%) Me
17 118
(1.1 equiv) (14 examples)

Scheme 88. C-2 direct arylation of 1-methylimidazole-3-oxides 117.

The compounds 118 have been synthesised alternatively by
treatment of 117 with aryl bromides in acetonitrile at room tem-
perature in the presence of K;CO3 and catalytic quantities of pivalic
acid, CuBr, Pd(OAc),, and ligand 86.%8

It has also been found that, as determined with the thiazole-N-
oxide substrates, when both the C-2 and C-5 positions of 1-meth-
ylimidazole-N-oxides are substituted, arylation can be achieved at
C-4 under identical conditions used for thiazole-N-oxide com-
pounds.”® The potential utility of this methodology has been il-
lustrated in a five-step synthesis of a Tie tyrosine kinase inhibitor
119 (Fig. 9).%8

NZ
| Me,

N N 0
| ) s/
N Me
Seg!

MeO 19

Figure 9. Structure of compound 119.

Two years before this study, Chen and co-workers had demon-
strated that the reaction of 2-imidazolinone (120) both with elec-
tron-deficient or electron-rich aryl iodides and electron-deficient
aryl bromides in DMSO at 80 °C in the presence of AcONa-3H,0 as
the base and a catalytic quantity of ligandless Pd(OAc), produces
5-aryl-2-imidazolinones 121 in high yields (Scheme 89).120

o Pd(OAc); (5 - 10 mol%) o
AcONae3 H,0 (3.0 equiv)
1 HN
HNJ<NH * Ar-X DMO, 80°C,6-36h )%/NH
AN (52 - 87%) A1
(1.5 equiv)

(17 examples)

Scheme 89. Direct C-5 arylation of 2-imidazolinone (120).

On the basis of an observed primary kinetic isotope effect (KIE)
in the competing experiment of 120 with 4,5-dideuterated 120, the
authors ruled out the possibility of an electrophilic palladation
mechanism and claimed the support of their DFT calculations for
the acetate ligand-assisted C-H bond insertion pathway illustrated
in Scheme 90.12°

o
HN .
Tl NH 120, Ar'—X, AcONa, DMSO
1 Pd(0
AT 121 ©
0
S—NH )OL
HN_/ HN” NH
HO O \—/
a
)=0-Pd-$-Me O I 0
Mé A Me 0-Pd--Me
Me’ Ar' Me
o
K HN/Z<NH /
H-
~ ~Me

me” O ArtMe

Scheme 90. Proposed mechanism for Pd-catalysed arylation of 2-imidazolinone (121).

Remarkably, direct C-arylation reactions of benzimidazole and
imidazole derivatives have also been carried out by using rhodium-
based catalysts.5312! In 2006, Bergman, Ellman and co-workers
used a catalyst system composed of [RhCl(coe);]> and a mixture of
phosphines (phobans) 58 and 59 in the microwave-promoted
arylation of free (NH)-benzimidazole with aryl bromides (Scheme
91).583 In 2008, it was found that the P-olefin complex, which was
prepared from [RhCl(coe),], and 58 in THF at 125 °C and charac-
terised by single-crystal X-ray analysis, allowed the arylation of
benzimidazole to be performed with a rate and a yield similar to
those obtained with the use of [RhCl(coe);]; and a mixture of
phobans 58 and 59.5%P

N

S o+ Al
N (2.0 i
N (2.0 equiv)

Scheme 91. Rh(I)/Ligand 58/59-catalysed C-2 arylation of benzimidazole.

[RhCl(coe),], (5 mol%)

58 /59 (30 mol%)
i-PraNBu (3.0 equiv)
1,2-Cl,CgH3, pw, 250 °C, 40 min
(54 - 94%)

N
\>—Ar

N

H

(12 examples)

Within the same year, the structure of the [4.2.1] phoban iso-
mers 58 and 59 was simplified and (Z)-1-t-butyl-2,3,6,7-tetrahy-
drophosphepine (122) (Fig. 10) was used as the ancillary ligand in
the microwave-promoted [RhCl(coe),],-catalysed direct arylation
of free (NH)-benzimidazole and other azoles, including 4,5-diaryl-
1H-imidazoles, benzoxazole and benzothiazole, with aryl bromides
in THF at 200 °C for 2 h in the presence of i-Pr,(i-Bu)N.'?! By using
the tetrafluoroborate of the phosphonium salt of 122, the reactions
could be assembled outside a glovebox without purification of the
reagents or solvent to obtain excellent product yields. Functional
groups such as acetamide, formamide, sulfoxide, free hydroxyl, and
free amine were all tolerated.

122
Figure 10. Structure of ligand 122.
It should be noted that ligand 122 coordinates to rhodium in

a bidentate P-olefin fashion to provide a highly active, yet thermally
stable, arylation catalyst, which is essential to the success of this
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method. Moreover, the unique reactivity of this ligand, compared
with that of the ligands previously investigated, suggests that the P-
olefin coordination modulates the reactivity of the rhodium center
to enable the required heteroarene arylation, while reducing off-
cycle hydrodehalogenation of the aryl bromides.?!

In concluding this section, it should be mentioned that the di-
rect C-arylation of benzimidazole derivatives has also been ach-
ieved using copper(I) derivatives as catalyst components. In fact, in
2008, Miura and co-workers found that 1-methyl-1H-benzimid-
azole undergoes C-2 arylation in fair to good yields by treatment
with aryl iodides in DMF at 160 °C in the presence of NayCOs as the
base, a stoichiometric amount of Cul and a catalytic amount of PPh3
(Scheme 92).38

N | Cul (1.0 equiv)
@: y \@ PPh; (0.2 equiv)
N Y

N
— = \>—< >7Y
NayCOj3 (2.0 equiv) N

Me (12 0qum) DMF, 160 °C, 8 h Me
Y Yield (%)

H 75

Cl 89

Br 60

COOMe 52

CN 69

Scheme 92. Cu-mediated C-2 arylation of 1-methyl-1H-benzimidazole.

3.4. (Hetero)arylation of imidazo[1,2-a]pyridine, imidazo[1,2-
a]pyrimidine, purine (imidazo[4,5-d]pyrimidine),
imidazo[1,5-a]pyrazine, imidazo[1,2-b]pyridazine,
imidazo[1,2-b][1,2,4]triazine, and imidazo[2,1-f]
[1,2,4]triazine ring systems

Imidazo[1,2-a]pyridines are a potentially useful class of het-
erocycles that include PI3 kinase p110c inhibitors,'>? potential
agents for imaging B-amyloid in Alzheimer’s disease,'?> HIF-1a
prolyl hydroxylase inhibitors,'?4 and inhibitors of THF-a expres-
sion in T cells.'?”® These properties have stimulated the de-
velopment of a number of useful methods for the synthesis of
this class of heteroarenes.'?® In 2005, Sames prepared three 3-
arylimidazo[1,2-a]pyridines 125 in good-to-excellent yields by
direct C-3 arylation of imidazo[1,2-a]pyridines 123 with aryl
halides in DMA at 125 °C in the presence of CsOAc as the base
and a catalytic amount of the NHC-palladium(II) complex 124
(Scheme 93).46

Qoo

o o) 124 (2.5 mol%)
=z N = N
Cr’\/)_w + Arl=x Pdly(PPhs) Gé p R
SN (X=Br,1) CsOAc (1.2 equiv) XN
123 (1.2 equiv) DMA, 125 °C, 24 h 125 art
R’ Ar' X Yield (%)
H Ph | 93
COOEt Ph | 98

COOEt 4-MeOOCCgH4 Br 51

Scheme 93. Direct C-3 arylation of imidazo[1,2-a]pyridines 123.

Shortly afterwards, Berteina-Raboin and co-workers'?” reported
that imidazo[1,2-a]pyridines undergo high yielding direct C-3
arylation with aryl bromides in the presence of K;CO3 as the base
and a Pd(OAc),/PPhs catalyst system under microwave irradiation
or by conventional heating. Interestingly, the reactions proved to be
compatible with the presence of a bromo or chloro substituent in
the 6-position of the heteroarene. Subsequently, these authors
developed two efficient methods for the synthesis of 2,3,6-

trisubstituted imidazo[1,2-a]pyridine derivatives 127.1%® The first
method furnished these compounds in good yields via a micro-
wave-assisted one-pot, two-step Suzuki/heteroarylation of 6-bro-
moimidazo|1,2-a]pyridines 126 (Scheme 94).

1) Pd(OAc); (10 mol%)

NN w1 PPhs (20 mol%) PN
BN Nf K2CO3 (2.0 equiv) g2 SN /
126 R2-B(OH), (1.2 equiv)
dioxane, EtOH, 150 °C, uw, 20 min

Br
2) @(1.5 equiv), 150 °C, 2 h, uw 127
(9 examples)
(64 - 75%)

Scheme 94. Synthesis of 2,3,6-trisubstituted Imidazo[1,2-a]pyridines 127 via one-pot,

two-step Suzuki/heteroarylation sequence.

In the second method, the compounds 127 were synthesised via
a one-pot, three step cyclisation/Suzuki/heteroarylation starting
from 2-amino-5-bromopyridine (128) (Scheme 95).

e, P XCH,C(O)R! (X = Br, Cl) N
X 2 dioxane, EtOH, K,CO3, 150 °C, 20 min, uw g )R
‘ _N 2) Pd(OAc),, PPhs, RZ—B(OH),, 150 °C RN
Br 128 20 min, pw
3) Br\@ (1.5 equiv), 150 °C, 2 h, pw 127
(6 examples)
(32-51%)

Scheme 95. Synthesis of compounds 127 via one-pot, three-step cyclisation/Suzuki/
heteroarylation sequence.

Interestingly, the Pd(OAc),/PPh3 system proved to be the opti-
mal catalyst system both for the Suzuki couplings and for the direct
heteroarylation reactions.!?®

One year before the publication of these results, 8-fluo-
roimidazo[1,2-a]pyridine 131 was synthesised in 35% yield by C-3
arylation of compound 129 with  5-bromo-2’-fluo-
robiphenylcarbonitrile (130) in dioxane in the presence of Cs,CO3
and 6 mol % Pd(PPhs)4 (Scheme 96).1%°

OH F

Br =N

OH F Me™ e p
CN  Pd(PPhs), (6 mol%) N

N BRI VL0 A Ao
Me/ké/\i/) * O Cs,COg, dioxane NC
N £ (35%) Q O
F

129 130 131

Scheme 96. Synthesis of compound 131.

It should be noted that the 8-fluoroimidazo[1,2-a]pyridine
moiety of 131 acts as a bioisostere of the imidazo[1,2-a]pyrimidine
ring system in the GABA4 receptor modulator 132 (Fig. 11).129130

Figure 11. Structure of compound 132.

The first synthesis of 3-arylimidazo[1,2-a]pyrimidines 134 by
the palladium-catalysed direct arylation of imidazo[1,2-a]pyrimi-
dine (133) was first reported by Li and co-workers in 2003.1! The
reaction, which was performed in dioxane at 100 °C in the presence
of CsCO3 as the base and a Pd(OAc),/PPhs catalyst system, pro-
duced the compounds 134 in good-to-excellent yields (Scheme 97).
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Pd(OACc); (2 mol%)

NN
N =N PPhs (dmol%) [0 T
Z Y 1 3 o
HBr + Arlopr — 2O )
&/Nj *hEr CsoC0s (2.0 equiv) . N
;
133 dioxane, 100 °C 13

(50 - 96%) (12 examples)

Scheme 97. C-3 arylation of imidazo[1,2-a]pyrimidine (133).

A very similar procedure was subsequently used for the
synthesis of 2-[3-(3-chloro-4-fluorophenyl)imidazo[1,2-a]pyrimidin-
7-yl]-propan-2-ol (137) from 2-imidazo[1,2-a]pyrimidin-7-yl-
propan-2-ol (135) and the bromide 136 (Fig. 12),'3? as well as for
the C-3 arylation of various imidazo[1,2-a]pyrimidines 138 (Fig. 12)
bearing an aryl, carboxamide, or carboxylate function at the 2-po-
sition.>* Compound 137 was used as a precursor to a GABA, 02 3-
selective allosteric modulator.®? On the other hand, C-3 arylation
of compounds 138 provided access to a 45-membered library of
2,3-substituted imidazo[1,2-a]pyrimidines, including substances
that possess interesting therapeutic properties.

OH " Br cl
e N O
/ﬁgl;/N\J> F
135 136
OH
N__N
e
N /N\FN
&/NjY

137 138
Cl F

Figure 12. Structures of compounds 135-138.

In fact, some 2,3-diarylimidazo[1,2-a]pyrimidines are selective
COX-2 inhibitors'* and 3-aryl-2-carboxamido-imidazo[1,2-a]py-
rimidines include derivatives that display analgesic, antipyretic,
and antiinflammatory activity.>

In 2006, 4,2'-difluoro-5'-(7-trifluoromethylimidazo[1,2-a]pyr-
imidin-3-yl)biphenyl-2-carbonitrile (142), a GABA a3 3 agonist, was
synthesised in 87% yield by C-3 arylation of 7-tri-
fluoromethylimidazo|1,2-a]pyrimidine (139) with the aryl chloride
140 in dioxane at 90 °C in the presence of Cs;CO3; and catalytic
amounts of Pd(OAc),, 2-dicyclohexylphosphino-2',4’,6/-triisopro-
pylbiphenyl (X-Phos) (141) and n-BusNHSO, (Scheme 98).!36

al FaC N
Pd(OAC), (4.9 mol%) | N_/
FsC /NW//N . O CN  X-Phos (141) (10.3 mol%) NG e
« Nj BusNHSO, (10 mol%)
E Cs,CO3 (1.5 equiv) O
139 140 F  dioxane, 90 °C, 8 h 142 -
(87%)

I PCy>
i-Pr l i-Pr
141

i-Pr  (X- Phos)

Scheme 98. Synthesis of imidazo[1,2-a]pyrimidine 142.

Even though a wide spectrum of biological and therapeutic
properties is also shown by imidazo[1,2-b]pyridazine de-
rivatives,” as far as we know, only one method has been reported
in the literature to date for the synthesis of a 3-arylimidazo[1,2-
b]pyridazine derivative via palladium-catalysed regioselective
arylation of imidazo[1,2-b]pyridazine (143).138

In fact, Wang has recently described that treatment of 143 with
4-bromotoluene in dioxane at 100 °C in the presence of Cs;CO3 and
a catalytic quantity of Pd(PPhs)s gives 3-(4-tolyl)imidazo[1,2-
b]pyridazine (144) in 92% yield (Scheme 99).138

=N
AN Br Pd(PPhs)s (5.2 mol%) ﬁ p
\N,N\/) Cs,CO5 20 equivy ~ SN
Me  gioxane, 100 °C, 16 h
143 (1.3 equiv) (92%) 144

Me

Scheme 99. Direct C-3 arylation of imidazo[1,2-b]pyridazine (144).

Numerous bioactive natural products, drugs, and drug candidates
also contain imidazo[1,5-a]pyrazine structural units. These com-
pounds include substances acting on a number of targets such as the
CFR receptor,>® GABAa receptor,'*® and melanocortin receptor.'!
However, until recently, the synthesis of arylated derivatives of
imidazo[1,5-a]pyrazine by the transition metal-catalysed direct ary-
lation of imidazo[ 1,5-a]pyrazines has received little attention. Only in
2008 it was reported that 3-methylimidazo[1,5-a]pyrazines 145
are able to react with aryl bromides in DMF at 120-130 °C in the
presence of CspCOs and catalytic amounts of Pd(OAc), and
P(t-Bu),Me-HBF4 to give the C-5 arylated derivatives 146 in good to

excellent yields (Scheme 100).142
R! Pd(OAc), (10 mol%) R’
NP + g _(FBUEPMesHBF, (20 mol%) N)ﬁ%
NN rer Cs2C03 (3.0 equiv) < NN
SN (30equiv) . ~
Me DMF, 120 - 130 °C, 4 - 36 h L Me
145 (45 - 99%) 146

(R" = NHy, NMe,, OMe, Ar) (28 examples)

Scheme 100. Direct C-5 arylation of 3-methylimidazo[1,5-a]pyrazines 145.

It should be noted that, in contrast to direct arylation of the
imidazo[1,2-a]pyrimidines, arylation of compounds 145 proved to
take place in the electron-deficient albeit electron-donor group-
containing ring. Moreover, results of reactivity and KIE studies were
found to be consistent with a Heck-type mechanism for the aryla-
tion of these heteroarenes.'*?

Within the past few years, greater attention has been directed to
the development of efficient procedures for the regioselective di-
rect C-arylation of purine (imidazo[4,5-d]pyrimidine) derivatives
with aryl halides."*>-148 In 2006, Hocek and co-workers described
that direct C-8 arylation of 9-benzyl-9H-purines 147 with (hetero)-
aryl iodides can be achieved by a Pd(OAc),-catalysed and Cul-
mediated reaction in DMSO at 160 °C in the presence of Cs;CO3
under ligandless conditions (Scheme 101).!*3 The compounds 148
were so obtained in good to excellent yields.

R! Pd(OAc), (5mol%)  R!
Cul (3.0 equiv) Z N
Nﬁ“ _CulGOew
Y + (HetiAr-I : I
k\N "!> (2.0 equiv) ©52C0s (2;5 equiv) k\N N\f
Bn DMF, 160 °C, 60 h -
147 (48 - 95%) 148

(10 examples)

Scheme 101. C-8 arylation of purines 147.

This protocol was next applied, in combination with regiose-
lective cross-coupling reactions of 2,6-dichloro-9H- purines 149a,
in the synthesis of 9-benzyl-9H-purines 9H-purines 150 bearing
three different substituents at the 2, 6 and 8 positions
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(Fig. 13).143148 Fyurthermore, this protocol was used in stepwise
syntheses of 6,8,9-trisubstituted 9H-purines 151 and 8,9-diaryl-6-
methyl-9H-purines 152, in which compounds 149b and 149c, re-
spectively (Fig. 13), were the starting heteroarenes.48

Cl R!
N N\ N7 N
L\t.ﬁ‘” Ao
NT N A7 N7 N
Bn
149a: R =Bn 150
149b : R = i-Pr
149c:R=H
Ar?
2 N NZ N
N I S>—ar ls [ >—ar
k\ J
NTN NT N
i-Pr
151 152

Figure 13. Structures of compounds 149a-c and 150-152.

In this connection, it should be noted that 6,8,9-trisubstituted
and 2,6,8,9-tetrasubstituted purines include compounds that dis-
play a wide range of biological properties.'4°

The arylation of caffeine at the C-8 position with aryl chlorides was
described by Chiong and Daugulis in 2007.'%4 The reaction, which was
carried out in NMP at 125 °C in the presence of K3PO4 as the base and
a catalyst system consisting of Pd(OAc), and n-BuAd,P, a bulky elec-
tron-rich phosphine, allowed the preparation of the compounds 153
in high yields (Scheme 102). Remarkably, this protocol was also useful
for high-yielding arylations of a variety of electron-rich heteroarenes
including thiophene, benzothiophene, 2-substituted thiazoles, 1-bu-
tyl-1H-imidazole, and 1-methyl-1,2,4-triazole.!44

Pd(OAc); (5 mol%) Me
O _N
BuAd,P (10 mol% N
Y \> + ArCl 02 ( %) Y T S—ar
(1 5 equiv) K3POy4 (2.0 equiv) Me”N N
NMP, 125 °C, 24 h o Me
(71 - 86%)
(3 examples)

Scheme 102. Direct C-8 arylation of caffeine with aryl chlorides.

An efficient microwave-promoted C-8 regio- and chemo-
selective arylation of free-(NH;) 6-amino-9-benzyladenine (154)
with aryl iodides, bromides and chlorides involving the use of
Pearlman’s catalyst and a stoichiometric amount of Cul under
ligandless conditions (Scheme 103) was described by Alami and co-
workers in 2008."7 This method enabled the rapid preparation of
a variety of 6-amino-8-aryl-9-benzylpurines 155 in good-to-ex-
cellent yields without prior protection of the amino group of 154.

NH, Pd(OH),/C (5 mol%) NH2
Z N f N
NkJI \> - AfSX Cul (1.(;eqU|v)A \>—Ar1
N N (X =Cl Br. ) NMPCSzCCi3 ( ‘;O equzw) 1h N
Bn  (1.5equiv) W, 160 °C, 0.25 - Bn
154 (42 - 90%) 155

(12 examples)

Scheme 103. C-8 arylation of 9-benzyladenine (154).

Within the same year, the synthesis of C-8 arylated free-(NH;)
adenine nucleosides in moderate-to-good yields by direct aryl
functionalisation of free-(NH,) adenine nucleosides was reported
by Hocek'®® and Fairlamb.'® The optimal conditions employed by
these authors involve the use of Pd(OAc), as the catalyst precursor
in association with Cul, Cs;COs or piperidine as the base, and
conventional heating in DMF.

An important paper on this subject described the direct aryla-
tion of an imidazo[1,2-b][1,2,4]triazine.’®® In fact, aryl derivatives of
these imidazotriazines, which are isosteres of purines, have been
identified as GABAa 0,3 subtype selective agonists for the treat-
ment of anxiety.!!

In 2005, one of these compounds, 2’,6-difluoro-5'-[3-(1-hy-
droxy-1-methylethyl)imidazo[1,2-b][1,2,4]triazin-7-yl]biphenyl-2-
carbonitrile (158), which is an orally active GABA, a3 selective
agonist, was efficiently prepared on a multigram scale by a seven-
step, chromatography-free, synthesis in which the final step was
the highly regioselective Pd(OAc),/PPhs-catalysed C-7 arylation of
2-imidazo[1,2-b][1,2,4]triazin-3-ylpropan-2-ol hydrochloride hy-
drate (156) with the bromide 157 in DMA at 120 °C in the presence
of AcOK as a base (Scheme 104).1°°

Br
OH
CN  Pd(OAc), (1 mol%
e NN o0 O (OAC); (1 mol%)
Me| NJ PPhs (1 mol%)
N’ F KOACc (2.5 equiv)
156 157 F DMA, 130 °C, 4 h
(1.1 equiv) (86%)

Scheme 104. Pd-catalysed synthesis of compound 158.

Finally, in 2006, the synthesis of two 3-arylimidazo[2,1-
fl[1,2,4]triazin-8-ones 161 was investigated.’>? These compounds,
which are a3 subtype selective GABA, antagonists for the treat-
ment of anxiety, were prepared in 66-77% yield by the reaction of
imidazo[2,1-f][1,2,4]triazin-8-ones 159 with the bromide 160 in
DMA at 120 °C in the presence of a Pd(OAc),/PPhs catalyst system
(Scheme 105).1>2

0
Br 1\
(@] Pd(OAC)Z/ PPh3 |
R’ ){r\ O CN KOAc
NN
. N DMA, 120 °C
Ny N~ ; (66 - 77%)
159 160 F
(R" = Me, Et)
161
F(R'=Me, EY)

Scheme 105. Pd-catalysed synthesis of 3-arylimidazo[2,1-f][1,2,4]triazin-8-ones 161.

3.5. (Hetero)arylation of 1,2,3- and 1,2,4-triazole ring systems

Several members of the 1,2,3-triazole family are known to
possess intriguing biological properties.”>> Consequently, various
strategies have been developed for the synthesis of these hetero-
cycles.”®® In recent years, it has been reported that fully substituted
1,2,3-triazoles 163 can be conveniently prepared via transition
metal-catalysed C-5 arylation of 1,4-disubstituted 1,2,3-triazoles
162 with aryl halides.8>>-15° On the other hand, the compounds
162 are readily accessible via click chemistry.16°

In 2007, Gevorgyan and co-workers synthesised a variety of
multisubstituted 1,2,3-triazoles 163 by the reaction of aryl bro-
mides with 1,4-disubstituted 1,2,3-triazoles 162, containing elec-
tron-withdrawing aryl or carbethoxy groups, electron-donating
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aryl groups as well as a secondary aliphatic alcohol at position C-4
and benzyl, aryl and alkyl groups at nitrogen, in NMP at 100 °C in
the presence of n-BugNOAc and catalytic quantities of PdCIy(PPhs)s,
Pd(OAc); or Pdy(dba)s;-CHCl3 (Scheme 106).15

R2 PdCly(PPha),, Pd(OAC), R2
%  AfBr or Pdy(dba)3eCHCI3 (5 mol%) Ar1\%<
N N BusNOACc (2.0 equiv) N N
R N NMP, 100 °C, 2-24 h RN
162 (61 - 99%) 163

Scheme 106. C-5 arylation of 1,2,3-triazoles 162 with aryl bromides.

Similar reaction conditions were then used to prepare 5-aryl-1-
benzyl-1,2,3-triazoles 165 in good yields from 1-benzyl-1,2,3-tri-
azole (164) (Fig. 14).1>°

= Ar'
=
/N\N”N T}N
Bn gn N
164 165

Figure 14. Structures of compounds 164 and 165.

On the other hand, a catalyst system consisting of a mixture of
Pd(OAc); and PCys was used by Yorimitsu and Oshima for the
arylation of 1,4-disubstituted 1,2,3-triazoles 162 with electron-
neutral aryl chlorides in the presence of K;CO3s under microwave
irradiation at 250 °C for 15 min (Scheme 107).°® Notably, aryl
chlorides proved to be superior to aryl bromides and iodides as
electrophiles under these experimental conditions.

R2 Pd(OAc); (5 mol%) R2
PCysz (10 mol%) Ar1\r<
K,CO3 (1.2 equiv) N/ N
PhMe/DMF, pw, 250 °C, 15 min RN
162 (40 - 100%) 163
(17 examples)

Scheme 107. C-5 arylation of 1,2,3-triazoles 162 with aryl chlorides.

A Pd(OAc),/PCys catalyst system was also used by Ackermann
and co-workers in 2008 for the direct arylation of N-alkyl- and N-
benzyl-1,4-disubstituted 1,2,3-triazoles with aryl chlorides through
conventional heating at reaction temperatures of 105-120°C.'>’
These reactions, which were performed in toluene in the presence
of K,COs, furnished the required trisubstituted 1,2,3-triazoles 163
in high yields.

Ackermann and co-workers also reported that diversely
substituted 1,2,3-triazoles 164 can efficiently be prepared by
a modular one-pot multi-component approach involving a Cul-
catalysed click reaction/direct arylation sequence.'®® In detail, 1-
alkynes were reacted with NaN3 and aryl iodides, Ar'-l, in the
presence of a catalytic amount of Cul and DMEDA at room tem-
perature. Aryl iodides, Ar-1, LiO-t-Bu and DMF were then added
and the resulting mixtures were stirred at 140 °C for 20 min to give
the compounds 164 in high yields (Scheme 108).1>8

1) Cul (10 mol%)

DMEDA (15 mol%) A2 R’
L ) DMF, 20 °C, 2 h %
RI—==—H + NaN3 + Ar'-| N
1 2) Ar?8 (3.0 equiv) At VN
(R" = alkyl, aryl) LiOt-Bu (2.0 equiv) ' 164
DMF, 140 °C, 20 h (15 examples)
(67 - 81%)

Scheme 108. Synthesis of compounds 164 via Cu-catalysed click reaction/direct
arylation sequence.

These authors also synthesised a variety of trisubstituted 1,2,3-
triazoles of general formula 163 in excellent yields by the Cul-cat-
alysed arylation of the corresponding compounds 162 with aryl
iodides in DMF at 140 °C in the presence of LiO-t-Bu as the base.!

A modification of this procedure, involving the use of CuCl in
place of Cul as the catalyst precursor, was used by Fukuzawa and
co-workers in 2008.1°°

Finally, very recently, Ackermann and co-workers have reported
that triazoles 165 can be arylated at position C-5 with activated and
deactivated aryl tosylates in a mixture of DMF and t-BuOH at 100 °C
in the presence of K,CO3 and a catalyst system composed of
Pd(OAc); and X-Phos (Scheme 109).3!

R2 Pd(OAc); (5 mol%) R2

X-Phos (10 mol%)  Ar’
= + Ar>—OTs N

) . K2CO3 (1.5 equiv) )
At ON o (2eadv) oy BoH 1) jINVN

165 100°C,17-22h 164
(11 examples)

Scheme 109. Direct C-5 arylation of triazoles 165 with aryl tosylates.

In the last few years, the synthesis of C-arylated 1,2,4-triazoles
by direct transition metal-catalysed arylation reactions has also
been investigated.32682144161 1n fact, some 3,5-disubstituted 3-
aryl-1H-1,2,4-triazoles have been shown to possess potent anti-
bacterial and antifungal activities'®? and some 1,3,5-trisubstituted
1,2,4-triazole compounds have proved to be useful for treatment of
circulatory diseases'®® or have been used in the treatment of
asthma, the symptoms of allergy and, in some instances, in gout
and hyperuricemia.!

In 2006, Bergman and Ellman synthesised 3,5-diphenyl-1H-
1,2,4-triazole (167) in 45% yield by treatment of free-(NH) 3-phe-
nyl-1,2,4-triazole (166) with a molar excess of bromobenzene in
DCB at 250°C for 40 min under microwave irradiation in the
presence of n-Bu(i-Pry)N and catalytic quantities of [RhCl(coe);]>
and aegmixture of the bulky trialkylphosphines 58 and 59 (Scheme
110).°%2

Ph [RhCI(coe)s], (5 Mol%) Ph
N/\< + PheBr ligands 58 / 59 (30 mol%) N/\<
i N - " DCB, i-Pr,Bu (3.0 equiv) I N
N (2.0 equiv) ) N
H uw, 250 °C, 40 min Ph™
166 (45%) 167

Scheme 110. Rh(I)-catalysed synthesis of 1,2,4-triazole 167.

One year later, Chiong and Daugulis used a Pd(OAc),/n-BuAd,P
catalyst system for the synthesis of 1,2,4-triazole 169 via C-5 ary-
lation of 1-methyl-1,2,4-triazole (168) with 3,5-dimethoxy-
chlorobenzene in NMP at 125 °C in the presence of K3PO4 as the
base (Scheme 111).144

N
N cl OMe  Pd(OAc), (5 mol%) I N
N n-BuAd,P (10 mol%) MeO N
.
N K3POy (2.0 equiv) Me
Me OMe NMP, 125 °C, 24 h
168 (1.5 equiv) (76%) OMe 169

Scheme 111. Pd-catalysed synthesis of 1,2,4-triazole 169.

On the other hand, in 2008, 1-methyl-5-phenyl-1,2,4-triazole
(171) was prepared in 76% yield by the reaction of 170 with iodo-
benzene in NMP at 125 °C in the presence of K3PO4 and 10 mol %
Pd(TMHD); (Scheme 112).2
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NN L b Pd(TMHD), (10 mol%) N,N\>
| : |
LN (15equy)  KaPOs (20 equiv) N
Ve NMP, 125 °C, 36 h Ph Me
(76%) 171

170
Scheme 112. Pd(TMHD),-catalysed arylation of 1,2,4-triazole 170.

It should be noted that K3PO4 is a weak base, which can be used
in the arylation of heterocycles possessing DMSO pKj values lower
than 27 and allows regioselective arylation reactions to be per-
formed, which involve less acidic electron-rich heterocycles such as
1,2,4-triazole and caffeine derivatives, hunting down a benzyne-
type mechanism.%’

Compound 171 was also prepared in 88% yield by the arylation
of 170 with 2 equiv of iodobenzene in DMF at 100 °C for 5 h in the
presence of 1.7 equiv of LiOt-Bu, 10 mol % Cul, and 10 mol % 1,10-
phenanthroline, a bidentate ligand.'®!

Interestingly, similar reaction conditions enabled high yielding
regioselective arylation reactions of other heteroarenes, including
caffeine, thiophenes, benzothiophene, benzofuran, 1-methyl-1H-
imidazole, pyridine N-oxides, pyridazine and pyrimidine to be
performed, employing aryl iodides or bromides as the coupling
partners.’®! It was also found that the use of K3POy as a base was
required for arylations involving heteroarenes, which possess pK;
values below 35, but the reaction of less acidic heteroarenes (pKj,
27-35) had to be performed using a stronger lithium alkoxide
base.!6!

3.6. Arylation of sydnones

Sydnones are mesoionic heteroaromatic compounds having the
1,2,3-oxadiazole skeleton bearing an oxygen attached to the 5-po-
sition.'®> Very recently, Rodriguez and Moran have reported that 3-
phenylsydnone (172a) and 3-methylsydnone (172b) undergo
Pd(OAc),/PPhs-catalysed C-4 arylation by treatment with a molar
excess of aryl bromides or iodides in wet DMF in the presence of
K,CO5 as a base (Scheme 113).166

Pd(OAc), (5 mol%) Ar!
RS PPhs (10 mol%) -
NN 0O+ artx  RUEMOTR) | NTN 2
N-g (x=Br 1) KeCOs3(20equiv) N-g
172a:R=Ph (1.5equiv) wetDMF, air,12h
172b : R = Me 80 - 120 °C
(19 - 92%)

Scheme 113. Pd(OAc),/PPhs-catalysed C-4 arylation of 3-substituted sydnones.

The reactions involving 172a were carried out at 120 °C, but
those of 172b needed lowering of the reaction temperature to 80 °C
and gave the required 4-aryl derivatives in slightly diminished
yields, compared to those of 172a.16

4. Intermolecular direct (hetero)arylation of six-membered
heteroarenes

Until few years ago, the direct arylation reactions of m-electron-
deficient heteroarenes remained a challenging goal. Nevertheless,
at the present time, due to the significant achievements by Fagnou'’s
research group and by Bergman, Ellman and co-workers, several
protocols are available for performing efficient and regioselective
direct C-arylations of six-membered heteroarenes, including pyri-
dines,'%”1%8 quinolines,'®” pyrazine'®®, pyridazine and pyrimi-
dine,6! pyridine-N-oxides,?8161169-171.172 quinoline- and
isoquinoline-N-oxides,?®”! N-iminopyridinium ylides,'”> diazine-

N-oxides,'”? and N-methyl 6- and 7-azaindole oxides,* through the
use of a variety of transition metal catalyst systems.

The first data in this field were published in 2005 by Fagnou and
co-workers, who reported that bench-stable pyridine-N-oxides 173
undergo C-2 arylation with a wide variety of aryl bromides in
refluxing toluene in the presence of K;CO3 as a base and catalytic
quantities of Pd(OAc), and P(t-Bu)3.'®® The resulting arylated de-
rivatives were then converted into 2-arylpyridines 174 by palla-
dium-catalysed hydrogenolysis (Scheme 114).

R 1) Pd(OAC); (5 mol%) R
| N . AfLE P(t-Bu)3eHBF, (15 mol%) m
NG T T K,CO, (2.0 equiv) N A
Oc‘) PhMe, 110 °C, overnight
173 2) Pd/C, HCOONH,4, MeOH, rt 174
(4.0 equiv) (45 - 97%) (15 examples)

Scheme 114. Synthesis of 2-arylpyridines 174 via direct arylation of pyridine-N-oxides
173.

One year later, Leclerc and Fagnou established that reaction
conditions similar to those employed for the arylation of com-
pounds 173 allowed high-yielding arylations of the pyridazine-,
pyrimidine- and pyrazine-N-oxide, (175), (176) and (177), re-
spectively, both with electron-deficient and electron-rich aryl
jodides, bromides and chlorides (Scheme 115).13

9 0]
”C';l) AN
1) Pd(OAc), (5 mol%) 178

P(t-Bu)3eHBF4 (15 mol%)
CuCN or CuBr (0 - 10 mol%)

f)N Ar'-X (X = Cl, Br, 1), dioxane, 110 °C f)’“
'T‘/® K,COj3 (2.0 equiv) AT ONT
OO0 176 PhMe, 110 °C, overnight 179

2) Pd/C, HCOONHy, MeOH, or
Pd/C, Hy, MeOH

Ny (45 - 97%)
) — .
N® Ar’
©O0 177

N
S
x
N
180
Scheme 115. Synthesis of 5-aryldiazines 178-180 via direct arylation reactions.

However, it was observed that, in the case of pyrimidine-N-
oxide (176), a catalytic amount of CuCN or CuBr had to be added to
increase the reactivity of this heteroarene derivative. On the other
hand, 0.5 equiv of Ag>CO3 had to be added when aryl iodides were
used as the electrophiles.”® As shown in Scheme 115, the arylated
derivatives of compounds 175-177 were then converted into the
corresponding 5-aryldiazines 178-180 by palladium-catalysed
hydrogenolysis.

In 2008, Fagnou and co-workers found that the selectivity of the
palladium-catalysed reaction of 2-methylpyridine-N-oxide (181)
with 4-bromotoluene is strongly dependent either on the nature of
the phosphine used as the ancillary ligand or the base and the 181/
4-bromotoluene molar ratio used in the reaction.””® Thus, treat-
ment of 2 equiv of 181 with 4-bromotoluene in toluene at 110 °C in
the presence of 1.05 equiv of K,COs3 and a catalyst system consisting
of a 3:1 mixture of P(¢t-Bu)s-HBF,4 and Pd(OAc); gave compound 182
in 21% yield (Scheme 116). However, the use of 3 equiv of NaO-t-Bu
and a catalyst system consisting of 1:1 mixture of Pdy(dba)s and S-
Phos in toluene at 70 °C gave in 41% yield a mixture of 183 and 184
in a 6.7:1 M ratio, respectively. Representative data illustrating the
influence of the experimental conditions on the site-selectivity of
the palladium-catalysed reaction between 4-bromoluene and 181
are reported in Scheme 116.
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A Br | N Me
| . Pd catalyst _ »
N® Me Ligand L N'® Me ND
! Me 0 )
©0 481 base, PhMe, A g ©0 482 ©0 183
Pd source Ligand L L/Pd Temp (°C) Equivof181 Base (equiv) 182:183:184 Yield (%)
molar ratio molar ratio

Pd(OAc), P(t-Bu)zeHBF4 3:1 110 2 K2CO3 (2.0) 1:0:0 21
Pdy(dba)sz S-Phos 1:1 70 4 NaOt-Bu (3.0) 0:6.7:1 77
Pdy(dba)s X-Phos 1:1 70 2 NaOt-Bu (3.0) 0:20:1 41

Scheme 116. Pd-catalysed arylation of 2-methylpyridine-N-oxide (181) with 4-bromotoluene.

Remarkably, this methodology was validated in both sequential
sp?/sp> arylation of 2-methylpyridine-N-oxides 185 with aryl bro-
mides and in divergent sp?/sp> arylation of 2,3-dimethylpyridine-
N-oxide (189) (Scheme 117).170171

The sequential sp?/sp> arylation of 185 with 186a-c enabled the
authors to prepare compounds 187a-c in 48-90% yield and com-
pound 188 in 41.6% overall yield. On the other hand, the divergent
sp?/sp> arylation of 189 furnished compounds 190 and 191 in 89
and 79% yield, respectively. Mechanistic investigations pointed
towards the intimate involvement of the base in the mechanism of
these reactions!”! and it was proposed that, with the strong base
NaO-t-Bu. the most acidic sp> 2-methyl position of 181 can be
deprotonated and the reaction (Schemes 117 and 118) proceeds via
a pathway similar to the a-arylation of carbonyl compounds!” to
yield 192. On the other hand, K,COs is not a strong base to

| sequential sp%/sp? direct arylation |

Pd(OAc), X
X

i(\/t P(t-Bu)3eHBF4 |
~

N ® Me K2003, PhMe, 110 °C N@ Me
(48 - 90%) R ©0
185 186a: R = Me 187a-c
186b : R = OMe (6 examples)
186¢c : R = OCF3
Me N Me
Br | O
~
,Pdy(dba)z N®
X-Phos, NaOt-Bu M ©0
- € 188
uw, 45 min
(77% for R = Me
and Y =H)
| divergent sp%/sp® direct arylation |
N @ Me \QM R
189 |
Pd(OAc), Pd,(dba)s
P(t-Bu)zeHBF, X-Phos
K,CO- PhMe. 110 °C NaOt-Bu, PhMe, 110 °C, uw
2403, FhMe, (79%)
(89%)
- Me - Me Me
L (LT
g@ Me [}1 ®
Me ©9 490 ©0 191

Scheme 117. Site-selective sp? and benzylic sp> direct arylation of compounds 185
and 189.

deprotonate the methyl group at position 2, but it does allow the
transition state of a concerted metalation-deprotonation (CMD)
pathway to activate the C-5, which gives rise to 193 (Scheme 118).

Both intermediates 192 and 193 might then undergo reductive
171

elimination to form products 194 and 195, respectively.

] K»CO3
©0 194 ‘ (\Y&
— < H
b L L1
©0—PdL, ©0 181 LoAPd” NG Me
|
192 A 00
: 193
0-.
RO~ H
O“Pd’@
)
L O@ Me

CMD transition state

Scheme 118. Proposed catalytic cycle for sp?/sp* arylation of 181.

Very recently, Fagnou and co-workers have published improved
protocols for the direct arylation of a variety of azine derivatives,
including substituted pyridine-, quinoline- and isoquinoline-N-
oxides.”® In the case of 2- and 4-substituted pyridine-N-oxides the
optimised reaction conditions require treatment of a large molar
excess of these substrates with aryl bromides in refluxing toluene
in the presence of K;COs; and a catalyst system composed of
a mixture of Pd(OAc), and P(t-Bu)z (Scheme 119).%% Similar reaction
conditions have been used for the arylation of quinoline-N-oxides,
but it has been found the the yields are significantly improved by
the use of P(t-Bu),Me-HBF, in place of P(t-Bu)s- HBF4.%®

Pd(OAG); (5 mol%)

R R
N P(t-Bu)3eHBF,4 (6 mol% N
h + ar_py _PUBU)eHBFS (6 mol%) m
N/® KoCO3 (2.0 equiv)

‘ VO
00 PhMe, 110 °C, 24 h 00
(4.0 equiv) (34 - 95%) (19 examples)

Scheme 119. Direct arylation of 2- and 4-substituted pyridine-N-oxides.

Fagnou’s research group has also studied aspects of regiose-
lectivity in the direct arylation of unsymmetrical azine-N-oxides,
including isoquinoline-N-oxide (196) and 3-substituted pyridine-
N-oxides. The reactions involving 196 with aryl bromides were
carried out using a Pd(OAc),/P(t-Bu),Me-HBF, catalyst system and
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were found to provide regioisomeric products 197 and 198, which
were often inseparable by silica gel flash chromatography.

For this reason, the mixtures of these products were subjected
to deoxygenation reaction conditions, since the resulting free bases
could be easily chromatographically separated. In this way, the
compgc;unds 199 were obtained in good overall yields (Scheme
120).

Pd(OAGC), (5 mol%)

X P(t-Bu)3eHBF (10 mol%) N AN
[+ aer K»CO3 (2.0 equiv) Lo
N 23 ArTTON N®Ar!
'® PhMe, 110 °C, 16 h 1 © '
oo : : oo ©o0
196 197 198
(3.0 equiv)

(197 :198=13.5-15.8: 1)

HCOONH;, (14.0 equiv)
10% Pd/C (0.1 equiv of Pd), MeOH, 40 °C,2-5h
or |
Zn dust (10.0 equiv), THF / ag NH4CI, rt, 1 h Ar' N
(53.6 - 79.7% overall yields) 199
(5 examples)

\

Scheme 120. Regioselectivity in direct arylation of isoquinoline-N-oxide (196).

On the contrary, less satisfactory results have been obtained
in the direct arylation of 3-substituted pyridine-N-oxides. In fact,
with these substrates, the regioselectivity has been shown to be
significantly lower than that observed with 196 and dramatically
influenced by the nature of the azine substituents and the li-
gand.®® In 2008, the group of Charette investigated the direct C-
H arylation of N-benzoyliminopyridinium ylides 200 with aryl
halides'”? and found that treatment of 200 with activated or
deactivated aryl bromides in dry toluene in the presence of
K5CO3 and a Pd(OAc),/P(t-Bu)s catalyst system provides the C-2
arylated derivatives 201 in high yields (Scheme 121). An aryl
chloride was also used as electrophile in one example but with
a lower yield.

R Pd(OAc), (5 mol%) R
| = . P(t-Bu); (15 mol%) | =
_J + Ar'-Br - _

N® K2COj3 (3.0 equiv) NG® Ar’
@N\[(Ph MS 3A, PhMe GNTPh
0 125°C,16-20h o
200 (34 - 95%) 201
(1.5 equiv) (16 examples)

Scheme 121. Pd-catalysed arylation of N-iminopyridinium ylides 200.

In addition, it was shown that it was possible to reductively
cleave the N-N bond of compounds 201 to afford 2-aryl-substituted
pyridines 174, including a precursor to the TFA salt of racemic
anabasine, a pyridine alkaloid."”®

Interestingly, experimental conditions similar to those used to
prepare compounds 201 could successfully be employed for the
arylation of N-benzoyliminoquinolinium and N-benzoyliminoiso-
quinolinium ylides 202 and 203, respectively (Fig. 15).17?

X X
[ ®
N N

® N®
ON__Ph ON__Ph
T T
202 203

Figure 15. Structures of compounds 202 and 203.

Two years before this study, Fagnou and co-workers had shown
that a catalyst system consisting of a combination of Pd(OAc), and
P(t-Bu);Me allows the synthesis of compound 205 in 86% yield by
C-4-arylation of 2,3,5,6-tetrafluoropyridine (204), a strongly deac-
tivated heteroarene, with 1,3-dibromobenzene (Scheme 122).17>

Br
Pd(OAc); (5 mol%)
F F

| N Br\©/ Br p(£-Bu)seHBF4 (10 mol%)
¥
. N/ E KoCO3 (1.1 equiv) F A F
204 DMA, 120 °C | Pz
(1.5 equiv) (86%)

Scheme 122. Pd-catalysed arylation of 2,3,5,6-tetrafluoropyridine (204).

Very recently, Fagnou’s group has investigated the site-selective
azaindole arylation at the azine ring via N-oxide activation®> and
has reported that subjecting 1-methyl-1H-pyrrolo[2,3-b]pyridine-
N-oxide (206) to a Pd(OAc),/DavePhos catalyst system enables the
regioselective direct arylation of the azine ring with aryl bromides,
which provides compounds 207 in satisfactory to good yields
(Scheme 123).

X
m + Ar'-Br

Pd(OAc); (5 mol%)
DavePhos (15 mol%)

oD
PivOH (30 mol%) Ar!

~ ~
No NON
o0 Me Cs,CO03 (2.0 equiv) o0 Me
206 PhMe, 110 °C, 24 h 207
(4.0 equiv) (8 examples)

(46 - 87%)
Scheme 123. Direct arylation of N-methyl-7-azaindole-N-oxide (206).

Interestingly, the reaction conditions used to prepare the com-
pounds 207 have also proved to be suitable for the preparation of
7-aryl-1-methyl-1H-pyrrolo[2,3-c]pyridine-N-oxides 209 in syn-
thetically useful yields by direct arylation of N-methyl-6-azaindole-

N-oxide  [1-methyl-1H-pyrrolo[2,3-c]pyridine-N-oxide] (208)
(Fig. 16).>3
= Z A\
® \ N ®, \
Oo NN Oo Ny N
Me Art Me
208 209
O
o
S \ On
R g8
XN XN
Me Me
210 21

Figure 16. Structures of compounds 208-211.

On the contrary, 1-methyl-1H-pyrrolo[3,2-c]pyridine-5-oxide
(210) and 1-methyl-1H-pyrrolo[3,2-b]pyridine-4-oxide (211)
(Fig. 16) have been found to exhibit minimal reactivity under these
conditions.>?

In the last few years it has also been discovered that the direct
arylation of azines and diazines with aryl halides can be achieved
using copper-, rhodium- or gold-based catalyst systems without
the need for an N-functionalisation of these m-electron-deficient
heteroarenes.

A Cul/1,10-phenanthroline catalyst system was used by Daugulis
and co-workers in 2008 for the direct arylation of pyridazine (212),
pyrimidine (214) and pyridine-N-oxides 173 with aryl iodides.'! 4-
Phenylpyridazine (213) and 5-phenylpyrimidine (215) were
prepared in 60 and 31% yield by the reaction of 212 and 214, re-
spectively, with iodobenzene (Scheme 124). Unfortunately, these
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arylation reactions required the use of the commercially unavail-
able, hindered Et3COLi as the base.

Cul (10 mol%)

m v Ph 1,10-phenanthroline (10 mol%) 7
N\ Et;COLi (1.7 equiv) N.\#
DMPU, 125 °C, 12 h
212 (60%) 213
Cul (10 mol%)

N/j 1,10-phenanthroline (10 mol%) N/ﬁ/Ph
[+ P Et;COLi (1.7 equiv) L

N DMPU, 125 °C, 12 h N

214 215

(31%)
Scheme 124. Direct Cu-catalysed arylation of compounds 212 and 214.

In the same year, Bergman and co-workers reported that
[RhCI(CO);], is a suitable catalyst precursor for the direct C-2 ary-
lation of quinoline (216) and pyridines 218, except unsubstituted
pyridine, with aryl bromides in dioxane at 175-190 °C in a sealed
Schlenk tube under ligandless conditions.'®” The reactions (Scheme
125), which unfortunately required the use of a large molar excess
of the heteroarene substrate, gave the arylated derivatives 217 and
219 in moderate to high yields.

N [RhCI(CO),], (5 mol%) N
A+ AlBr dioxane, 175 °C, 24 h P
N oxane, ’ N” A

(45 - 86%)

216 217

(6.0 equiv) (12 examples)
2
R2 Me R N
X [RhCI(CO),], (5 mol%) |

| ¥ /@\ dioxane, 190 °C, 24n ~ R' N7 Me

1 “ , ,
REN Br Me (51-78%)
218 219 Me

(6.0 equiv) (6 examples)

Scheme 125. Rh(I)-catalysed C-2 arylation of quinoline (216) and pyridines 218.

Finally, the first example of a gold-catalysed direct C-H arylation
of heteroarenes with aryl halides has been reported very recently
by Li and Hua.'®8 They have found that, in the presence of a catalytic
amount of AuCl(PCy3) and with the use of KO-t-Bu as a base, pyr-
azine (220) undergoes C-2 arylation with aryl bromides at 100 °C to
give the arylated products 221 in high yields in the case of electron-
rich aryl bromides. However, for electron-poor aryl bromides, the
addition of a catalytic quantity of AgBF4 was crucial to obtain the
arylated products in moderate yields (Scheme 126).

[Nj s CysPAUCI (2 mol%) [Nj\

+ Ar'-Br

N/ [for electron-poor Ar'Br; AgBF4 (2 mol%)] N/ Al
221

KOt-Bu (2.0 equiv), 100 °c, 12 - 24 h

220 (5-82%)

(10.0 equiv) (13 examples)

Scheme 126. Au(I)-catalysed direct C-2 arylation of pyrazine (220).

Catalytic quantities of AuCl(PCys) can also allow the direct
arylation of pyridine with aryl bromides, but the reactions give
mixtures of arylated regioisomers in moderate yields.68

5. Synthesis of fused-ring heteroarenes via intramolecular
direct (hetero)arylation of heteroarenes containing
a (hetero)aryl tether

Heteroarenes fused with (hetero)aromatic rings have attracted
the attention of organic chemists for several years, since com-
pounds containing these scaffolds demonstrate diverse and

interesting biological properties. In the last two decades, there has
been a growing interest in the design and development of efficient
and versatile procedures for the synthesis of fused-ring hetero-
arenes, which do not involve the use of stoichiometric amounts of
preformed organometallic reagents. These procedures include
transition metal-catalysed cycloisomerisation reactions,'’® annu-
lation reactions of arynes and 1-halo-2-heteroarylbenzenes or 1-
halo-2-arylheteroarenes,’’” and protocols based on the activation
of heteroarene C-H bonds such as rhodium-'"® platinum-,'”® and
palladium-catalysed intramolecular C-H alkylation of azoles,'8°
palladium-catalysed intramolecular alkenylation of five-membered
heteroarenes,'8! gold-catalysed intramolecular C-H alkenylation of
indoles,'®? and palladium-catalysed oxidative cyclisations.'®> In
addition, great emphasis has been placed on the development of
efficient protocols for the synthesis of heteroarenes by palladium-
catalysed intramolecular (hetero)arylation reactions of electron-
rich and electron-poor heteroarenes containing a (hetero)aryl
halide tether.!84-191

This section of the review is aimed at summarising and com-
menting the studies performed during the period, January 2006-
February 2009, on the synthesis of polycyclic heteroarenes by the
use of the latter synthetic methodology. In fact, it is our goal to
complete the description of this type of reactions, which, for the
first time, was reviewed by Lautens and co-workers in 2007.> The
reactions will be described on the basis of the type of annulated
heteroarenes synthesised via intramolecular arylation.

5.1. Synthesis of annulated furan, benzofuran, thiophene, and
benzothiophene derivatives

In 2006, Fagnou and co-workers performed the intramolecular
direct arylation of the 3-substituted furan and the 2-substituted
thiophene derivatives 222 and 224, respectively, in the presence of
K,CO3; as the base, Ag>COs3 as an additive, and a Pd(OAc),/
PCy;-HBF, catalyst system (Scheme 127).1°% The polycyclic com-
pounds 223 and 225 were obtained in 88 and 81% yield, re-
spectively. Addition of the silver salt was found to accelerate the
reactions, which could be performed at temperatures as low as
130 °C.192

Pd(OAC); (5 mol%)

0 | I/Q PCyseHBF, (6 mol%) o)
%N‘ K,CO3 (2.0 equiv) \ Ny
g Me Ag»CO3 (0.5 equiv) o
222 DMA, 130 °C,overnight 223
(88%)

Pd(OAC), (5 mol%)
PCyseHBF, (6 mol%)

KoCO3 (2.0 equiv) S N.
\Me . Me
0 Ag,CO3 (0.5 equiv) Io)
224 DMA, 130 °C,overnight 225
(81%)

Scheme 127. Pd-catalysed intramolecular arylation of compounds 222 and 224.

More recently, some polycyclic silicon-bridged benzofuran,
thiophene, benzothiophene, and indole derivatives have been
synthesised by intramolecular direct arylation of the corresponding
heteroarene-containing triflates using Et;NH as the base and
a Pd(OAC),/PCy3 catalyst system in DMA at 100 °C.1%3 Remarkably,
this new approach allowed the synthesis of a silicon-bridged 2-
phenylindole that exhibits a blue photoluminescence in the solid
state with very high quantum yields.>> Scheme 128 illustrates the
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preparation of some polycyclic silicon-bridged heteroarenes
according to this protocol.

i-Pr_i-Pr Pd(OAc); (2.5 mol%) P Ji-Pr
i——X PCys (5 mol% FPr=gi__x
|
U N Et,NH (2.0 equiv) /- b
oTf e R
R DMA, 100 °C R
(X=0,8) (85 - 94%) (3 examples)
) pp mE Pd(OAc); (2.5 mol%) Pro o~
-Pr_I-Pr. Pr— ‘
i nsim ,J‘,R PCys (5 mol %) -Pr~g; | N _,J’:)
@\ | X EtoNH (2.0 equiv) X
oTf DMA, 100 °C
56 - 94%
(X =S8, NMe) ( ) (2 examples)

Scheme 128. Intramolecular coupling of 2-(heteroarylsilyl)aryl triflates.

194 194,195

Recently, the synthesis of polycyclic furans, >* thiophenes
and benzothiophenes'?® has been accomplished by Lautens and co-
workers via a Pd(OAc),/P(2-furyl)s-catalysed domino norbornene-
mediated ortho-alkylation/direct arylation reaction involving aryl
iodides and 3-(bromoalkyl)heteroarenes (Scheme 129). This in-
teresting and synthetically very useful approach was based on
a combination of the strategies of palladium-catalysed aromatic
ortho-alkylation derived from the Catellani reaction'®® with the

direct arylation of thiophene-based heterocycles.!8:202.21197
R! « /c::\) Pd(OAc); (5 mol%) Rl X \' ”‘;)
| \ .~ P(2-furyl); (20 mol%) O
+ Y
norbornene (2.0 equiv) )
R? Br )n Cs,CO3 (2.0 equiv) R2 n

MeCN, 85 - 105 °C
(22 - 89%)
X=0,8;n=1,2)

(2.0 equiv) (16 examples)

Scheme 129. Synthesis of polycyclic heterocycles via a Pd-catalysed domino ortho-
alkylation/direct arylation reaction.

The Catellani reaction is a remarkable one-pot, norbornene-
mediated, Pd-catalysed three component reaction whereby three
C-Cbonds are formed, palladacycles in oxidation states (II) and (IV)
are involved, and norbornene, which acts as a scaffold implicated in
the assembly of the reaction product, is not incorporated in the final
product.®®

Remarkably, when experimental conditions similar to those
represented in Scheme 130, but omitting the use of norbornene,
were employed for the intramolecular direct arylation of 3-[2(2-
iodoaryl)ethyl]thiophenes 226a and 226b, 4,5-dihydronaph-
tho[1,2-b]thiophenes 227a and 227b were obtained in 87 and 81%
yield, respectively (Scheme 129).%> However, compound 226c,
containing an electron-deficient thiophene ring, proved to be
a poor substrate for this cyclisation and compound 227c¢ was
obtained in only 32% yield (Scheme 130).%° This result provided
support for an electrophilic mechanism of the intramolecular ary-
lation reaction.!®®

S
oy
R1

226a:R"=NOy; R?=H
226b:R'=R?=H
226¢ : R' = H; R2=NO,

Rz Pd(OAc) (5 mol%) R?
P(2-furyl)s (20 mol%) S
Cs,CO3 (2.0 equiv) N
MeCN, 100 °C, 4 - 10 h

R1
227a: R"=NOy; R? = H (87%)
227b:R'=R2=H (81%)
227¢ : R' = H; R2 = NO, (32%)

Scheme 130. Synthesis of 4,5-dihydronaphtho[1,2-b]-thiophenes 227a-c.

Novel tetracyclic and pentacyclic indole derivatives 229 have
recently been prepared by Bryan and Lautens via an efficient silver-
promoted domino Pdy(dba)s/P(o-tolyl)s-catalysed amination/direct
arylation of readily available gem-dibromoalkenes 228 (Scheme
131).1%8 The authors found that the use of Ag,COs as the additive to
sequester bromide ions improved the reaction rate and selectivity
of the domino process, which furnished the required fused indole
derivatives 229 generally in high yields.

N Pd(OAc); (3 mol%) \
@[\gr X P(o-tolyl)s (12 mol%) N X
. N(W‘v AgsCOs (0.5 equiv) R —~7 %
28 ‘o Cs3C03 (2.0 equiv) 229 i’
PhMe, 120 °C

(16 examples)
(50 - 92%)
(X=0,8;n=1,2)

Scheme 131. Synthesis of fused indole derivatives 229.

Liu and Larock prepared in high yields 6,7-dimethylbenzo[b]-
phenanthro[9,10-d]furan (232a) and 6,7,9-trimethyldi-
benzo[a,c]carbazole (232b) by palladium-catalysed reaction of
silylaryl triflate 231 with 3-(2-iodophenyl)benzofuran (230a) and
3-(2-iodophenyl)-1-methylindole (230b), respectively (Scheme

132).199
O Me;Si O
M
| SasSey
X Me

| * TfO
g8
X Me
232a: X = O (75%)

230a:X=0 231
230b : X = NMe 232b : X = NMe (95%)

Pd(OAc); (5 mol%)
P(o-tolyl)3 (5 mol%)
CsF (3.0 equiv)
MeCN/PhMe (1:9)
120°C,24 h

Scheme 132. Synthesis of compounds 232a,b.

A supposed catalytic cycle for the reaction entails the in situ
generation of aryne 233 from 231 and oxidative addition of Pd(0) to
233 to generate the palladacycle 234 (Scheme 133). Subsequent
reaction with compounds 230 would afford the intermediates 235,
which would undergo intramolecular C-H activation to give the
palladacycles 236. These complexes, in turn, would yield the an-
nulation products 232 by reductive elimination (Scheme 133).2°

The authors also proposed a second reaction mechanism, which
involves an intramolecular heteroarene C-H activation and pro-
duces the palladacycles 236 from aryne 233 and the complex ini-
tially formed by oxidative addition of 231 to a Pd(0) species.!?®

/@Me + Pd(0) —— PdQMe o I O Me
Me N

Me

233 234 235

O Pd(0) O
- e /. Q
LI~ sy
O PO "Me X
X Me
232

236

Scheme 133. Plausible mechanism for Pd-catalysed synthesis of compounds 232.

5.2. Synthesis of annulated pyrrole, indole, azaindole, and
pyrazole derivatives

In 2006, Mori and co-workers synthesised 5H-pyrrolo[2,1-
glisoindole-d (237) by the reaction of pyrrolylsodium with
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2-iodobenzyl bromide, followed by Pd(OAc),/PPhs-catalysed
intramolecular C-H arylation of the resulting N-benzylated product
(Scheme 134).200

Br 1)DMSO, rt
@ o 2) Pd(OAc); (5 mol%) 7
N PPhs (10 mol%) N
K,COj3 (2.0 equiv) 237
DMSO, 140 °C
(48%)

Scheme 134. Synthesis of 5H-pyrrolo[2,1-g]isoindole (237).

In the same year, several other annulated pyrrole derivatives,
including 5,6-dihydropyrrolo[2,1-alisoquinolines 239a, and 6,7-
dihydro-5H-benzo[c]pyrrolo[1,2-a]azepines 239b were efficiently
synthesised from N-bromoalkylpyrroles 238 and aryl iodides via
a one-pot procedure involving an sp?> C-H functionalisation as the
key step, which was based on a palladium-catalysed, norbornene-
mediated sequential aromatic alkylation/aryl-heteroaryl coupling
reaction (Scheme 135).2°!

PdCl, (10 mol%)

R2 R2
ﬂ | wi _P(furyls (22 moi%) /\ -
N * norbornene (2.0 equiv) N
(%/ Br (
Cs,C03 (2.0 equiv) \
238 239a:n=1(40 - 91%)

MeCN, sealed tube 239b < n = 2 (69 - 74%)
90 °C, 23 h
Scheme 135. Synthesis of annulated pyrroles 239a,b.
The proposed mechanism for the synthesis of compounds 239
(Scheme 136) entails an aromatic sp> C-H activation (240 —241).

Csl +
Cs,CO; CsHCO3

LgPd L Pd
PdL, #» z
G (oxidative addition)
R Ab

N (carbopalladation)

/

(elimination) (Qa
R 239 R

F’d L2

243 PdL; ==
L":r ( "N/\;

(reductive step) ‘ Cs,CO3
R ﬂ Csl + CsHCO;
238
!_ (L)\/ Br
Pd - J Lb\D

Br~
242

(oxidative addition)
(Qn

Pd
NQ L 24
N

Scheme 136. Proposed mechanism for synthesis of compounds 239.

The intermediate 244 would arise from reductive elimination of
the Pd(IV) complex 242 followed by elimination of norbornene
(243 —244). Finally, aryl-heteroaryl intramolecular coupling of 244
via C-2 functionalisation of the pyrrole ring would provide the
annulated pyrroles 239.20!

It should be noted that, despite the fact that norbornene could
theoretically be used in catalytic quantities according to this
mechanism, in the annulation process two equivalents of this

strained cycloalkene were employed, probably to force the forma-
tion of intermediate 240 via carbopalladation.

More recently, Blaszykowski, Lautens and co-workers have used
tandem norbornene-mediated palladium-catalysed alkylation/di-
rect arylation reactions for the synthesis of a number of six-, seven-
and eight-membered ring-annulated indoles, pyrroles, pyrazoles,
and azaindoles.?%? The synthesis of annulated azaindoles 245 is
illustrated in Scheme 137.

= R? PdCl; (10 mol%) R?
r norbornene (2.0 equiv) Yx
(2.0 equ\i;/ Cs,C03 (2.0 equiv) N
(X=N, CCl; Y =CH,N) MeCN, sealed tube 245
90°C,24h (10 examples)
(32-77%)

Scheme 137. Synthesis of annulated azaindoles 245.

In 2006, Fagnou and co-workers prepared (E)-tert-butyl 3-(6H-
isoindolo[2,1-a]indol-2-yl)acrylate (247) in 54% yield by
a Pd(OAc),/P(t-Bu)s-catalysed a tandem Heck/direct arylation re-
action involving 1-(2-chlorobenzyl)-5-bromo-1H-indole (246) and
tert-butyl acrylate (Scheme 138).29

Br
N\*O
246 2) j’;\/ (1.0 equiv)
t-BuO :

130°C,20h
(54%)

1) Pd(OAc); (10 mol%)
P(t-Bu)seHBF (20 mol%)
K,CO3 (2.0 equiv), DMA

(0]
tBu0” O A
I
247

Scheme 138. Synthesis of compound 247 via tandem Heck/direct arylation.

On the other hand, 6H-isoindolo[2,1-a]indole (249) was pre-
pared in 91% yield by Pd(OAc),/P(t-Bu)s-catalysed direct intra-
molecular arylation of 1-[(2-chlorophenyl)methyl]-1H-indole (248)

(Scheme 139).192
Pd(OAC); (10 mol%)/P(t-Bu)zeHBF
@Cl (Ligand/Pd = 2:1) O N\
N@ K,CO5 (2.0 equiv) N O
248 DMA, 130 °C, overnight 249
(91%)

Scheme 139. Synthesis of 6H-isoindolo[2,1-a]indole (249).

A similar procedure was used to prepare compound 251 from
250 (Fig. 17).1%2

E00C o0kt BtOOC ookt
O
O Yo O N Q
N
N H
250 251

Figure 17. Structures of compounds 250 and 251.

Compound 249 had been formerly synthesised in 89% yield by
intramolecular arylation of 248 in DMA at 130 °C in the presence of
K>COs as the base and an N-heterocyclic carbene palladium catalyst
system.!84P

On the other hand, in 2009, Barbero, SanMartin and Dominguez
have prepared 249 in 88% yield by stirring 248 along with Cu
powder (10 mol %) in polyethylene glycol-400 (PEG-400) at 180 °C
in the presence of 2 equiv of K,C03.2% This reaction represents the
first reported example of a copper-catalysed intramolecular C-H
functionalisation of an indole.
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Barbero, SanMartin and Dominguez have also prepared
indolo[1,2-a]indole (253) in 88% yield by the reaction of 2-(2-bro-
mobenzyl)indole (252) (Fig. 18) with 10 mol% Cul in toluene at
110 °C in the presence of 2 equiv of K3PO4 and 10 mol % trans-1,2-
diaminocyclohexane.?%

HBr O
N N
Qv gy

252 253

Figure 18. Structures of compounds 252 and 253.

In 2006, Beccali and co-workers employed AcOK as the base,
BuyNCl as an additive and catalytic quantities of Pd(OAc), and PPhs
for the synthesis of a variety of indolo-fused nitrogenated hetero-
cycles of various sizes, including 7,12-dihydroindolo-benzazepine
(255a), 5,7,8,13-tetrahydroindolo-benzazocine (255b) and 6,8,914-
tetrahydroindolo-benzazonine (255c) by intramolecular direct
arylation of the readily accessible carboxamides 254a, 254b and
254c, respectively, in DMA at 110 °C (Scheme 140).29°

o Me Pd(OAc); (5 mol%)
N PPhs (10 mol%)

n AcOK (2.0 equiv)
N\ X— N BuNCI (1.0 equiv)
N — DMA, 110 °C,5-72h
Me R (20 - 99%)
254a:n=0 (X=Br,I;Y=CH,N) 255a:n=0
254b:n=1 255b:n=1
254c:n=2 255¢c:n=2

Scheme 140. Pd-catalysed synthesis of compounds 255a-c.

Interestingly, microwave irradiation was found to increase the
yields of the reactions involving the less reactive substrates.?%

On the other hand, 7712-dihydroindolo[3,2-d][1]benzazepin-
6(5H)-one (paullone) (257), a compound, which belongs to a class
of cyclin-dependent kinase inhibitors,?°® was synthesised in 70%
yield by Pd(OAc),-catalysed intramolecular arylation of the N-
unsubstituted indole derivative 256 (Fig. 19) in DMF at 130 °Cin the
presence of MgO as the base under ligandless conditions.?%’ Like-
wise, compound 259, which is a dimethyl derivative of paullone,
was obtained in 86% yield by intramolecular arylation of 258
(Fig. 19) in DMF at 130 °C, but by using Cs,CO3 as a base.?%”

o o
R R
N N
» & OO
N N
R! R!
256 :R'=H; X =Br 257:R'=H
258 : R' = Me; X = Br 259 : R' = Me

260 :R'=Me; X =1

Figure 19. Structures of compounds 256-260.

Compound 259 had been formerly prepared in 89% yield by
intramolecular arylation at position 2 of the indole derivative 260
(Fig. 19) using a Pd(OAc),/PPhj3 catalyst system and Ag,COs3 as the
base.184d

In 2006, 2-methylbenzo[a]pyrrolo[3,4-c]carbazole-1,3(2H,8H)-
dione (262) was synthesised in quantitative yield by intramolecular
arylation of  3-(2-bromophenyl)-4-(1H-indol-3-yl)-1-methyl-
pyrrole-2,5-dione (261) in DMA at 130 °C in the presence of AcOK
as the base and a catalytic quantity of Pd(PPh3)4 (Scheme 141).2%8

M(? M(?
0 N~-0 Pd(PPhs)4 (5 mol%) 0 N~-0
— Br AcOK (1.1 equiv) —

DMA, 130 °C, 4 h .

A\ A\

(100%)
N N
H 261 H 262

Scheme 141. Synthesis of 2-methylbenzo|[a]pyrrolo[3,4-c|carbazole-1,3(2H,8H)-dione
(262).

More recently, 7H-benzo[3,4]azepino[1,2-a]indole-6-carboxylic
acid derivatives 264 have been prepared in good yields by
Pd(OAc),-catalysed C-2 intramolecular arylation of indole moiety-
containing Baylis-Hillman adducts 263 in DMF at 100 °C in the
presezrége of K3CO3 and BugNBr under ligandless conditions (Scheme
142).

Br COOR! COOR'

— Pd(OAc), (5 mol %)
K2COj3 (2.0 equiv)
I N BusNBr (1.0 equiv)
R2 DMF, 110°C,0.5-2h
R3
(65 - 78 %)
263 264 (5 examples)

Scheme 142. Synthesis of 7H-benzo[3,4]azepino[1,2-a]indole-6-carboxylic acid de-
rivatives 264.

Interestingly, a similar procedure was used for the synthesis of
poly-fused heterocyclic compounds from Baylis-Hillman adducts
modified with imidazole, benzimidazole and isatin.?%®

Finally, diversely substituted, medicinally useful indolo[2,1-
alisoquinolines 268 have been very recently synthesised by Verma
and Larock via tandem reaction of 2-unsubstituted 1H-indole 44a
with 2-[(hetero)arylethynyl]bromobenzenes 265 in DMSO at 110 °C
in the presence of catalytic amounts of benzotriazol-1-ylmethanol
(266) as a novel and inexpensive ligand and Cul (Scheme 143).21°
The compounds 267 were obtained in good yields and with ex-

cellent regioselectivity.
N\
@: "N (266) (20 mol%)
(Het)Ar H N

= . N o
@ Cul (10 mol%)
Br Me

KOt-Bu (1.4 equiv)
265 44a DMSO, 110 °C, 24 h
(2.2 equiv)
(53 - 82%)

(17 examples)

Scheme 143. Tandem synthesis of substituted indolo[2,1-a]isoquinolines 267 cata-
lysed by Cul/benzotriazol-1-ylmethanol.

It should be noted that analogous reaction conditions enabled
the tandem synthesis of some substituted pyrrolo[2,1-a]isoquino-
lines 268 (Fig. 20) from free (NH)-pyrrole and bromides 265 in
moderate-to-good yields.?!°

Figure 20. Structure of pyrrolo[2,1-a]isoquinolines 268.

A plausible catalytic cycle (Scheme 144) for these tandem re-
actions involves the formation of complex 269 from Cul and ligand
266. Oxidative addition of bromides 265 to 269 and subsequent 7-
complexation of the alkyne moiety to copper, which generates
complex 270, enables the nucleophilic addition of indoles and
pyrrole onto the 2-bromoarylalkynes and the resulting complex
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271 undergoes intramolecular attack onto the 2-position of the
hetereoarenes followed by elimination of HBr from complex 272,
which results in the formation of intermediate 273. Finally, re-
ductive elimination of 273 provides the products 267 or 268 and
regenerates complex 269210

Yp N/\O\ /BI‘
N
HBr =
Ar(Het) 270
H
Oy "
N”N\C/ PN M )
u h
" s S
H -N->cy—Br
A W N
Y ® \, R
“o2¥ Ar(Het) =
272 5NNl
Yoo Ar(Het)

271

Scheme 144. Plausible mechanism for the Cu-catalysed tandem synthesis of indolo-
and pyrrolo[2,1-alisoquinolines.

5.3. Synthesis of annulated imidazole and benzimidazole
derivatives

In recent years, some different protocols dealing with the syn-
thesis of 5H-imidazo[5,1-a]isoindole (275) have been described in
the literature.2%211212 1n 2006, this compound was synthesised in
55% yield by Pd(OAc),/PPhs-catalysed intramolecular C-5 arylation
of 1-(2-iodobenzyl)-1H-imidazole (274) in DMSO at 100 °C in the
presence of K,CO3 as the base (Scheme 145).2%°

Pd(OAc), (5 mol%)

/N
fj PPPh; (10 mol%) / JN
K>COj3 (2.0 equiv) N
I 274 DMSO, 100 °C, 22 h 275

Scheme 145. Pd(OAc),/PPhs-catalysed intramolecular C-5 arylation of compound 274.

More recently, we prepared compound 275 in 63% yield by
ligandless Pd(OAc),-catalysed reaction of 274 in DMF at 140 °C in
the presence of CsF as the base.?!' On the other hand, Majumdar
and co-workers synthesised 275 in 81% yield by cyclisation of 274 in
DMF at 100 °C in the presence of an equimolar amount of BusNBr as
an additive, a large molar excess of AcOK as the base and a catalytic
quantity of Pd(OAc).%!2

We also found that the palladium-catalysed and copper-medi-
ated intramolecular C-2 arylation of 274 under base-free and
ligandless conditions affords 5H-imidazo[2,1-a]isoindole (276) in
50% yield (Eq. 1, Scheme 146) and that similar reaction conditions
enable the preparation of 1H-benzo[4,5]imidazo[1,2-a]isoindole
(278) from 277, 5,6-dihydrobenzo[4,5]imidazo[2,1-a]isoquinoline
(280) from 279, and 11H-isoindolo[2,1-a]benzimidazol-11-one
(282) from 281 in 62, 62 and 31% yield, respectively (Egs. 2 and 3,
Scheme 146).21

Pd(OAc); (5 mol%)
Cul (2.0 equiv)
DMF, 140 °C, 27 h
(50%)

[&;

274 !

N
[\
276
o
o

278:n=1(62 %)
280 :n=2 (62 %)

Pd(OAc); (5 mol%)
Cul (2.0 equiv)
DMF, 140 °C,22-72 h
(50%)

ghy
N

n
278:X=1ln=1
279 :X=Br;n=2

Pd(OAc); (5 mol%)
@ ' Cul (2.0 equiv) O >
N .Oeq N ‘ ®)
DMF, 140 °C, 22-72 h

(50%) o]

281 282

Scheme 146. Pd-catalysed and Cu-mediated intramolecular C-2 arylation of com-
pounds 274, 277, 279, and 281.

Compound 276 had been previously synthesised in 40% yield by
microwave-assisted intramolecular arylation of 1-benzyl-2-iodo-
1H-imidazole (283) in DMF in the presence of AcOK as the base and
a Pd(OAC)/PPhs catalyst system (Scheme 147).213

Pd(OAc); (10 mol%)
PPh; (30 mol%) [N\
AcOK (2.0 equiv) Nijij
DMF, uw, 15 min 276
(40%)

N
05

N
283

Scheme 147. Pd-catalysed intramolecular arylation of compound 283.

In 2006, the 5,6-dihydrobenzo[4,5]imidazo[2,1-a]isoquinoline
derivative 285 was prepared in 78% yield by intramolecular C-2
arylation of compound 284 in DMF at 140 °C in the presence of Cul
as an additive, Cs;CO3 as the base, and catalytic amounts of
Pd(OAc); and PPhs (Scheme 148).214

Pd(OAc), (10 mol%

o )
i-Bu N/ﬁg PPhs (20 mol%) FBUI N@\O
; /
I /> | Cul (2.0 equiv) oh N 0)
285

ph” N 284 Cs,C03 (1.0 equiv)
DMF, 140 °C, 14 h
(78%)

Scheme 148. Pd-catalysed and Cu-mediated synthesis of compound 285.

However, when the reaction was carried out under base-free
and ligandless conditions, 285 was obtained in only 30% yield.?*

In 2008, the intramolecular arylation of the 2-substituted im-
idazole derivative 286 was performed in DMF at 100 °C in the
presence of K,COs3 as the base, BusNBr as an additive and a catalytic
quantity of Pd(OAc); (Eq. 1, Scheme 149).2%%® The 5H-imidazo[2,1-
a][2]benzazepine derivative 287 was obtained in 46% yield. Com-
pounds 289 (Eq. 2, Scheme 149), 291a and 291b (Eq. 3. Scheme 149)
were similarly synthesised from the imidazole derivatives 288,
290a and 290b, respectively.?9%"

Finally, a strategy consisting of palladium-catalysed norbor-
nene-mediated sequential aromatic alkylation/direct arylation re-
actions, which had been formerly applied with success to the
preparation of annulated indole, azaindole, pyrrole, furan and
thiophene derivatives, 194195:201202215216 L35 heen used very re-
cently by Jafarpour and Ashtiani for the one-step synthesis of
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Br COOMe

COOMe  Pd(OAc), (10 mol%) —
©/\§ K,CO3 (2.0 equiv) ‘ 0
N Bu4NBr (1.0 equiv) I N
[ )—Me DMF, 100 °C, 15 min N Me
286 N 287
(46%)
Br COOMe  Pd(OAc), (10 mol%) COOMe

K2COj3 (2.0 equiv) |
Bu4NBr (1.0 equiv)

B B
N_/—Ph DMF, 100 °C, 15 min N\/e\Ph
288 289

Ph (71%) bh

)

Br

COOMe  Pd(OAc), (10 mol%)

— KCO3 (2.0 equiv) | .
N Bu4NBr (1.0 equiv) N
N DMF, 100 °C, 15 min N
R (71%) R
290a:R'=H R! 291a:R'=H R!
290b : R = Me 291b: R'= Me

Scheme 149. Synthesis of compounds 287, 289, 291a and 291b.

a variety of imidazo[5,1-alisoquinolines 293 from 1-(1-bro-
moalkyl)-1H-imidazoles 292 and aryl iodides in modest to good
yields (Scheme 150).2"7

N R! PdCI; (10 mol%) R N
[ P [ P(2-furyl) (22 mol%) [ S pp
N Ph + ryl)s (4 N
B Q Cs,CO3 (2.0 equiv)
' 292 R2 norbornene (2.0 equiv) R? 203

MeCN, 100 °C, 24 h
(35 - 76%)

(3.0 equiv) (10 examples)

Scheme 150. One-step synthesis of imidazo[5,1-a]isoquinolines 293.

5.4. Synthesis of annulated 2H-indazoles and 1,2,3- and 1,2,4-
triazole derivatives

In 2008, a one-pot annulation process involving a norbornene-
mediated palladium-catalysed sequence, whereby an aryl-alkyl
bond and a heteroaryl-aryl bond were successively formed through
two C-H bond activations, was utilised by Laleu and Lautens for the
synthesis of a variety of 5,6-dihydroindazolo[3,2-a]isoquinolines
295 in good-to-excellent yields from 2-(2-bromoethyl)indazoles
294 and aryl iodides (Scheme 151).2'® The procedure consisted of
the addition of compounds 294 (1.5 equiv) via a syringe pump over
20 h to a mixture of Pd(OAc); (10 mol %), P(2-furyl)s (22 mol %),
norbornene (2 equiv), Cs;C0Os3 (2 equiv) and aryl iodides (1 equiv) in
DMEF heated at 90 °C.

RZ

RZ
3 PdCl; (10 mol%)
IR purylys (22 molo) R?
R! A -
\ Cs,CO3 (2.0 equiv) Rt \ N
N\N\’\ norbornene (2.0 equiv) N~N
294 Br MeCN, 100 °C, 24 h 295
(1.5 equiv) (35-76%) (12 examples)

Scheme 151. Synthesis of 5,6-dihydroindazolo[3,2-alisoquinolines 295.

Analogous reaction conditions enabled the synthesis of several
5,6-dihydro-[1,2,3]triazolo[5,1-a]isoquinolines 298 and 5,6-dihy-
dro-[1,2,4]triazolo[5,1-a]isoquinolines 299 in high yields from aryl

iodides and 1-(2-bromoethyl)-1H-[1,2,3]triazole (296) and 1-(2-
bromoethyl)-1H-[1,2,4]triazole (297), respectively (Fig. 21).21

N
NN My
N-N Br N-N Br
\—
296 297
R!
R! N
N M
N\N N\N
298 299

Figure 21. Structures of compounds 296-299.

5.5. Synthesis of annulated pyridine, quinoline, isoquinoline,
pyran-2-one, and coumarin derivatives

Over the past few years, several examples of direct intra-
molecular arylation reactions of electron-poor heteroarene de-
rivatives have been described. In 2008, Maes and co-workers
reported the synthesis of 9H-pyrrolo[2,3-b:4,5-c’'|dipyridine
(6-aza-9H-a-carboline) (301) in 52% yield by Pdy(dba)s/P(t-Bu)s-
catalysed intramolecular reaction of 3-chloro-N-pyridin-4-ylpyr-
idin-2-amine (300) in dioxane at 120 °C in the presence of K3PO4 as
the base (Scheme 152).218

G Pd,(dba), (10 mol%) _N
(\/I[ /@\l P(t-Bu)z (40 mol%) _ N/
\N N 7 KsPO, (2.0 equiv), dioxane, 120 °C ~ |

H (sealed tube), 36 h N H

300 301
(52%)

Scheme 152. Synthesis of 6-aza-9H-a-carboline (301).

Interestingly, the yield significantly increased when the reaction
was performed in dioxane at 180 °C under microwave irradiation in
the presence of 2.5 mol % Pd;(dba)sz, 10 mol % P(t-Bu)3, and DBU as
the base.?!® Maes also reported that the cyclisation of N-[3-chloro-
1-methylpyridin-2(1H)-ylidene]pyridin-4-amine (302) under ex-
perimental conditions similar to those illustrated in Scheme 145,
but involving a lower catalyst loading, enabled the preparation of
compound 303 in 76% yield (Scheme 153).217

Cl o~ =N
@ /@\l P(t-Bu)s (40 mol%) ~ A/
=N Z K3POy4 (2.0 equiv), dioxane, 120 °C | ~

Me 302 (sealed tube), 17 h '\'T/lle 303

N
(76%)

Pda(dba), (10 mol%)

Scheme 153. Pd-catalysed cyclisation of N-[3-chloro-1-methylpyridin-2(1H)-ylidene]-
pyridin-4-amine (302).

In the same year, the synthesis of dipyridopyrazole derivatives
306a-e and pyridopyrazolopyrazines 307a-d was achieved in
moderate yields via microwave-assisted palladium-catalysed
intramolecular arylation of N-azinylpiridinium N-aminides 304a-e
and 305a-d, respectively (Scheme 154).219220

The procedure of choice for the synthesis of the compounds
306a-e from the corresponding N-aminides consisted of treatment
of compounds 304a-e with 20 mol% Pd(OAc);, 5 equiv of K;COs,
1.5 equiv of LiCl, and 1 equiv of BusNBr in DMF at 170 °C for 10 min
under microwave irradiation (Method A). On the other hand,
a similar procedure, but involving reaction at 150 °C for 80 min
under microwave irradiation (Method B), was used to prepare
compounds 307a-d from the corresponding pyrazinyl pyridinium
aminides 305a-d (Scheme 153).2'? Interestingly, these methods for
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(oo

Method A (for 304a-e)

\2/]'? Method B (for 305a-d)

4
i
-

304a:Z=CH;R'=ClI 306a:72%
304b:Z=CH;R'=Ph 306b : 73%
304c : Z = CH; R' = 4-MeCgH,4 306¢ : 40%
304d : Z = CH; R' = 4-MeOCgH,4 306d : 37%
304e : Z = CH; R" = 4-AcCgH,4 306e : 53%
305a:Z=N;R"=Ph 307a:78%
305b : Z = N; R" = 4-MeCgHy4 307b : 41%
305¢ : Z = N; R" = 4-MeOCgH,4 307c : 39%
305d : Z = N; R" = 4-AcCgH4 307d : 31%

Method A : Pd(OAc); (20 mol%), KoCOj3 (5.0 equiv), LiCl (1.5 equiv)

Bu4NBr (1.0 equiv), DMF, sealed tube, uw, 170 °C, 10 min
Method B : Pd(OAc); (20 mol%), KoCO3 (5.0 equiv), LiCl (1.5 equiv)
BusNBr (1.0 equiv), DMF, sealed tube, 150 °C, 80 min

Scheme 154. Pd-catalysed intramolecular arylation of N-aminides 304a-e and
305a-d.

the synthesis of compounds 306 and 307 gave higher yields than
the intramolecular arylations of the corresponding N-aminides 304
and 305, respectively, using tris(trimethylsilyl)silane and AIBN.?1°

Four 2,6-dihydro-1H-isochromen[4,3-c]pyridin-1-ones, com-
pounds 309a-d, were synthesised in high yields by Majumdar and
co-workers in 2008 by Pd(OAc),;-catalysed intramolecular arylation
of the corresponding 4-(2-bromobenzyloxy)-1,2-dihydropyridin-2-
ones 308a-d in DMF at 95 °C in the presence of BuyNBr as an ad-
ditive and AcOK as the base (Scheme 155).21

R2
2
Pd(OAC), (10 mol%) o R
0 AcOK (2.5 equiv) N
riBr BusNBr (1.0 equiv) |
Me” N7 0
DMF, 95°C,5.5-7h )
Me” "N” 0 ’ R!
1
308a:R'=Me; R2=H 309a: 88%
308b : R' = Me; R? = OMe 309b : 83%
308c:R'=Et;R2=H 309¢ : 78%
308d : R' = Et; R2 = OMe 309d : 81%

Scheme 155. Synthesis of 2,6-dihydro-1H-isochromen[4,3-c]pyridin-1-ones 309a-d.

Maes and co-workers had previously reported that substituted
7H-indolo[2,3-c]quinolines 311 can be obtained in good yields by
microwave-assisted intramolecular arylation of 3-(2-bromophe-
nyl)quinolin-3-amines 310 in DMA at 180 °C for 10 min in the
presence of AcONa-3H,0 as a base (Scheme 156).2%!

&

g1 PdCl (PPh3); (20 mol%)
Br AcONae3H,0 (2.45 equiv)
N DMA, 180 °C, 10 min, uw X
_ (58 - 76%) _

N N

310 311

Scheme 156. Synthesis of 7H-indolo[2,3-c]quinolines 311.

D-ring-substituted 11H-indolo[3,2-c]quinolines 314, which are
isomers of compounds 311, have been more recently synthesised
in good yields by Maes and co-workers?*? via auto-tandem con-
secutive intermolecular Buchwald-Hartwig N-arylation®?> and
palladium-catalysed arylation of 4-chloroquinoline (312) with
N-unsubstituted 2-chloroanilines 313 in dioxane at 125°C
(Scheme 157).

al NH Pd,(dba), (5 mol%) o R’
cl P(t-Bu)3 (20 mol%)
X 4+ R
_ KsPOj (10-0 equiv) O =
N dioxane, 125 °C, 17 h N7
312 313 314

(50 - 82%)
Scheme 157. Synthesis of p-ring-substituted 11H-indolo[3,2-c]quinolines 314.

Recently, the Maes research group has also reported the syn-
thesis of 11H-indolo[3,2-c]isoquinoline (316) in high yield by
PdCly(PPhs),-catalysed intramolecular direct arylation of N-(2-
bromophenyl)isoquinolin-4-amine (315) in DMA in the presence of
AcONa-3H;0 as a base under conventional or microwave heating
(Scheme 158).224

Br
HN@ PAC, (PPhs),
X AcONae3H,0 (2.45 equiv)
N 315 DMA, heat
~

)
A
N

316
PdCIy(PPh3),  Reaction Temp.  Reaction time  Yield (%)
(mol%) (°C) (h) of 316
10 130 (oil bath) 88 h 65
20 130 (oil bath) 16 h 78
1 180 (uw) 10 min 71
1 200 (uw) 10 min 79

Scheme 158. Synthesis of 11H-indolo[3,2-c]isoquinoline (316).

On the contrary, ligandless conditions were employed by
Majumdar and co-workers for the high yielding synthesis of 5-
methyl-5H-[2H]benzopyrano| 3,4-c]quinolin-6(8H)-ones 318a,b via
intramolecular palladium-catalysed arylation of 1-methyl-3-(2’-
bromobenzyloxy)quinolin-2(1H)-ones 317a,b (Scheme 159).2%

R1
Pd(OAc); (10 mol%)
Br AcOK (1.5 - 0.6 equiv)
BuyNBr (1.0 equiv)
DMF, 130 °C,4-5h

Me
317a:R'=H 318a:90 %
317b : R' = 4-MeO 318b: 88 %

Scheme 159. Synthesis of tetracyclic quinolinone annulated heterocycles 318a,b.

Reaction conditions similar to those used for the synthesis of
compounds 318a,b were then employed to prepare 8-methyl-
benzopyrano[ 3,2-c]-4-methoxyquinolin-7(8H)-one (323), the tet-
racyclic coumarin-annulated heterocycles 324 and 325, and the
tricyclic heterocycle 326 from compounds 319, 320, 321 and 322,
respectively (Fig. 22).2122%°

R! ; R' OMe
@(I @f\l o
O (¢}

320 321

322

OMe
o S
N
Me
319
OMe g O R' OMe
GG
S
oo L
o oo Me” N0 o

(¢}
323 324 325 326

Figure 22. Structures of compounds 319-326.
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5.6. Synthesis of annulated 4(3H)-quinazolinone derivatives

In 2004, the total synthesis of the pyrroloquinazolinoquinoline
cytotoxic alkaloid luotonin A (328),226%27 was achieved in 86% yield
by Harayama and co-workers via intramolecular direct arylation of
3-[(2-bromoquinol-3-yl)methyl]-4(3H)-quinazolinone (327) in
DMF under reflux in the presence of AcOK as the base and a catalyst
system consisting of a mixture of Pd(OAc), and PCys (Scheme

160).2%8
o Pd(OAc); (10 mol%)
X N PCy3 (20 mol%) @j\/[:;
©\/N:(B\ 4\ | AcOK (2.0 equiv)
"N DMF, reflux, 30 min

(86%)
Scheme 160. Synthesis of luotonin A (328).

Analogous reaction conditions enabled the synthesis of ruteo-
carpine (330), an indolopyridoquinazoline alkaloid, from 3-[2-(N-
acetyl-2-bromoindol-3-yl)ethyl]-4(3H)-quinazolinone (329) in ex-
cellent yield (Fig. 23).%?8 Ruteocarpine has long been used to treat
inflammation-related diseases.?2%230

o o}
N N
QL0 oo
N Br N N N
H 32 H 330

Figure 23. Structures of compounds 329 and 330.

It is also worth noting that recent advances in the synthesis of
quinazoline alkaloids, including luotonin A and ruteocarpine, via
palladium-catalysed intramolecular direct heteroarylation re-
actions have been described by Abe and Harayama in a short review
published in 2008.%%!

5.7. Synthesis of ring-fused 1,2-, 1,3- and 1,4-diazine
derivatives

In the last few years, attention has also been focused on the
synthesis of ring-fused pyridazin-3(2H)-one derivatives. In 2004,
Maes and co-workers synthesised 2-methyl-2,5-dihydro-1H-pyr-
idazino[4,5-b]indol-1-one (332) in 73% yield by palladium-cata-
lysed intramolecular arylation of 5-[(2-bromophenyl)amino]-2-
methylpyridazin-3(2H)-one (331) in DMA at 130°C using
AcONa-3H,0 as a base and 20 mol % PdCly(PPhs); (Scheme 161).1°!

““ﬁj@

Scheme 161. Intramolecular direct arylation of compound 331.

O

PdCl, (PPhy), (20 mol%)  Me.
|

AcONae3H,0 R | "

H

DMA, 130 °C, 3 h 332
(73%)

More recently, this procedure has been improved and com-
pound 332 has been prepared in 85% yield by intramolecular ary-
lation of 331 at 180 °C for 0.5 h under microwave irradiation in the
presence of AcONa-3H-0 as a base and 1 mol % PdCly(PPhs),.232

This microwave-based protocol has also been used to prepare
compounds 334a,b from 2-benzyl-5-{[2-bromo-4-(trifluorome-
thoxy)-phenyl]amino}pyridazin-3(2H)-ones 333a,b in high yields
(Fig. 24).23?

In 2009, 5-alkyl-1,3-dimethyl-5,6-dihydropyrimido[5,4-cliso-
quinoline-2,4(1H,3H)-diones 336 and 2,4,5-trimethyl-5,6-dihy-
dropyrimido[4,5-c]isoquinoline-1,3(2H,4H)-diones 338 have been
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334a:R"=OCF;
334b :R' = Me

333a:R'=0OCF;
333b:R'=Me

Figure 24. Structures of compounds 333a,b and 334a,b.

synthesised in high yields by the research group of Majumdar by
palladium-catalysed intramolecular direct arylation of 5-[(2-bro-
mobenzyl)alkylamino]-1,3-dimethylpyrimidine-2,4(1H,3H)-diones
335 and 6-[(2-bromobenzyl)methylamino]-1,3-dimethylpyr-
imidine-2,4(1H,3H)-diones 337, respectively, under ligandless

conditions (Scheme 162).233

]

Pd(OAC); (10 mol%) o R

Me\ i Me. N

AcOK (2.5 equiv) N |
Br BusNBr (1.0 equiv) O)\N

. DMF140°C 24 Me v

335 (81 - 89%) 336

(3 examples)

Pd(OAc); (10 mol%) (0] Y
Me.\ Br _ AcOK(25equiv)  Me.
Bu4NBr (1.0 equiv) Py ‘

DMF, 140 °C, 24 h o N N
Me Me Me Me
337 (92 - 95%) 338

(2 examples)
Scheme 162. Intramolecular direct arylation of compounds 335 and 337.

Similar conditions have been used by Beccalli and co-workers
for the intramolecular arylation of the 1,2-, 1,3- and 1,4-diazine
derivatives 339, 340 and 341, respectively (Scheme 163).234

o) o)
Y'Zj)kN'Me Pd(OAc)2, AcOK Ve i
] 1]

X7 I BusNCI, DMA X7
100°C, 24 h

339:X=N;Y=Z=CH
340: X=Z=CH;Y=N

342a + 342b (28 + 24%)
343 (79%)

341:X=Y=CH;Z=N 344 (49%)
o} O
M M
e N AN N e
N. N ~
342a 342b

Scheme 163. Intramolecular direct arylation of diazines 339-341.

It should be noted that, in the case of the amide 339, two
cyclised regioisomers, 342a and 342b, corresponding to cyclisation
on positions 3 and 5 of the pyridazyl ring, respectively, were
obtained in a 1:1 ratio. However, cyclisation of compounds 340 and
341 produced selectively 343 and 344, respectively, in high
yields.234

6. Conclusions

This article has sought to describe and highlight the impressive
developments made in the last few years in the exploding area of
the transition metal-catalysed direct inter- and intramolecular
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(hetero)arylation reactions of heteroarene C-H bonds and in the
use of these methods for the efficient, chemo- and regioselective
synthesis of several classes of heteroarene derivatives also con-
taining many labile functional groups, often starting from rather
simple materials. It has been illustrated that, at present, not only -
electron-rich, but also m-electron-deficient heteroarenes are able to
undergo this type of inter- and intramolecular carbon-carbon bond
forming reaction. As reported in the previous sections of this article,
the activation of C-H bonds of electron-poor heteroarenes, until
a few years ago considered to be unsuitable to efficiently undergo
direct (hetero)arylation reactions, has been achieved through the
use of effective catalyst systems and/or a suitable, and sometimes
provisional, functionalisation of the heteroarene systems.

As evidenced by the very large number of publications in the
field summarised and discussed in this review as well as by a very
recent featured article by Fagnou’s group, in which the outcomes of
studies including the establishment of broadly useful direct aryla-
tion reactions that enable efficient cross-coupling between a wide
variety of coupling partners with 1:1 stoichiometry have been
summarised,?>> at present, the transition metal-catalysed inter-
and intramolecular (hetero)arylation reactions of heteroarenes
represent the most general and economically attractive method-
ology for forming directly, efficiently, chemo- and regioselectively
(hetero)aryl-heteroaryl carbon-carbon bonds without the use of
stoichiometric amounts of organometallic reagents. Our belief is
supported by the fact that, after completion of this review, a large
number of examples showcasing the transition metal-catalysed
direct arylation of various heteroarenes have appeared in a few
months.?36237 For example, Sames and co-workers have recently
developed a strategically new approach for the regioselective pal-
ladium-catalysed direct arylation of pyrazole derivatives,?®" a class
of heteroarenes never formerly used in direct arylation reactions.
These authors investigated the direct arylation of SEM-protected
pyrazoles due to the stability of this protecting group under the
arylation conditions as well as its ability to be transposed from one
nitrogen to another, enabling sequential arylations.23%"

Moreover, a synthetically useful method for the palladium-cat-
alysed direct arylation of azine N-oxides using aryl triflates have
been described by Fagnou and co-workers, who has also evaluated
their protocol in the synthesis of a key intermediate of a diary-
Ipyridine, which exhibits antimalarial and antimicrobial
activities. 23!

Very interesting results have also been reported by Catellani and
co-workers, who have recently described the palladium/norbor-
nene-catalysed synthesis of heteroatom-containing o-teraryls from
aryl iodides and heteroarenes through double C-H activation in
sequence.

Another noteworthy example of an effective method for the
concise functionalisation of heteroarenes is the copper-mediated
direct arylation of 1,3,4-oxadiazoles and 1,2,4-triazoles in the
presence suitable ligands (i.e., 1,10-phenanthroline or PPh3) and
bases (i.e., Cs;CO3 or NaCOs3), which, very recently, has been in-
vestigated by Miura and co-workers.?>’¢ This method enables the
installation of a variety of aryl moieties bearing a functional group
such as ester, nitrile, or ketone.

However, some relevant challenges concerning the direct inter-
and intramolecular arylation reactions of heteroarenes must still be
faced. In fact, lowering of the reaction temperature and the catalyst
loading are still necessary for many specific reactions and, partic-
ularly, for those involving the use of copper salts as catalyst com-
ponents. On the other hand, additional important key fields that
remain underveloped include i) the use of free (NH)-pyrazoles for
direct C-3(5) intermolecular arylation reactions and their applica-
tion for the synthesis of pharmacologically important substances
such as inhibitors of the hematopoietic form of prostaglandin D,

synthase®*® or p38a. MAP kinase inhibitors>%; ii) the design,

E Bellina, R. Rossi / Tetrahedron 65 (2009) 10269-10310

development and use of highly efficient, air-, moisture- and heat-
resistant transition metal catalysts, which can be stored unaltered
for prolonged periods of time, as well as the replacement of the
expensive transition metals, usually palladium or rhodium, with
cheaper ones; iii) the development of procedures for the highly
regioselective and high yielding C-5 arylation of 2-unsubstituted
free (NH)-imidazole, oxazole, and thiazole; and iv) effective
methods for the regioselective direct arylation at the 4-position of
five-membered heteroarenes with two heteroatoms and diazines
as well as at C-3 of pyridines, pyridazines, and quinolines.

Nevertheless, we believe that, in the near future, due to their
excellent functional-group tolerance and high chemo- and regio-
selectivity, the broad scope and simplicity of these valuable Csp*~
Csp? bond-forming reactions will increase their impact on the
synthesis of biologically active natural products and pharmaco-
logically relevant heteroaromatic substances in both the academic
and industrial settings.
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