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%(������� In recent years, environmental and economic 
reasons have motivated the development of transition metal2
free carbon–carbon bond forming reactions and some 
excellent reviews have covered this research area of 
particular interest for pharmaceutical industry. However, 
none of these reviews has been specifically dedicated to 
summarize and discuss the results achieved in the rapidly 
growing field of the transition metal2free direct 
(hetero)arylation reactions of heteroarenes. This review, 
which covers the literature from 2008 to 2014, aims to 
provide a thorough insight of the synthetic and mechanistic 
aspects of these atom economical and environmental benign 
reactions also highlighting their advantages and possible 
disadvantages compared to conventional methods for the 
synthesis of arylheteroarenes and biheteroaryls via transition 
metal2catalyzed reactions. 

1.� Introduction 
2.� Direct (Hetero)arylation of Heteroarenes with 

(Hetero)aryl Halides or Pseudohalides 
3.� Direct (Hetero)arylation of Heteroarenes with 

(Hetero)aryl Iodonium Salts 
4.� Direct Arylation of Heteroarenes with Anilines 

Nitrosated in situ or Arylhydrazines 
5.� Direct Arylation of Benzothiazoles with Aryl 

Aldehydes 
6.� Direct (Hetero)arylation of Heteroarenes with 

(Hetero)arylmetals 
7.� Conclusions 

+�#,����	�direct C–H (hetero)arylation; heteroarenes; 
regioselectivity; transition metal2free reactions; sustainable 
chemistry 

 


�������'������

 (Hetero)aryl2substituted heteroarenes are a 
structural motif present in naturally2occurring 
substances,[1] biologically2active compounds,[2] 

agrochemicals,[3] and conjugated polymers.[4] The 
traditional approach for the synthesis of (hetero)aryl2
substituted heteroarenes involves Pd2catalyzed cross2
coupling reactions between previously activated 
substrates, ���� (hetero)aryl halides or pseudohalides 
and (hetero)arylmetal derivatives including Grignard 
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reagents, organozinc derivatives, organotin 
compounds, organoboron derivatives, and 
organosilicon reagents[5] (Scheme 1, eq. a). However, 
in the last two decades more step2economical and 
greener alternative methodologies for the synthesis of 
arylheteroarenes and biheteroaryls including 
unsymmetrical derivatives have emerged. One of 
these methodologies, in which the preparation and use 
of stoichiometric amounts of organometallic reagents 
is avoided, involves transition metal2catalyzed direct 
(hetero)arylation reactions of heteroarenes with 
(hetero)aryl halides or pseudohalides (Scheme 1, eq. 
b).[6] Unfortunately, this methodology, which is still a 
very active area of research and development, suffers 
from some limitations that include poor reactivity of 
some substrates, lack of regioselectivity of some of 
these coupling reactions, especially when the 
heteroarene substrates possess multiple C–H acidic 
bonds or multiple nucleophilic centers, and 
impossibility to carry out direct (hetero)arylation 
reactions at certain specific sites. Furthermore, the 
efficiency and selectivity of the direct 
(hetero)arylation reactions often depends strictly by 
the use and nature of supporting ligands, which 
sometimes are expensive and/or difficult to prepare, 
as well as of special additives and cocatalysts. 

 
&�)�-�� 
�� Methodologies for the synthesis of 
(hetero)aryl2substituted heteroarenes 

 
Another interesting methodology involves the 

transition metal2catalyzed decarboxylative cross2
coupling reactions of heteroaryl carboxylic acids with 
(hetero)aryl halides (Scheme 1, eq. c).[7] In these 
reactions, in which the readily available heteroaryl 
carboxylic acids are the source of carbon nucleophiles 
and CO2 is the by2product of the couplings, the 
regioselectivity is insured by the carboxylic acid 
functionality. 

The transition metal2catalyzed dehydrogenative 
coupling of two heteroarenes or a heteroarenes with 
an arene (Scheme 1, eq d)[8] is another attractive 
approach to construct (hetero)aryl2substituted 

heteroarenes. In fact, it allows for superior atom2 and 
step2economic transformations as it does not require 
preactivation of both coupling partners. However, 
chemo2 and regioselectivity issues limit the broad 
application of these reactions, which in many cases 
require the use of stoichiometric amounts of oxidants 
such as silver or copper salts. 

It must also be pointed out that, unfortunately, all 
the four methodologies illustrated in eqs. a–d of 
Scheme 1 have some significant drawbacks for their 
industrial application, especially in the 
pharmaceutical industry. In fact, they involve the use 
of catalytic systems which are usually sensitive to 
moisture and oxygen, are normally quite expensive 
and sometimes toxic, and require expensive 
procedures to be completely removed from the final 
reaction products.[9]  

Notably, these drawbacks do not characterize the 
synthesis of (hetero)aryl2substituted heteroarenes 
through transition metal2free, UV2 or visible light2
mediated reactions of heteroarenes with aryl halides 
or pseudohalides as well as of arenes with heteroaryl 
halides (Scheme 1, eq. e),[10] but this process often 
suffers from low reaction rates and or low chemical 
yields. 

Finally, in the last decade, environmental and 
economic concerns have motivated the development 
of a conceptually different green methodology for the 
synthesis of arylheteroarenes and unsymmetrical 
biheteroaryls. In this methodology, which has 
emerged as a useful alternative to traditional cross2
couplings, the synthesis of the target compounds is 
achieved via transition metal2free direct 
(hetero)arylation of heteroarenes with (hetero)aryl 
halides or pseudohalides or (hetero)aryliodonium salts 
in the presence of a strong base, a combination of a 
strong base and an organic ligand, or a radical 
initiator (Scheme 1, eq. f). The seminal study of the 
transition metal2free direct heteroarylation reactions 
of heteroarenes with aryl halides was performed ion 
2008 by Itami and coworkers[11] and, since then, the 
literature has been enriched by numerous reports that 
illustrate various protocols to achieve the inexpensive, 
high yielding and easy to conduct chemoselective 
synthesis of a large variety of arylheteroarenes and 
unsymmetrical biheteroaryls including highly 
functionalized derivatives. 

In this last decade, this methodology has also been 
joined by some protocols in which  (hetero)arylating 
reagents different from (hetero)aryl halides or 
pseudohalides have been used.� In addition, two2step 
procedures have been developed that involve the 
transition metal2free reaction of heteroarenes with 
(hetero)arylmetals and the subsequent reaction of the 
resulting compounds with an oxidant (Scheme 1, eq. 
g). Obviously, these procedures can not be included 
among those with low economic and environmental 

(Het)Ar12X + (Het)Ar22M (Het)Ar12(Het)Ar2

HetAr12H + (Het)Ar22X HetAr12(Het)Ar2

HetAr12COOH + (Het)Ar22X HetAr12(Het)Ar2

(Het)Ar2+ (Het)Ar12(Het)Ar2

(Het)Ar12H (Het)Ar22X+ (Het)Ar12(Het)Ar2

(Het)Ar12H (Het)Ar22X+ HetAr12(Het)Ar2

HetAr12H HetAr12(Het)Ar2

(Het)Ar12H

Pdcat

Transition metal
catalyst

Transition metal
catalyst

Transition metal
catalyst

Oxidant

hν

strong base or

strong base + ligand
or radical initiator

1) (Het)Ar22M

2) Oxidant

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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impact as they involve the synthesis of the 
organometallic reagents to be used as 
(hetero)arylating reagents and some of these 
compounds are water and air sensitive. Nevertheless, 
it appeared appropriate to include these reactions in 
this review taking into account of their efficiency and 
the fact that they do not require a large molar excess 
of one of the reagents, they operate in the absence of a 
transition metal catalyst, and given that only one of 
the reaction partners requires to be activated.� 

Recently, the transition metal2free carbon–carbon 
bond forming reactions have been covered by some 
excellent reviews,[12] but none of them has been 
specifically devoted to summarize completely and 
discuss the results achieved in the context of the 
transition metal2free direct C–H (hetero)arylation 
reactions of heteroarenes. This review with 258 
references aims to provide a thorough insight of this 
subject highlighting the synthetic and mechanistic 
aspects of these transition metal2free (hetero)arylation 
reactions as well as the practicality and limitations of 
the various developed protocols. A comparison 
between the results achieved using the transition 
metal2free direct (hetero)arylation reactions of 
heteroarenes and those obtained by other methods fro 
the formation of C(hetero)aryl–Cheteroaryl bonds will be also 
reported. 

The review, which covers the literature from 2008 
to December 2014, has been organized in the 
following sections: (i) direct (hetero)arylation of 
heteroarenes with (hetero)aryl halides or 
pseudohalides; (ii) direct (hetero)arylation of 
heteroarenes with (hetero)aryliodonium salts; (iii) 
direct (hetero)arylation of heteroarenes with anilines 
nitrosated ��� ���� or arylhydrazines; (iv) arylation of 
benzothiazoles with aryl aldehydes; and (v) direct 
(hetero)arylation of (hetero)arenes with 
(hetero)arylmetals. 

However, it should be pointed out that, for reasons 
of space, this review does not deal with a summary 
and discussion of the synthesis of (hetero)aryl2
substituted heteroarenes via transition metal2free 
oxidative (dehydrogenative) cross2coupling 
reactions[13] and via aryl radical additions to 
heteroarenes involving the use of catalytic amounts of 
AIBN and over2stoichiometric amounts of Bu3SnH,[14] 
a compound that is very harmful to the environment. 
Also, the patent literature has not been taken into 
account. 


��������! �����"��#��������$�

 ������������,��)�! �����"��#��)�������

���.��'��)�������

�In 2008, Itami and coworkers reported� the first 
examples of synthesis of arylheteroarenes via 
intermolecular transition metal2free direct C–H 
arylation of heteroarenes with aryl halides.[11] They 
discovered that the reaction of 1 equiv of aryl iodides 
with 40 equiv of electron deficient nitrogen 
heteroarenes, including pyrazine (
), pyridine (
), 
pyrimidine (/), piperazine (0)� and quinoxaline (1), 
and 1.5 equiv of sublimed KO2�2Bu at 50 °C under 
microwave irradiation for 5 min produced 
arylheteroarenes in good to excellent yields (Scheme 
2). Interestingly, the arylation reactions were carried 
out in the absence of any amine or bipyridine catalyst 
such as ����2dimethylethylenediamine or 1,102
phenanthroline. 

 

&�)�-�� 
��  Synthesis of compounds 2�
��(#�KO2�2
Bu2mediated direct arylation of heteroarenes 
�1 with 
aryl iodides under microwave irradiation 

Unfortunately, poor regioselectivity with respect to 
the heteroarene was observed in the arylation of 
compounds 
�1 with iodobenzene, but regioisomers 
with respect to the aryl iodides were not detected in 
the arylation reactions of pyrazine (
)� with 42iodo2 
and 32iodoanisole and 32iodothiophene, which 
provided compounds 2(, 2� and 2� in 83, 64 and 71% 
yield, respectively (Scheme 2). This meant that the 
arylation reactions did not proceed through aryne 
intermediates. The reaction mechanism was not 
elucidated, but the radical nature of the reaction was 
supported by experiments showing that the reaction of 
pyrazine (
) with iodobenzene in the presence of 1.5 
equiv of KO2�2Bu and 1 equiv of a radical scavenger 
such as TEMPO, galvinoxyl or acrylonitrile did not 
gave 22phenylpyrazine (2�). Itami and coworkers then 
formulated a plausible mechanism for the KO2�2Bu2

HetAr2 H +
���

HetAr��

HetAr2H:

�

�

� �

�

�
�

�

�

�

� ��

�

�

�

�

�

�

�	


�	


�

�

��

�
�

��

�

�


�1�(40 equiv.) (1 equiv.)

KO�Bu (1.5 equiv.)

MW, 50 °C, 5 min

2�
�

(
); (
); (/)

(0); (1)

2�: 98% 2(: 83% 2�: 64% 2�: 71%

3�: 63%
(22/32/42 = 36/21/43)

4�: 59%
(22/42/52 = 23/52/25)

�

� ��

5�: 56%
(32/42 = 24/76)


��: 75%
(22/52 = 64/36)
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mediated arylation of 
 with iodobenzene in which 
the initial step was the generation of the radical anion 
species % by single electron transfer (SET) from KO2
�2Bu to iodobenzene (Scheme 3).[11]  

 

&�)�-��/�� Plausible mechanism for the of KO2�2Bu2
mediated arylation of pyrazine (
) with iodobenzene 

In this mechanism, elimination of KI from %�would 
provide phenyl radical 6, which by addition to 
pyrazine would generate phenylpyrazyl radical �. 
Finally, abstraction of hydrogen radical from ��by� �2
butoxide radical would give compound 2� (Scheme 
3).[11]  

One year after the publication of these results, Li and 
Hua reported that pyrazine (
) and pyridine (
) 
underwent Cy3PAuCl2catalyzed direct arylation with 
aryl bromides at 100 °C in the presence of KO2�2Bu to 
give monoarylated products, which in the case of 
electron2rich aryl bromides were obtained in moderate 
to good yields.[15]  

 

&�)�-�� 0��  Gold2catalyzed direct arylation of 
pyrazine (
) and pyridine (
) with aryl bromides 

This method (Scheme 4) also allowed the preparation 
of compound 2�� in 90% yield, but in the case of the 
arylation of pyridine provided mixtures of 
regioisomers.[15]  

In the same year, Liu and Yang synthesized 
compound 2� and 22(�2tolyl)pyrazine (2�) in 80 and 
82% yield  respectively, by oxygen2promoted, ligand2

free Pd(OAc)22catalyzed Suzuki reaction of 22
chloropyrazine (

) with the required arylboronic 
acids in 50% aqueous isopropanol at 80 °C for 40 min 
(Scheme 5).[16] Interestingly, a similar protocol 
allowed the preparation of 22aryl2substituted 
pyridines from 22bromopyridines in excellent 
yields.[16]  

 

&�)�-�� 1��  Ligand2free Pd(OAc)22catalyzed Suzuki 
coupling of 22chloropyrazine (

) with arylboronic 
acids 

More recently, Zhu, Xu and coworkers showed that �2
toluenesulfonylhydrazide (PTSH) promotes the 
efficient direct arylation of pyrazine (
)� with 42
iodoanisole at 110 °C in the presence of 3 equiv of�
KO2�2Bu, but in the absence of any amine or 
bipyridine catalyst, providing compound 2( in 90% 
yield (Scheme 6).[17] However, a regioisomeric 
mixture of arylated compounds favouring the 	��
	 
product was obtained by the PTSH2initiated direct 
arylation of pyridine with 42iodoanisole.[17]  

 

&�)�-�� 2�� �2Toluenesulfonylhydrazide2initiated 
direct arylation of pyrazine with 42iodoanisole 

The PTSH2initiated arylheteroarene syntheses were 
proposed to occur through a chain base2promoted 
homolytic aromatic substitution involving the aryl 
radical ��, which would be formed by the reaction 
between deprotonated PTSH and 42iodoanisole 
followed by elimination of iodide anion from the 
resulting radical anion � (Scheme 7).[17]  

 

KO�2Bu +

�

K+
�

�

�

, K+

�

�

�


�

�

�

� ��

SET

�BuO2

%

KI

6

��

�

�BuO2

�BuOH
�

�

�

+
����

�

�

��


: Y = N

: Y = CH
(10 equiv.)

(1 equiv.)

Cy3PAuCl (2 mol%)

KO�Bu (2 equiv.)
100 °C, 12224 h

(24290%) 2: Y = N (12 examples)
3: Y = CH (6 examples)

�

�

��

+
������

��

�

�

��



 (1 equiv.) (1.5 equiv.)

Pd(OAc)2 (1.5 mol%)
K3PO4⋅7H2O (2 equiv.)

50% �PrOH
80 °C, 40 min

under air 2�: R1 = H (80%)
2(: R1 = Me (82%)

�

�

+

�
	


��������

�

�

�	



�(5 mL) (1.0 mmol)

(10 mol%)

KO�Bu (3 equiv.)
110 °C, 24 h

(90%) 2(

	
�

+

	
�

�

� _ _NH2

�

	
�

+ K+TsN

	
�

+  KI

� _ _NH2TsN

K

�

��
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&�)�-��3��Proposed mechanism for the formation of 
�2methoxyphenyl radical ���

Notably, the reaction conditions used for the synthesis 
of 2( resulted also suitable for the efficient direct 
arylation of unactivated arenes with aryl iodides, 
bromides and chlorides.[17]  

In concluding the treatment of the results achieved so 
far concerning the transition metal2free KO2�2Bu2
mediated direct arylation reactions of heteroarenes 
with (hetero)aryl halides it deserves to be noted that, 
recently, it was reported that the KO2�2Bu2mediated 
biaryl coupling reactions do not need to be carried out 
in the presence of an amine or bipyridine catalyst.[18] 
In fact, results were obtained suggesting that in KO2�2
Bu2mediated biaryl couplings carried out employing 
1,102phenanthroline as the catalyst, the alkoxide is 
destroyed almost immediately.[18]  

A new interesting transition metal2free method for the 
direct arylation of electron2rich and electron2poor 
heteroarenes with aryl chlorides and fluorides was 
developed by Truong and Daugulis at the beginning 
of 2011.[19] They found that the reaction between 1.0 
equiv of heteroarenes and 1.3–2.5 equiv of aryl 
halides in THF or a mixture of pentane and THF in 
the presence of a large molar excess of lithium 
2,2,6,62tetramethylpiperidide (LiTMP) was highly 
regioselective with respect to the heteroarenes 
providing cross2coupling products in good to 
excellent yields. Table 1 illustrates the optimized 
reaction conditions used for the direct arylation of 
benzo[�]thiophene (

), benzo[�]furan (
/), 22
butylfuran (
0), 12methylbenzimidazole (
1), 12

phenyl21�2pyrrole (
2�), 22methoxypyrazine (
3), 
and 32methoxypyridine (
4). The aryl chlorides which 
were used in the arylation reactions included 
derivatives bearing electron2withdrawing or electron2
donor substituents, and the aryl fluoride used in the 
direct arylation of 

�(entry 8, Table 1) contained the 
electron2withdrawing �2butoxycarbonyl group in the 
β2position with respect to the C–F bond. It is 
noteworthy that the arylation reactions of 
heteroarenes 

, 
/, 
1�and�
2� provided C22 arylated 
derivatives (entries 1–11, 13, 14, and 16, Table 1) and 
that the C22 arylation of 

 and 
/ had previously 
been achieved by treatment of these heteroarenes with 
aryl bromides in DMA at 100 °C using a 
Pd(OAc)2/PCy3·HBF4/pivalic acid catalyst system.[20] 
On the other hand, 22aryl212phenyl21�2pyrroles were 
previously selectively synthesized in high yields by 
ligand2free Pd(OAc)22catalyzed direct arylation of 12
phenyl21�2pyrrole (
2�) with aryl bromides.[21] 
Notably, regioselectivity as regards the heteroarenes 
was also observed for the LiTMP2mediated reactions 
of the six2membered heteroarene derivatives 
3 and 

4 with chlorobenzene, which gave compounds 
0 
and 
1� in 55 and 71% yield, respectively (entries 15 
and 16, Table 1).[19] It was also found that the 
arylation of benzo[�]thiophene (

) with 22
chloroanisole and 22chlorobenzotrifluoride gave the 
����2substituted products 
5� and 
5(, respectively, 
in good yields (entries 1 and 2, respectively, Table 1). 
Moreover, both arylation reactions of 

 with 22
chloro2���2dimethylaniline  and 32chloro2���2
dimethylaniline (entries 4 and 5, respectively, Table 
1) produced 32benzothien222yl2���2
dimethylbenzamine (
5�) in agreement with a 
reaction mechanism involving the participation of an 
aryne intermediate. 

��(���
��LiTMP2mediated direct arylation of heteroarenes 

�
4 with aryl chlorides and fluorides 

 

Entry 
HetAr2H 
structure 

Aryl halide 

LiTMP Solvent Reaction 

Product 

Structure 
 

Mmol Structure Yield (%) 

1  
(

)  

1.35 2.1 THF rt/1 
 

(
5�) 

78 

2 

�

 
1.0 1.8 THF 0/4 

 
(
5() 

61 

HetAr2H +
��� ��

�
���

2



�
4

(0.5 mmol)

LiTMP

solvent, 273 2 +40 °C


5�
1

�

��

�	


�
�	


��

���

�
���
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1.25 2.0 THF rt/2 
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�
 

1.25 2.0 THF rt/2 
 

(
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81 

5 

�

 

1.25 2.0 THF 273/12 

 
(
5�) 

62 
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�

 

1.25 2.0 THF 0/3 

 
(
5�) 

75 

7 

�
 

1.25 2.0 THF rt/24 
 

(
5$) 

73 

8 

�
 

1.0 2.0 THF 235/8 
 

(
5*) 

60 

9 

�
 

0.8 1.5 THF rt/1.5  
(
5)) 

(m2/p2 = 1/1.2) 

85 

10 

� PhCl 0.75 1.4 THF rt/0.5 
 

(
5�) 

86 

11 �
(
/) 

PhCl 0.75 1.4 THF rt/2.5 
 

(
��) 

81 

12 �
(
0) 

PhCl 0.75 1.4 
pentane/THF 

(4/1) 
rt/0.5  

(

�) 
80 
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�

(
1) 

PhCl 1.0 1.7 
pentane/THF 
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rt/1 

 
(

�) 

91 

14 
�

(
2�) 

PhCl 0.25 0.7 pentane 40/24 
 

(
/) 

78 

15 
�

(
3) 

PhCl 1.0 1.7 
pentane/THF 

(13/1) 
213/12 

 
(
0) 

55 

16 
�

(
4) 

PhCl 1.0 1.7 
pentane/THF 

(13/1) 
213/12 

 
(
1) 

71 
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�

��*'���
� Chemical structure of 32methoxybenzyne 
(
2) 

Truong and Daugulis also carried out a sequential 
one2pot diarylation of �2methylimidazole (
3). In 
particular, they treated a mixture of 
3� and 
chlorobenzene with LDA in THF at room 
temperature and found that the subsequent 
quenching of the reaction mixture with MeOH and 
evaporation of the solvents followed by the 
addition of 22chloroanisole and LiTMP in THF at 
room temperature for 2 h provided the diarylation 
product 
4�in 50% yield (Scheme 8).[19]  

 

&�)�-��4��Synthesis of compound 
4 by sequential 
one2pot diarylation of �2methylimidazole (
3). 

Again in 2011, Gryko and coworkers conducted a 
series of interesting studies on the transition metal2
free direct arylation of pyrrole derivatives with aryl 
halides.[23–25] They found that 12substituted pyrroles 
undergo LiO2�2Bu2mediated regioselective direct 
C22 arylation with aryl iodides in DMF at 145 °C to 
give 12substituted 22arylpyrroles in satisfactory to 
good yields (Scheme 9).[23] In all cases complete 
regioselectivity was observed and higher yields 
were obtained when aryl iodides bearing an 
electron2withdrawing substituent were used as 
arylating reagents. 

�

&�)�-��5��LiO2�2Bu2mediated direct arylation of 12
substituted pyrroles with aryl iodides 

In this context, it deserves to be noted that 22aryl212
substituted pyrroles can also be currently prepared 
with high regioselectivity by the Pd(OAc)2/Cy2P2	2
biphenyl2catalyzed reaction of �2methylpyrrole 
with electron2rich and electron2poor aryl chlorides 
in DMA at 125 °C in the presence of Na2CO3,

[26] by 
the Pd(OAc)2/PCy3⋅HBF4/pivalic acid2catalyzed 
reaction of �2MOM pyrroles with aryl bromides in 
DMA at 100 °C in the presence of K2CO3,

[27a] by 
the reaction of �2methylpyrroles with 42
bromobenzamides using a low loading (1.0 mol%) 
of Pd(OAc)2 catalyst,[27b] and by treatment of �2
tosylpyrrole with electron2poor aryl bromides using 
[PdCl(C3H5)]2 as the catalyst and KOAc as the 
base.[27c]  

Some limitations of the protocol developed by 
Gryko and coworkers must however be 
mentioned.[23] In fact, the reactions illustrated in 
Scheme 9, although do not involve the use of an 
expensive catalyst system, require large molar 
excesses of the heteroarene substrates. Moreover, 
NH2free pyrrole and its derivatives bearing �2
electron2withdrawing substituents such as tosyl or 
�2butoxycarbonyl turned unreactive probably 
because their lability under the reaction conditions. 
In addition, an attempt to make direct arylation of 
benzo[�]thiophene under the reaction conditions 
used to prepare 12substituted222arylpyrroles failed. 
Nevertheless, more electron rich heteroarenes like 
benzo[�]furan, �2methylindole and indolizine 
underwent direct arylation with 42iodobenzonitrile 
to give compounds 
5�� /� and /
, respectively 
(Figure 2) in moderate yields.[23]  

OMe


2
favored attack

�

�

	


�

� ��
	
�

	



3 
4

1) PhCl (1.7 equiv.)
LDA (3.2 equiv.), THF, rt, 3 h

2) MeOH and then evaporation
3) 22Cl232MeO2C6H4 (2 equiv.)
LiTMP (3.6 equiv.), THF, rt, 2 h

(50%)

�

�

+
�

�

�

�

	
 ��

�

	


��

�

	


��

�

�� ��

�

�� ��

�

	


����

(1.5 equiv.) (1 equiv.)

LiO�Bu (2 equiv.)

DMF, 145 °C, 17 h

R1 = CN (90%)
R1 = NO2 (92%)
R1 = OMe (52%)

R1 = CN (70%)
R1 = NO2 (82%)

R1 = CN (55%)
R1 = NO2 (61%)

82% 78% 77% ��
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��*'��� 
�� Chemical structures and yields of 
compounds 
5�/
�

It is also worthy of mention that the LiO2�2Bu2
mediated direct arylation of indolizine turned out to 
occur selectively at position 5 and that this result 
was in contrast to what observed for the Pd2
catalyzed direct arylation of indolizines with aryl 
bromides and chlorides, which were found to 
proceed selectively at position 3[28] (Figure 3). 

 

��*'��� /� Favored positions of indolizine in 
transition metal2free LiO2�2Bu2mediated direct 
arylation and in Pd2catalyzed direct arylation. 

Gryko and coworkers then demonstrated that the 
direct C22 arylation of 12methyl2, 12phenyl2 and 12
benzylpyrrole with aryl iodides could also be 
performed efficiently at 145 °C using LiOH as the 
base in DMSO,[24] a solvent which was shown to 
form complexes with LiOH.[29] Under optimized 
conditions, the LiOH2mediated arylation of 12
substituted pyrroles with aryl iodides bearing 
electron2withdrawing substituents gave 12
substituted 22arylpyrroles in good yields (Scheme 
10), but the LiOH2mediated reaction of 12
methylpyrrole with 42iodoanisole gave 22(42
methoxyphenyl)212methylpyrrole in only 26% 
yield.[24]  

 

&�)�-�� 
�� LiOH2mediated direct arylation of 12
substituted pyrroles with aryl iodides 

Unfortunately, the yields of many 12substituted 22
arylpyrroles, which were synthesized by LiOH2
mediated direct arylation reactions, turned out to be 
lower than those of the corresponding compounds 
obtained through LiO2�2Bu2mediated arylation 
reactions. Furthermore, it was observed that free 
NH2pyrrole as well as �2benzoylpyrrole and �2
(triisopropylsilyl)pyrrole could not be arylated 
under the conditions illustrated in Scheme 10.[24]  

Finally, Gryko and coworkers developed a more 
environmentally friendly protocol for the synthesis 
of 12substituted 22aryl pyrroles that involved the 
reaction of 10 equiv of 12substituted pyrroles with 
1 equiv of aryl iodides, 4 equiv of KOAc and 3 
equiv of 12ethyl232methylimidazolium acetate (IL), 
a commercially available ionic liquid (Scheme 
11).[25] Satisfactory yields of the required C22 
arylated heteroarenes were obtained when �2
methylpyrrole was reacted with aryl iodides 
bearing electron2withdrawing substituents, but 
modest to low yields were obtained in the arylation 
of pyrroles �2substituted with the dimethylamino, 
[22(trimethylsilyl)ethoxy]methyl (SEM) or 22
pyridyl group. 

�

��

�

��
	


�

��


5: 65% /�: 34% /
: 17%

�

5 2

favored attack in the
LiO�Bu2mediated
direct arylations

favored attack in the
Pd2catalyzed

direct arylations

�

�

+

���

�

�

��

�

	
 ��

�

	


�

	


��

��

�

� ��

(1.5 equiv.) (1 equiv.)

LiOH (4 equiv.)

DMSO, 145 °C
overnight

R1 = CN (78%)
R1 = NO2 (69%)
R1 = OMe (26%)

R1 = CN (72%)
R1 = NO2 (77%)

R1 = CN (86%)
R1 = NO2 (72%)

R = Ph (54%)
R = Bn (50%)
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&�)�-�� 

��  KOAc2mediated C22 arylation of 12
substituted pyrroles with aryl iodides in 12ethyl232
methylimidazolium acetate (IL) 

It was also made an analysis of 12ethyl232
methylimidazolium acetate using inductively 
coupled plasma2atomic emission spectroscopy, and 
it was found that the concentration of most 
transition metals in this ionic liquid was less than 
5.0 ppm. This result led Gryko and coworkers to 
believe that the arylation reactions in this ionic 
liquid proceed without the participation of 
transition metals in the catalytic cycle. Although no 
direct evidence for the reaction mechanism was 
obtained, a support to a radical2based mechanism 
was obtained from the KOAc2mediated reaction of 
12phenylpyrrole with 42iodobenzonitrile in 12ethyl2
32methylimidazolium acetate in the presence of 
TEMPO in which the C22 arylated pyrrole 
derivative was not produced.[25]  

It deserves also to be pointed out that no protocol 
has so far been developed for the base2promoted 
direct arylation of free NH2pyrrole with aryl halides 
and that, currently, the synthesis of 22aryl21�2
pyrroles can be carried out by regioselective Pd2
catalyzed reaction of 12pyrrol212ylzinc halide with 
aryl bromides, which was first developed by 
Filippini and coworkers[30a] and later improved by 
Sadighi and coworkers,[30b] as well as by direct C22 
arylation of free NH2pyrrole with aryl iodides using 
10% Pd(OH)2/C as catalyst under phosphane2free 

conditions[31]. In addition, in 2012, Doucet and 
coworkers described that 22(42cyanophenyl)21�2
pyrrole could be prepared in 51% yield by 
[PdCl(C3H5)]22catalyzed arylation of free NH2
pyrrole with 42bromobenzonitrile in DMA at 
130 °C (Scheme 12).[32]  

 

&�)�-�� 

�� � [PdCl(C3H5)]22catalyzed direct C22 
arylation of free NH2pyrrole with 42
bromobenzonitrile 

In 2014, Daugulis and coworkers, in continuation 
of their studies made in 2011,[19] described a 
method for the base2promoted arylation of electron2
rich and electron2deficient heteroarenes with aryl 
chlorides and aryl triflates.[33] The best results were 
obtained employing LiTMP or LDA base and, 
notably, despite the use of these lithium bases, the 
reactions resulted tolerant of functional groups such 
as hydroxy and chlorine substituents and the NH 
indole group. As shown in Scheme 2, the 
heteroarene substrates, which were used in the 
direct arylation reactions, included 12
phenylpyrazole (/
), 12methyl21,2,42triazole (//), 
2,4,62trichloropyridine (/0), benzo[�]thiophene 
(

), 22methyl21�2indole (/1), 42
hydroxybenzo[�]furan (/2), 52
hydroxybenzo[�]furan (/3), 42methoxypyridine 
(/4), and 22methoxypyridine (/5). 

 

�

�

+

�

�

�

�

�

��

	


AcO

�

	
 ��

�

	


��

�

	


��

�

� ��

�

�	
�

���

�

��	 ��

�

����

��

��

(10 equiv.) (1 equiv.)

KOAc (4 equiv.)

IL (3 equiv.), 145 °C, 17 h

IL =

R1 = CN (70%)
R1 = NO2 (65%)
R1 = OMe (7%)

R1 = CN (64%)
R1 = NO2 (56%)

R1 = CN (61%)
R1 = NO2 (72%)

R = Ph (42%)
R = Bn (52%)

36%

14% 18%

�

�

+
��

��
��

�
�

(1.5 equiv.) (1 equiv.)

[PdCl(C3H5)]2 (1 mol%)

KOAc (2 equiv.), DMA
130 °C, 20 h

(51%)
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��(���
��Base2mediated direct arylation of heteroarenes 

, /
�/5 with aryl chlorides or triflates. 

 

Entry 
HetAr2H 

(Pseudo)aryl 
halide 

Base 
Solvent 

Reaction 

conditions 

°C/h 

Product 

Structure mmol Structure mmol Structure mmol Structure Yield (%) 

1  
(/
) 

0.25 PhOTf 0.75 LiTMP 1.25 THF 278/18  
(0�) 

55 

2 
 

(//) 

0.25 PhOTf 0.75 LDA 1.25 THF 278/18 
 

(0
) 

50 

3 
 

(/0) 

0.25 PhOTf 1.0 LiTMP 1.50 
Et2O/ THF 

(40/1) 
278/18 

 
(0
) 

54 

4  


�

0.50 

 

0.25 LiTMP 1.0 
Et2O/ THF 

(40/1) 
278/48 

 
(0/�) 

66 

5 

 0.25 

 

0.50 LiTMP 0.85 THF 285/12 
 

(0/() 

53 

HetAr2 H +

���

�
�����



, /
�/5

Base

Solvent, T

0�20
, 0/�, 0/(, 00�04

�
�

��

�
�

��

��

�

�
�

	


�

�
�

	


��

���

��

�� ���

��

��

����

�
�	�

�� 

�

�	�

�� 

��

�
��
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6 
�

(/1) 

1.0 PhCl 0.50 LiTMP 1.8 
�2C6H12/  Et2O 

(1/1) 
rt/12 

 
(00) 

66 

7 
�

(/2) 

0.25 PhCl 0.37 LiTMP 1.0 
Et2O/ THF 

(4/1) 
250/12 

 
(01) 

59 

8 �

(/3) 

0.25 PhCl 0.37 LiTMP 1.0 
Et2O/ THF 

(4/1) 
250/14  

(02) 

53 

9 
�

(/4) 

0.25 PhCl 0.50 LiTMP 1.0 
C5H12/ THF 

(13.3/ 1) 
215/39 

 
(03) 

61 

10 �

(/5) 

0.25 PhCl 0.50 LiTMP 1.0 
C5H12/ THF 

(13.3/ 1) 
215/39  

(04) 

63 

�

�

	
 �

�

	


��

�

��

� ��

��

��� � ����

�

�	


�

�	


��

� �	
 � �	


��
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The arylation reactions, which were used for the 
regioselective synthesis of compounds 0��0
, 
0/�7( and 00�04, were typically run at 215 ÷ 285 °C, 
but the arylation of 22methyl21�2indole (/1) (entry 
6, Table 2) was carried out at room temperature. 
Interestingly, the LiTMP2mediated arylation of 
benzo[�]thiophene (

) with 	�trimethylsilylphenyl 
triflate gave selectively the 	��
	2substituted 
product 0/� in 66% yield (entry 4, Table 2) and the 
LiTMP2mediated reaction of 

 with 32
chlorophenyl triflate turned out chemoselective 
giving rise to 22(32chlorophenyl) 
benzo[�]thiophene (0/() in 53 % yield (entry 5, 
Scheme 2). On the other hand, a diarylation 
reaction occurred when 2,4,62trichloropyridine (/0) 
was reacted with a large molar excess of phenyl 
triflate. The reaction (entry 3, Scheme 2) provided 
3,52diphenyl22,4,62trichloropyridine (0
) in 54% 
yield. Notably, C23 monoarylation reactions 
occurred when pyridines /4 and /5 were reacted 
with 2.0 equiv of chlorobenzene in the presence of 
4 equiv of LiTMP and the resulting compounds, 03 
and 04, respectively, which are not easily 
accessible via other direct arylation methods, were 
obtained in good yields  (entries 9 and 10, 
respectively, Table 2).[33] It was also found that the 
LiTMP2mediated reaction of 2,32dimethyl21�2
indole (05) with chlorobenzene in a mixture of 
cyclohexane and Et2O at room temperature gave 
2,32dimethyl232phenylindole (1�) in 64% yield 
(Scheme 13).[33]  

 

&�)�-�� 
/��  Synthesis of 2,32dimethyl232
phenylindole (1�). 

Daugulis and coworkers then expanded the scope 
of the methodology illustrated in Scheme 2 for the 
synthesis of compounds 0��0
, 0/�7( and 00�04. 
In particular, they developed a general and efficient 
method (Scheme 14) to access functionalized aryl2
substituted heteroarenes of general formula � that 
consisted in the electrophilic trapping of the 
heteroaryllithium intermediates �, which were 
generated by addition of heteroaryllithiums %� to 
arynes 6� The latter highly reactive intermediates 
were in turn generated by the reaction of LiTMP 
with aryl halides or triflates (Scheme 14). 

 

&�)�-�� 
0��  Electrophilic trapping of the 
organolithium intermediates �, generated in the 
reaction of arynes 6 with heteroaryllithiums %�

The general procedure that was developed 
consisted in adding a solution of a mixture of a 
heteroarene and an aryl halide or triflate in THF or 
a mixture of THF and Et2O to LiTMP. Reaction of 
the resulting heteroaryllithium % with an aryne 6, 
which was generated at the same time from an aryl 
halide or triflate followed by electrophilic trapping 
of the resulting organolithium derivative �� gave 
the required compound �. Table 3 summarizes the 
experimental conditions used to prepare a wide 
variety of compounds of general formula � starting 
from 0.25 mmol of heteroarenes 

, 
/ and 
4.

� 	


	


�

+ PhCl

� 	


	
��

05 (1 equiv.) (0.5 equiv.) 1�

LiTMP (1.8 equiv.)

�2C6H12/Et2O (1:1)
rt, 36 h
(64%)

HetAr2H HetAr2Li

��� ��

�
�����

!"

E �
�����

�

LiTMP

LiTMP

(Y = halogen, OTf)

%

6

�

�

Page 12 of 44

Wiley-VCH

Advanced Synthesis & Catalysis

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

 13

 

��(��� /�� LiTMP2mediated� arylation of heteroarenes� 

, 
/ and 
4 with aryl halides or triflates, followed by electrophilic trapping of the resulting 
heteroaryllithiums. 

 

Entry HetAr2H 

(Pseudo)aryl halide 

Solvent 

Reaction 

conditions 

°C/h 

Electrophile 

Solvent 
Reaction conditions 

of step 2 

Product 

Structure mmol Structure mmol Structure Yield(%) 

1  
(

) 

PhOTf 0.5 
Et2O/THF 

(30/1) 
278/12 I2 1.25 

Et2O/THF 

(4/1) 
278/1 

 
(0/�) 

66 

2 

� PhOTf 0.5 
Et2O/THF 

(30/1) 
278/12 CBr4 1.25 

Et2O/THF 

(4/1) 
278/2 

 
(0/�) 

79 

3 

� PhOTf 0.5 
Et2O/THF 

(30/1) 
278/12 CCl4 1.25 

Et2O/THF 

(4/1) 
278/2 

 
(0/�) 

69 

4 

� PhOTf 0.5 
Et2O/THF 

(30/1) 
278/12 (PhSO2)2NF 1.25 

Et2O/THF 

(4/1) 
278/2 

 
(0/$) 

50 

 �           

HetAr2H +
��

� ��
�
���

�



, 
/, 
4
(0.25 mmol)

(0.320.6 mmol)

1) LiTMP (1 mmol), Et2O/THF
235 ÷ 278 °C

2) E+ (1.252125 mmol), Et2O, 0 °C
Et2O/THF, 275 ÷ −78 ϒΧ

0/��8, 1
, 1


�

�

�

�

��

�

��

�

�
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Commenting on the results achieved in the direct 
arylation of benzo[�]thiophene (

) with aryl 
triflates and 22bromoisopropylbenzene followed by 
trapping of the resulting heteroaryllithiums with 
electrophiles it can be pointed out that compounds 
0/��$, 0/: and 0/9, which were obtained in good 
yields in entries 1–4, 7 and 8 of Table 3, were 
suitable for further functionalization by transition 
metal2catalyzed cross2coupling reactions. It also 
deserves to be highlighted that the LiTMP 
mediated arylation of 

 with a slight molar excess 
of �2trimethylsilylphenyl triflate followed by 
trapping with CCl4 provided compound 0/9 in 59% 
yield (entry 9, Table 3). On the other hand, the 
LiTMP mediated arylation of 

 with 2.4 equiv of 
�2trimethylsilylphenyl triflate allowed trapping of 
the first aryne addition product 1/ (Figure 4) with 
another molecule of the same aryne affording 
compound 0/� in 71% yield (entry 10, Table 3). 

 

��*'���0. Chemical structure of compound 1/. 

Notably, the protocol used to prepare compounds 
0/��8� from benzo[�]thiophene (

) (entries 1–14, 
Table 3) resulted applicable to the C22 arylation of 
benzo[�]furan (
/) allowing the regioselective 
synthesis of compound 1
� in 62% yield (entry 15, 
Table 3). This result is remarkable since the Pd2
catalyzed direct arylation of 
/� at C22 has been 
frequently found to be non2selective providing 
mixtures of 22 and 32monoarylated and 2,32
bisarylated products.[34] Nevertheless, Doucet and 
coworkers recently demonstrated that a wide 
variety of 22arylbenzo[�]furans can be 
regioselectively synthesized in good yields by 
PdCl2(MeCN)22catalyzed direct C22 arylation of 
benzo[�]furan with arylsulfonyl chlorides in 
dioxane at 140 °C for 40 h in the presence of 
Li2CO3 as the base.[35]  

Daugulis and coworkers also found that the six2
membered heteroarene 
4 was capable to be 
involved in the LiTMP2mediated direct arylation 
with subsequent electrophilic trapping of the 
resulting heteroaryllithium intermediate. In fact, the 
LiTMP2mediated reaction of 32methoxypyridine 
(
4) with chlorobenzene followed by trapping with 
iodine gave 42(22iodophenyl)232methoxypyridine 
(1
) in 53% yield (entry 16, Table 3).[33]  

The reactivity of (22(benzo[�]thiophen222
yl)phenyl)lithium� (10) (Figure 5), which was 
generated from 

, phenyl triflate and LiTMP, was 
then further investigated. 

 

��*'���1� Chemical structure of compound 10.�

It was thus established that transmetalation of 10�
with CuCN⋅2LiCl followed by the addition of an 
electrophile resulted in a functionalized product of 
general formula 0/�� Scheme 15 summarizes the 
good results obtained in the synthesis of 
compounds�0/;�� according to this protocol.[33]  

 

&�)�-��
1. Synthesis of 22arylbenzo[�]thiophenes 
0/;���

Finally, Daugulis and coworkers investigated the 
arylation of benzo[�]thiophene (

) with hetarynes 
that were generated from the corresponding 
heteroaryl bromides or triflates, and found that 
treatment of 

 with 4.0 equiv of 22bromopyridine 
and 6.0 equiv of LiTMP in Et2O at 5 °C gave 22
benzothiophen222ylpyridine (12) in 42% yield (eq. 
a, Scheme 16). Similar reaction conditions were 
then used to prepare compound 12 in 50% yield 
from 

,� 42bromopyridine and LiTMP (eq. b, 
Scheme 16). It was also found that the LiTMP2
mediated reaction of 

 with 52butyl222thienyl 
triflate gave selectively, although in a modest yield, 
compound 13 in which the benzothiophen222yl 

�

�	�

!"
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�

!"
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 (0.25 mmol)

�

PhOTf

�

�

�
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�����
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��
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1) LiTMP (1 mmol)
Et2O/THF (30/1), 278 °C, 12 h

2) CuCN22 LiCl (0.2820.33 mmol)
278 °C, 1 h
3) E+ (1.25 mmol), 2 h, 278 °C
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group was at the β2position of thiophene (eq. c, 
Scheme 16).[33.36]  

 

&�)�-�� 
2�� LiTMP2mediated C22 heteroarylation 
reactions of benzo[�]thiophene (

). 

In the last decade, efficient transition metal2
catalyzed direct arylation reactions have also been 
frequently carried out using �2heterocyclic 
carbenes (NHCs) as ancillary ligands.[37] However, 
in 2012, Chen, Ong and coworkers demonstrated 
that amino2linked ��heterocyclic carbenes are able 
to mediate the direct arylation of pyridine with aryl 
iodides in the absence of transition metal based 
compounds.[38] During the optimization process for 
the direct arylation of pyridine (
) with aryl iodides 
it was found that the amino2linked NHC, which 
was obtained by the reaction of imidazolium salt 
�
��6'��- (Figure 6) with NaO2��Bu, was more 
effective the NHC 
���6'�(Figure 6).  

 

��*'���2�� Chemical structure of 
���6'��- and the 
amino2NHC 
���6'. 

The arylation reactions, which were carried out by 
treatment of 4 mL of pyridine (
) with 0.5 mmol of 
aryl iodides, 1.5 mmol of NaO2��Bu and 20 mol% 

���6'��- at 110 °C for 4–48 h, gave satisfactory 
to good yields of regioisomeric mixtures of 22, 32 
and 42arylpyridines using both electron2rich and 
electron2poor aryl iodides.[38] As shown in Scheme 
17, the 22aryl2substituted pyridines were generally 

the prevailing regioisomers and the 42arylated 
derivatives were always the minor components. 

 

&�)�-��
3��
���6'��-2catalyzed direct arylation of 
pyridine (
) with aryl iodides in the presence of 
NaO2��Bu. 

In order to get information about the mechanism of 
these arylation reactions, some experiments were 
performed by Chen, Ong and coworkers. A 
competition experiment in which pyridine (
) and 
pyridine2d5 (14) were used in a 
���6'��-2
catalyzed reaction�with 42iodotoluene (Scheme 18) 
revealed small kinetic isotope effects, indicating 
that the step of the C–H bond breaking was not the 
rate limiting step. It was also found that a 
���6'�
�-2catalyzed reaction of pyridine with 42
iodotoluene in the presence of NaO2��Bu and 1.0 
equiv of the radical scavenger TEMPO did not 
produce the required mixture of regioisomers of �2
tolylpyridine.  

�

+
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&�)�-�� 
4�� Kinetic isotope effect experiment 
using pyridine and pyridine2d5. 

Finally, using electron paramagnetic resonance 
(EPR) the first spectroscopic evidence was 
obtained that corroborated that the 
���6'��-2
catalyzed reactions involve a single electron 
transfer mechanism. On the basis of these 
experiments and previous literature data[39,40] Chen, 
Ong and coworkers proposed the reaction 
mechanism depicted in Scheme 19. 

 

&�)�-�� 
5�� Plausible mechanism for the� 
���6'�
�-2catalyzed direct arylation of pyridine with aryl 
iodides 

It involves a single electron transfer from the 
adduct % to the aryl iodides which gives a new 
NHC radical cation 6 and aryl radical anions �. 
The latter would provide aryl radicals �, which 
then would react with pyridine to give the required 
arylated pyridines.[38] Interestingly, a similar 
reaction mechanism was proposed for the 
���6'�
�-2catalyzed direct arylation of benzene with aryl 
iodides.[38]  

More recently, Zhu, Xu and coworkers reported 
that �2toluenesulfonylhydrazide (PTSH) promotes 
the direct arylation of pyridine (
) with 42

iodoanisole in the presence of KO2�2Bu at 110 °C 
to give in 85 % yield a mixture of 	2, �� and ��(42
methoxy)phenylpyridine in a 3.2: 1.8 : 1.0 ratio, 
respectively (Scheme 20).[17] Also in this case, 
pyridine was employed as the substrate and the 
solvent. 

 

&�)�-��
�� PTSH2promoted direct arylation of 
pyridine (
) with 42iodoanisole. 

A further protocol for the metal2free direct 
arylation of pyridine and other six2membered 
nitrogen heteroarenes with aryl iodides was 
recently described by Sanjit Kumar and 
coworkers.[41] They reported that the radical 
initiator (�)22,2’2azobis(2,42
dimethylamino)valeronitrile (AMVN) (Figure 7) is 
able to efficiently promote the direct arylation of 
pyridine (
), pyrimidine (/), 42methoxypyridine 
(/4), 32methylpyridine (15), and pyridazine (2�) 
with both electron2neutral and electron2rich aryl 
iodides in the presence of KO2�2Bu�at 110°C. 

 

��*'���3� Chemical structure of AMVN 

The cross2coupling reactions, which were carried 
out by treating 3 mL of heteroarene with 1.0 mmol 
of aryl iodides, 19–21 mol% AMVN and 4.0 equiv 
of KO2�2Bu at 110 °C for 3–8 h, provided aryl2
substituted heteroarenes in good to excellent yields 
(Scheme 21). Unfortunately, also in this case, all 
couplings of pyridine (
) and 32methylpyridine (15) 
produced mixtures of regioisomers, but the direct 
arylation reactions of 42methoxypyridine (/4) with 
iodobenzene and 42iodoanisole gave selectively C2
22arylated derivatives in 55 and 73% yield, 
respectively (Scheme 21).  
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&�)�-�� 

�� AMVN2initiated direct arylation of 
six2membered heteroarenes with aryl iodides in the 
presence of KO2�2Bu. 

Furthermore, the AMVN–initiated reaction of 
pyridazine (2�"� with 42iodotoluene gave 42(��
tolyl)pyridazine in 68% yield together with a trace 
amount of the 32arylated derivative.[41] Notably, the 
direct arylation of the six2membered heteroarenes 
, 
/, /47� 15� and� 2� allowed the efficient cross2
coupling of unactivated arenes with aryl iodides 
and for the latter reactions a spectroscopic evidence 
suggesting the involvement of radical intermediates 
was obtained.[41]  

Finally, in 2013, in the context of a study on the 
use of phenylhydrazine as initiator for the direct 
arylation via base2promoted aromatic substitution, 
Curran, Studer and coworkers found that the 
reaction of 112 equiv of pyrazine (
) with 1.0�equiv 
of 42iodoanisole, 3.0 equiv of KO2�2Bu and 0.2 
equiv of phenylhydrazine at 100 °C for 24 h gave 
22(42methoxyphenyl)pyrazine in 82% yield 
(Scheme 22).[42] In this reaction, phenylhydrazine, a 
highly toxic compound,[43] was added in two 
batches with 3 h interval. 

 

&�)�-�� 

�� Phenylhydrazine2initiated deirect 
arylation of pyrazine (
) with 42iodoanisole. 

The reaction was proposed to occur via a 
mechanism (Scheme 23) in which the intermediate 
radical � would be formed by electron transfer 
from deprotonated phenylhydrazine to 42
iodoanisole resulting in generation of the 
intermediate radical anion % and hydrazinyl radical 
6. Radical anion % would then undergo 
fragmentation to deliver aryl radical � and KI.[42]  

 

&�)�-��
/��Proposed mechanism for the formation 
of the intermediate radical �. 

 

/� ������� ! �����"��#������� �$�

 ������������ ,��)� ! �����"��#��

������'-�&�����

(Hetero)aryliodonium salts are a kind of non2toxic 
and stable highly electrophilic compounds that 
represent a viable alternative to traditional arylating 
reagents and have found numerous applications in 
organic synthesis.[44] In recent years, (hetero)aryl 
iodonium salts have also used as arylating reagents 
in transition metal2free direct (hetero)arylation 
reactions of heteroarenes. In 2009, Kita and 
coworkers reported that α2thienyliodonium salts 2
, 
which were prepared ��� ���� from 32substituted or 
3,42disubstituted thiophenes and commercially 
available [hydroxyl(tosyloxy)iodo]benzene (HTIB)  
(2
) in 1,1,1,3,3,32hexafluoro222propanol (HFIP), 
were able to perform the regioselective C22 
arylation of five2membered heteroarenes at room 
temperature in the presence of 
bromotrimethylsilane (TMSBr) affording 22(22
thienyl)heteroarenes 2/ in good yields (Scheme 
24).[45a] Notably, these regioselective reactions, 
which occurred efficiently under mild  
experimental conditions in the absence of any 
transition metal, did not require the use of a large 
molar excess of heteroarenes and were found to 
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tolerate functional groups such as COOMe and the 
free NH group of pyrrole. 

 

&�)�-��
0� Synthesis of 22(22thienyl)heteroarenes 
2/. 

Kita and coworkers also found that the trivalent 
iodine(III) reagent, which was generated from �2
phenylpyrrole (
2�) and HITB (2
), was able to 
react with free NH2pyrrole (
2() in HFIP in the 
presence of TMSBr to provide bipyrrole 20�in 42% 
yield (Scheme 25).[45a]  

 

&�)�-��
1� Synthesis of bipyrrole 20. 

A mechanism was then proposed for the reactions 
leading to 22(22thienyl)heteroarenes 2/ (Scheme 
26). 

 

&�)�-�� 
2� Possible mechanism for the synthesis 
of compounds 2/. 

It involved: i) the TMSBr2promoted activation in 
HFIP of the iodonium salts 2
, which are usually 
inert towards heteroarenes; ii) a formal 
hydroarylation reaction involving the resulting salts 
% and the heteroarenes; and iii) elimination of 
iodobenzene and HBr to give the required 
compounds 2/.[45a] Interestingly, a protocol similar 
to that developed to prepare compounds 2/ was 
used for the efficient and regioselective synthesis 
of 22thienyl2substituted arenes starting from 
iodonium salts 2
� and methoxy2substituted 
arenes.[45a]  

In 2010. in continuation of their studies,  Kita and 
coworkers developed a new synthetic route to 
head2to2tail linked thiophenes that was based on a 
selective coupling through the use of an 
iodonium(III) salt.[45b] They found that the reaction 
of 2 equiv of 32alkoxythiophenes with 1 equiv of 
HITB (2
) on HFIP at room temperature, followed 
by the addition of a solution of 2.0 equiv of TMSBr 
in HFIP produced regioselective access to 3,4’2
dialkoxy22,2’2bithiophenes in good yields (Scheme 
27). 

 

&�)�-�� 
3. Synthesis of 3,4’2dialkoxy22,2’2
bithiophenes via the intermediate iodonium(III) 
tosylates %. 

In fact, the reaction between 32alkoxythiophenes 
and 2
 provided the iodonium(III) tosylates % 
which were found to react regioselectively at the 52
position of 32alkoxythiophenes to give 3,4’2
dialkoxy22,2’2bithiophenes. Notably, similar 
experimental conditions turned out to be suitable 
for the high yielding oxidative coupling of 32
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arylthiophenes, including sterically hindered 
substrates, to 3,4’2diaryl22,2’2bithiophenes.[45b]  

One year after the publication of the above 
mentioned results, Ackermann and coworkers 
investigated the transition metal2free direct 
arylation of indoles with diaryliodonium salts,[46] a 
class of solid, crystalline arylating reagents. In this 
study they discovered that the reaction of 0.5 mmol 
of indoles, including �2alkyl substituted and free 
NH derivatives, with 1.0 mmol of diaryliodonium 
tosylates in 2 mL of DMF at 100 °C for 22 h 
provided regioselectively 32arylated indoles in 
moderate to good yields (Scheme 28).[46]  

 

 

&�)�-�� 
4�� Direct regioselective C23 arylation 
reaction of indoles with diaryliodonium tosylates 

Notably, these arylation reactions, which were 
found to tolerate the presence of Cl and Br 
substituents on the heteroarene substrate, also 
allowed the synthesis of highly substituted indole 
derivatives. It was also found that when an 
unsymmetrically substituted diaryliodonium salt 
was employed as the arylating reagent a product 
was obtained resulting from the preferential 
transfer of the less sterically hindered aromatic 
moiety of the iodonium salt (Scheme 29).[46]  

 

&�)�-�� 
5��  Direct C23 arylation of an indole 
derivative with unsymmetrically2substituted 
diaryliodonium salts. 

It was then performed an intermolecular 
competition experiment in which 3.0 equiv of 52
methoxy21�2indole and 3 equiv of 1�2indole were 
reacted with 1.0 equiv of bis(42
methoxyphenyl)iodonium tosylate. This experiment 
gave a result (Scheme 30)[46] that was in close 
correlation with Mayr’s nucleophilicity 
parameter.[47]  

 

&�)�-��/���Intermolecular competition experiment. 

It deserves also to be pointed out that the protocol 
outlined in Scheme 28 for the transition metal2free 
direct C23 arylation of indoles with diaryliodonium 
tosylates, because of its complete regioselectivity, 
chemoselectivity, high yields and the absence of a 
catalyst system, competes favourably with the 
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literature procedures to access 32arylated indoles 
via Pd2catalyzed direct arylation of indoles with 
aryl halides,[48a2e] benzoic acids,[48f,g] and 
cyclohexanones.[48h] It is also worth mentioning the 
versatility of the direct arylation reactions with 
unsymmetrical diaryliodonium salts allowed access 
to pentasubstituted pyrroles via direct diarylation of 
a 1,2,52trisubstituted pyrrole at the 3 and 4 
positions. Ackermann and coworkers reported in 
fact that the reaction of 2,52dimethyl212�2
octylpyrrole with 2.0 equiv of (mesityl)(�2
tolyl)iodonium triflate in DMF at 100 °C delivered 
2,52dimethyl23,42bis(�2tolyl)212�2octylpyrrole in 
52% yield (Scheme 31).[46]  

 

&�)�-��/
��Direct diarylation of 2,52dimethyl212�2
octylpyrrole 

It should be noted that, in 2011, pentasubstituted 
pyrroles were synthesized in modest yields by 
Wagner and Sanford via PdCl2(MeCN)22catalyzed 
sequential diarylation of 1,2,52trisubstituted pyrrole 
derivatives with diaryliodonium tetrafluoroborates 

in DCE at 84 °C.[49]  

More recently, Ackermann and coworkers 
investigated the late2stage diversification of 
functionalized peptides through transition metal2
free direct C–H arylation of indole2containing 
peptides with diaryliodonium salts.[50] At the outset 
of this study, the direct arylation of indole232
acetamides of general formula 21� with 
diphenyliodonium tosylate was examined and it 
was found that under optimized conditions a 
mixture of 1.0 equiv of compounds 21 with 1.5 
equiv of diphenyliodonium tosylate in DMF at 
100 °C for 17 h gave regio2 and stereoselectively 22
phenyl2substituted derivatives 22�  in good to 
excellent yields (Scheme 32). 

 

&�)�-��/
��Direct arylation of indole232acetamides 
21 with diphenyliodonium tosylate. 

These optimized reaction conditions were then used 
for the arylation of the indole moiety of dipeptide 
2(1��indol232yl)acetyl2Phe2Gly2OEt (23) with 
various diaryliodonium tosylates (Scheme 33). 

 

&�)�-�� //� Direct C22 arylation of the indole 
moiety of dipeptide 23. 

The reactions, which resulted tolerating halogen 
containing motifs, furnished the C22 arylated 
compounds 24 in modest to good yields.[50] Notably, 
the optimized reaction conditions of Scheme 33 
also allowed the regioselective direct C–H arylation 
of tripeptide 25, enantiomerically pure peptides 
such as compound 3�, and dipeptides such as 3
 
(Figure 8) in good yields. 
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��*'���4��Chemical structures of compounds 25�3
. 

Interestingly, the arylation reactions of compounds 
3� and 3
 turned out to be bioorthogonal since they 
occurred exclusively at their indole232acetamide 
moiety. 

Informations about the mechanism of these C–H 
arylations were then obtained from the reaction of 
�2(42methoxybenzyl)222(12methyl21�2indol232
yl)acetamide (21�) with diphenyliodonium tosylate 
that occurred in good to excellent yields when it 
was carried out in the presence of 1.5 equiv of a 
radical scavenger such as TEMPO or BHT 
(Scheme 34). In fact, these results indicated that a 
SET2type radical reaction was not operative.[50]  

 

&�)�-��/0��Direct arylation of compound 21� with 
diphenyliodonium tosylate in the presence of 
radical scavengers. 

In 2012, Zhang, Yu and coworkers developed a 
new method for the transition metal2free highly 
chemo2 and regioselective C22 arylation of free 
NH2pyrrole and �2methylpyrrole.[51] It involved the 
reaction of a large molar excess of these 
heteroarenes with diaryliodonium bromides or 
triflates at 80 °C under air for 10 h in the presence 
of NaOH (Scheme 35). This base, in a preliminary 
screening, proved preferable to K3PO4, Na2CO3, 
K2CO3 and KOH as well as to organic bases such 
as TMEDA and Et3N. The iodonium salts used in 
these reactions were synthesized via oxidation of 
arenes or aryl iodides with �CPBA.[52]  

 

&�)�-�� /1�� NaOH2mediated C22 arylation of 
pyrroles with diaryliodonium salts. 

The arylation reactions provided 22arylpyrroles 
generally in good to excellent yields, but the 
NaOH2mediated arylation of free NH2pyrrole with 
bis(2,4,6trimethylphenyl)iodonium triflate gave the 
required 22arylated heteroarene in only 12% yield. 
Poor yields were also obtained when the arylations 
were carried out without the use of NaOH. Besides, 
only a trace of C2arylation product was obtained in 
the NaOH2mediated arylation of 2,52dimethyl21�2
pyrrole with diphenyliodonium triflate (Scheme 36). 

 

&�)�-�� /2� Attempted NaOH2mediated C2
arylation of 2,52dimethyl21�2pyrrole with 
diphenyliodonium triflate. 
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Intramolecular competition experiments involving 
free NH2pyrrole and iodonium triflates bearing two 
different aryl groups were also carried out and, as 
depicted in Scheme 37, it was found that the less 
electron2rich groups, phenyl in eq. a) and 42
chlorophenyl in eq. b), were favoured as arylating 
reagents. 

 

&�)�-��/3��Intramolecular experiments  

It was also noted that even the π2electron deficient 
heteroarenes pyrazine (
) and pyridine (
) 
underwent efficient NaOH2mediated direct 
arylation with diphenyliodonium triflate at 80 °C 
for 10 h under air. Pyrazine gave 22phenylpyrazine 
in 71% yield and pyridine provided a mixture of 	�, 
�� and �2coupling products in 58% yield. 

Finally, to get information about the mechanism of 
these NaOH2mediated arylation reactions, free NH2
pyrrole was reacted with diphenyliodonium triflate 
in the presence of NaOH and 1.0 equiv of TEMPO 
and, in sharp contrast to what found by Ackermann 
and coworkers in the reaction of indole232
acetamides 21 with diaryliodonium salts in the 
presence of a radical scavenger,[50] the arylation 
reaction was found to produce only a trace of 22
phenylpyrrole (Scheme 38). 

 

&�)�-��/4��Radical trapping experiment 

This result was consistent with an aryl radical 
mechanism that was proposed to involve the steps 
shown in Scheme 39. 

 

&�)�-�� /5� Proposed mechanism for the NaOH2
mediated C22 arylation of free NH2pyrrole with a 
diphenyliodonium salt. 

In this mechanism, which was formulated taking 
into account that diaryliodonium salts are able to 
provide aryl radicals via decomposition,[52] phenyl 
radical would become phenyl cation via a single 
electron transfer. A subsequent electrophilic attack 
on the C22 position of free NH2pyrrole would lead 
to 22phenylpyrrole.[51]  

0� ������� %�#������� �$�  ������������

,��)� %�������� <���������� ��� &��' ���
%�#�)#���=�����

Arenediazonium salts are strong oxidizing agents 
which decompose to the corresponding aryl 
radicals when reduced by ascorbic acid (%%) 
(vitamin C) (Figure 9).[53]  

 

��*'���5��Chemical structure of ascorbic acid (%%) 

In 2014, taking into account of these properties, 
Crisóstomo, Martin and Carrillo[54] employed 
ascorbic acid as a radical initiator in a transition 
metal2free direct arylation of heteroarenes with 
arenediazonium salts, which were generated ������� 
from the corresponding anilines by treatment with 
�2butyl nitrite in MeCN.[55]  The heteroarenes used 
as substrates included furan, furan derivatives, 
thiophene, �����butyl 1�2pyrrole212carboxylate, and 
pyridine2�2oxide. At the outset of this study, it was 
found that treatment of a large excess of furan with 
42chlorobenzenediazonium tetrafluoroborate and 
0.1 equiv of�%% in DMSO at room temperature for 
12 h gave 22(42chlorophenyl)furan in 58% yield 
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(Scheme 40) and that in the absence of %% the 
required 22arylfuran was obtained in only 9% 
yield.[54]  

 

&�)�-��0���Ascorbic acid (%%) initiated direct C22 
arylation of furan with 42chlorobenzene2diazonium 
tetrafluoroborate. 

Interestingly, five years before the publication of 
these results, Obushak and coworkers had reported 
that the reaction of 42nitrobenzenediazonium 
chloride with 1.8 equiv of furfurol and 1.0 equiv of 
%% in a 2 : 1 mixture of acetone and water at 20–
25°C gave 52(42nitrophenyl)furan222carbaldehyde 
in 15% yield (Scheme 41).[56]  

 

&�)�-�� 0
� %%2initiated direct arylation of 
furfurol with 42nitrobenzenediazonium chloride. 

However, since arenediazonium salts are generally 
unstable at temperature above 5–10 °C and may 
detonoate when dry, Crisóstomo, Martin and 
Carrillo thought more convenient to carry out the 
direct arylation of furan with arenediazonium salts 
generated ��� ���� from the corresponding 
anilines.[54] The new protocol that they developed 
for the regioselective synthesis of 22arylfurans, 
including derivatives bearing functional groups 
such as COOH, halogens and NO2, involved the 
addition of 1.5 equiv of ��butyl nitrite to a solution 
of 10 equiv of furan, 1.0 equiv of anilines and 10 
mol % %% at room temperature (Scheme 42). After 
12 h the reaction provided 22arylfurans in yields 
ranging from 33 to 80%. In agreement with the 
occurrence of a radical reaction controlled by the 
SOMO2HOMO interaction,[57] higher yields were 
obtained when anilines bearing electron2
withdrawing substituents were used as reagents. 

 

&�)�-�� 0
�� %%2initiated direct C22 arylation of 
furan with anilines nitrosated �������. 

Notably, a protocol very similar to that illustrated 
in Scheme 42 for the C22 arylation of furan enabled 
the efficient direct C22 arylation of other 
heteroarenes allowing the synthesis of compounds 
3
, 3/, 30, 31 and 32 in 67, 71, 66, 61 and 47% 
yield, respectively (Figure 10).  

 

��*'���
�� Chemical structures of compounds 3
�
32. 

The usefulness of compound 31 was then 
demonstrated by means of a synthesis on a gram 
scale of dantrolene (34) from this furan derivative 
and 12aminohydantoin hydrochloride (33) (Scheme 
43).[54]  

 

&�)�-��0/� Synthesis of dantrolene (34). 
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Dantrolene (34) is an efficient Ca2+2regulating drug 
for the treatment of porcine and human 
hyperthermia[58] and is a skeletal muscle relaxant 
which acts as an inhibitor of the enzyme 
acetylcholinesterase.[59]  

A tentative mechanism for the %%2initiated direct 
C22 arylation of furan was also proposed (Scheme 
44).[54]  

 

&�)�-�� 00� Plausible mechanism for the %%2
initiated direct C22 arylation of furan. 

In the first step of this mechanism %% would 
protonate the diazonium salt �� leading to the 
diazonium salts ��. Ascorbate then would reduce 
the diazonium cation by SET to provide diazoether 
III, which would generate nitrogen, ascorbyl radical 
�� and aryl radical �. Ascorbyl radical would 
undergo dismutation into dehydroascorbic acid and 
%%, which could reduce another arenediazonium 
ion. On the other hand, the reaction between furan 
and aryl radical � would give radical ��, which by 
losing an electron would reduce another molecule 

of �� to give cation� ���, which is the direct 
precursor to the direct C22 arylation product.[54]  

Again in 2014, Kuang and coworkers developed an 
unprecedented method for the direct arylation of 
pyridines with arylhydrazine hydrochlorides at 
room temperature, in air and in the absence of a 
base or a catalyst.[60] As shown in Scheme 45, 
under optimized conditions, arylpiridines were 
synthesized in moderate to high yields but with 
minimal regioselectivity by treating 2 mL of 
pyridine (
) with 0.2 mmol of arylhydrazine 
hydrochlorides at room temperature for 24 h. 
Notably, the yields of the arylation reactions did 
not appear to be significantly dependent on the 
electronic nature of the substituents of the 
arylhydrazines and their position on the phenyl 
group of these substances. 

 

&�)�-�� 01. Direct arylation of pyridine (
) with 
arylhydrazine hydrochlorides. 

Good yields, but minimal regioselectivity were also 
obtained in the reaction of monomethyl2substituted 
pyridines with arylhydrazine hydrochlorides 
bearing an electron2donating or and electron2
withdrawing group into the �����position (Scheme 
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46). On the contrary, the arylation reaction of 3,52
dimethylpyridine with 42methoxyphenylhydrazine 
hydrochloride occurred selectively providing the 
desired C22 arylation product in 43% yield 
(Scheme 46).[60]  

 

&�)�-�� 02� Direct arylation of methyl2substituted 
pyridines with arylhydrazine hydrochlorides. 

It was also found that the developed arylation 
protocol was suitable for the arylation of other 
electron2poor heteroarenes such as quinoline. In 
fact, treatment of this heteroarene with 42
methoxyphenylhydrazine hydrochloride gave 22(42
methoxyphenyl)quinoline in 46% yield (Scheme 
47) together with a trace amount of the 
corresponding C23 regioisomer. 

 

&�)�-�� 03� Regioselective synthesis of 22(42
methoxyphenyl)quinoline. 

Finally, some experiments were carried out to get 
information about the reaction mechanism. It was 
found that trace amounts of the desired arylation 
products were obtained when pyridine was reacted 
with phenylhydrazine instead of phenylhydrazine 
hydrochloride as well as when the reaction of 
pyridine with phenylhydrazine hydrochloride was 
carried out in the presence of 1 equiv of TEMPO. 
Moreover a kinetic isotope effect experiment in 
which pyridine and pyridine2d5

 were reacted with 
42methoxyphenylhydrazine hydrochloride showed 

that no significant KIE value ( �! � = 1.12) was 
obtained (Scheme 48). 

 

&�)�-�� 04� Kinetic isotope effect experiment 
using pyridine, pyridine2d5 and 42
methoxyphenylhydrazine hydrochloride. 

These results taken together literature data[61] 
allowed Kuang and coworkers to formulate the 
possible reaction mechanism depicted in Scheme 
49. The first step of this mechanism would entail 
that arylhydrazine hydrochlorides disproportionate 
into hydrazyl radical % and aryl radicals 6. The 
latter would then react with protonated pyridine to 
form radical cations �, which in turn would be 
reoxidized by dioxygen producing the required 
arylation products.[60]  

 

&�)�-�� 05�� Possible mechanism for the direct 
arylation of pyridine with arylhydrazine 
hydrochlorides. 

However, it should be noted that this mechanism 
does not take into account the fact that 
arylhydrazines, which are readily formed from the 
corresponding hydrochlorides by treatment with a 
base such as pyridine, are easily oxidized under 
mild conditions by various oxidants including 
dioxygen from air to give unstable aryldiazenes ��
and that these intermediate decompose to 
dinitrogen and aryl radicals (Scheme 50),[62] which 
are able to perform arylation reactions.[63]  
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&�)�-�� 1�� Formation of aryl radicals from 
arylhydrazines. 

1� ������� %�#������� �$� 6��=��)��=�����

,��)�%�#��%���)#����

22Arylbenzothiazoles include highly important 
derivatives in medicinal chemistry.[64] Efficient 
approaches to this class of heteroarenes involve Pd2
catalyzed direct arylation reactions of 
benzothiazoles with aryl halides[65] or arylboronic 
acids,[66] Ni2catalyzed arylations of benzothiazoles 
with aryl halides[67] or arylsilicon reagents,[68] and 
Fe2catalyzed oxidative decarbonylative reactions of 
benzothiazoles with aryl aldehydes,[69] a class of 
compounds that, in 2010, Li and coworkers 
employed in the Rh2catalyzed oxidative 
decarbonylative coupling of aryl C–H bonds of 22
arylpyridine derivatives.[70]   

In order to avoid the use of organic solvents and the 
potential metal contamination of the arylation 
products caused by the transition metal catalysts or 
the organometallic reagents, Cui and coworkers 
recently investigated the direct arylation of 
benzothiazoles with aryl aldehydes in neat water 
under metal free conditions and found that 22
arylbenzothiazoles were obtained in moderate to 
good yields by the KI2catalyzed reaction of 
benzothiazoles with a small molar excess of aryl 
aldehydes in neat water at 100 °C for 8 h using �2
butylhydroperoxide (TBHP) as an oxidant (Scheme 
51).[71]  

 

&�)�-�� 1
� KI2catalyzed arylation of 
benzothiazoles with aryl aldehydes using aqueous 
TBHP as the oxidant. 

TBHP appeared to be the oxidant of choice and 
other peroxides such as �2butyl peroxybenzoate, di2
�2butyl peroxide and �2chloroperbenzoic acid were 
found to disfavour the arylation reaction. It was 
also found that the best results were obtained by 
performing the reactions under a nitrogen 
atmosphere and that the yields decreased operating 
under the air and oxygen atmospheres. As shown in 
Scheme 51, under the optimal conditions a wide 
variety of substituted benzaldehydes gave 22aryl2
substituted benzothiazoles in 36–79% yields. No 
significant effect for benzaldehydes was observed 
and satisfactory yields were in general obtained in 
reactions involving benzothiazoles bearing both 
electron2donating and electron2withdrawing 
substituents. However, the arylation of 62
nitrobenzothiazole with benzaldehyde gave the 
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required C22 arylation product in only 36% 
yield.[71]  

Attention was also paid to elucidate the possible 
mechanism of the KI2catalyzed reactions depicted 
in Scheme 51. In an experiment it was found that 
the KI2catalyzed arylation of benzothiazole with α2
13C2benzaldehyde yielded 13C2labeled 22
phenylbenzothiazole as the major product (Scheme 
52).[71]  

 

&�)�-��1
� KI2catalyzed reaction of benzothiazole 
with α213C2benzaldehyde. 

This result indicated that the reaction did not 
involve a decarbonylative or decarboxylative 
pathway, but could proceed through a ring2opening 
mechanism as in the case of the Pd(OAc)2/PPh32
catalyzed direct arylation of benzoxazoles with 
iodobenzene in DMF in the presence of Cs2CO3.

[72] 
In addition, since benzothiazole remained 
unchanged under the standard conditions in the 
absence of aryl aldehydes, the latter compounds 
were proposed to permit the ring2opening process 
involving benzothiazole. It was also found that 
treatment of 22methylbenzothiazole with 
benzaldehyde under the standard conditions gave 
no reaction product (Scheme 53), this indicating 
that the carbon at position 2 in benzothiazole is 
oxidized to CO2 in the arylation reaction and that 
the methyl group at C22 of benzothiazole hinders 
such an oxidation. 

 

&�)�-�� 1/�� Treatment of 22methylbenzothiazole 
with benzaldehyde under the standard conditions 
used for the C22 arylation of benzothiazoles 

Finally, a further experiment showed that the 
arylation of benzothiazole with benzaldehyde was 
hampered by the addition of TEMPO. Based on 
these results, Cui and coworkers proposed the 
mechanism depicted in Scheme 54 for the 

TBHP/KI2promoted arylation of benzothiazole with 
benzaldehyde. 

 

&�)�-�� 10� Proposed mechanism for the 
TBHP/KI2promoted arylation of benzothiazole with 
benzaldehyde in neat water. 

In the first step of this mechanism benzothiazole 
would react with water in the presence of TBHP to 
give 22hydroxy22,32dihydrobenzothiazole (%). The 
subsequent reaction of % with benzaldehyde would 
give hemiaminal 6, which by loss of water would 
provide the Schiff base �. The reaction of � with �2
butyl peroxyl radical would give CO2 and the 
arylsulfanylradical  � able to undergo cyclization, 
which would provide 22phenyl22,32
dihydrobenzothiazole (�) via the intermediate �. 
The cyclization reaction of � would occur by a 
mechanism similar to that proposed for the 42
methoxyTEMPO2catalyzed aerobic oxidative 
synthesis of 22substituted benzothiazoles, 
benzoxazoles and benzimidazoles.[73]  Oxidation of 
� by iodine finally would provide 22
phenylbenzothiazole. In this mechanism molecular 
iodine would be formed through the reaction of 
TBHP with the iodide anions[74] and ��butylperoxyl 
radical would be obtained by the reaction of TBHP 
with molecular iodine and hydroxyl anion.[71]   
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2� ������� ! �����"��#������� �$�

 ������������,��)�! �����"��#�-������

Over the past decade, transition metal2catalyzed 
direct arylation reactions of C–H bonds of 
heteroarene rings with (hetero)arylmetals were 
used to synthesize a wide variety of (hetero)aryl2
substituted heteroarenes.[75] Nevertheless, 
significant attention was also paid to the 
development of two2step processes for the 
transition metal2free 	��
	2arylation of 
heteroarenes that involve the addition of 
(hetero)arylmetals to heteroarene derivatives.  

In the period 2007–2010, Olsson, Almqvist and 
coworkers developed two different protocols (" 
and #) for the transition metal2free regioselective 
synthesis of 22arylpyridines from pyridine2�2
oxides and aryl Grignard reagents (Scheme 
55).[76,77] These protocols turned out to be effective 
alternatives to the syntheses of these heteroarene 
derivatives by Pd(OAc)2/P(�2Bu)3⋅HBF42catalyzed 
direct arylation of pyridine2�2oxides with aryl 
bromides followed by deoxygenation,[78] by 
Cu(acac)2catalyzed direct arylation of pyridine �2
oxides with arylboronic esters,[79] or by Fe(acac)2
catalyzed cross2coupling reaction of pyridines with 
arylboronic acids in the presence of K2S2O8 and ��
Bu4NBr in CH2Cl2/water.[80] In ��	�	�	�� " 22
arylpyridines were obtained in 63–86% yield by 
sequential addition of arylmagnesium chlorides to 
pyridine ��oxides in THF at 25 °C and hydrolysis 
of the resulting reaction mixtures followed by 
treatment with acetic anhydride at 120 °C for 1–4 
min under microwave irradiation.[76] �

 

&�)�-�� 11� Regioselective synthesis of 22aryl2
substituted pyridines from pyridine2�2oxides via 
two two2step protocols (" and #)� involving the 
addition of aryl Grignard reagents to the substrates 

Figure 11 shows the chemical structures and yields 
of the compounds synthesized using this protocol. 

 

��*'���

� Chemical structures and yields of 22aryl 
substituted pyridines synthesized using ��	�	�	� ". 

It is interesting that this two step2protocol worked 
well also with 22substituted pyridine �2oxides 
allowing the preparation of 22methyl262
phenylpyridine with complete regioselectivity in 
87% yield from 22methylpyridine2�2oxide (Scheme 
56).[76]  

 

&�)�-�� 12�� Synthesis of 22methyl262
phenylpyridine. 

Evidence was also obtained that ��	�	�	��", except 
in the case of 32methylpyridine �2oxide, involves 
the formation of 2,42dienal oxime intermediates 
��� from pyridine2�2oxides and aryl Grignard 
reagents (Scheme 57).[76]  

 

&�)�-��13� Formation of 22arylpyridines from 2,42
dienal oxime intermediates. 

Olsson, Almqvist and coworkers also discovered 
that by exchanging Ac2O for DMF in the second 
step of ��	�	�	�� ", 22aryl2substituted pyridine ��
oxides were obtained and that these compounds 
were suitable to undergo addition of a second 
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arylmagnesium halide to give 2,62diaryl2substituted 
pyridines after a subsequent microwave2mediated 
reaction with Ac2O. Scheme 58 shows the 
application of this procedure for the high yielding 
syntheses of 42(benzyloxy)22,62diphenylpyridine 
(4�) and 42(benzyloxy)222phenyl262(�2
tolyl)pyridine (4
)� from 42(benzyloxy)pyridine �2
oxide (35).]76]  

 

&�)�-�� 14�� Regioselective� synthesis of� 2,62
diarylpyridines 4� and 4
. 

As shown in Scheme 55, the second protocol 
(��	�	�	�� #) developed by Olsson, Almqvist and 
coworkers for the regioselective synthesis of 22
aryl2substituted pyridines involved addition of 
arylmagnesium halides to pyridine �2oxides and 
treatment of the resulting reaction mixtures, after 
hydrolysis with MeOH, with trifluoroacetic 
anhydride (TFFA).[77] Notably, pyridine ��oxides 
bearing an electron2donating or an electron2
withdrawing group worked well and the arylation 
reactions could also be carried out on a gram scale. 
Figure 12 shows the chemical structures and yields 
of the 22arylpyridines synthesized using this 
protocol thus illustrating that the arylation reactions 
took place in general with good to high yields. 
However, when 32picoline �2oxide was reacted 
according to this protocol, unfortunately, only a 
trace amount of 32methyl222phenylpyridine was 
obtained 

 

��*'��� 

��  Chemical structures and yields of 22
arylpyridines synthesized using ��	�	�	��#. 

In 2011, Zhang and Duan extended the reaction 
between aryl Grignard reagents and pyridine �2
oxides to nitropyridine �2oxides and found that 
treatment of 1.0 equiv of 42nitropyridine �2oxides 
with 1.2 equiv of arylmagnesium halides in THF at 
260 °C, followed by addition of 1.2 equiv of 2,32
dichloro25,62dicyano21,42benzoquinone (DDQ) 
provided regioselectively 22aryl242nitropyridine �2
oxides in high yields (Scheme 59).[81]  

 

&�)�-�� 15��  Regioselective synthesis of 22aryl242
nitropyridine �2oxides from 42nitropyridine �2
oxides. 

This direct arylation protocol, which involves the 
arylation reaction at the 22 or 62positions of 42
nitropyridine �2oxides via the N→O group2
directed addition of the Grignard reagents, was also 
found to be suitable for the high yielding C22 
arylation of 42nitroquinoline �2oxide with 
phenylmagnesium chloride (Scheme 60).[81]  
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&�)�-��2���Synthesis of 42nitro222phenylquinoline 
�2oxide. 

Zhang and Duan also investigated the one2pot 
direct arylation of 32nitropyridine ��oxide with 
arylmagnesium halides and found that the reactions 
furnished 22(62)aryl232nitropyridine �2oxides in 
excellent yields (Scheme 61). They justified the 
regioselectivity of these reactions on the basis of 
the additive electronic effects of the nitro 
substituent and the N→O group.[81]  

 

&�)�-��2
� Synthesis of 22(62)aryl232nitropyridine 
�2oxides from 32nitropyridine �2oxides. 

Finally, Zhang and Duan highlighted the synthetic 
potential of the one2pot arylation of 42nitropyridine 
�2oxides by a total synthesis of caerulomycins E 
(42) and A (43), two natural products first isolated 
from %�����	�
���� ���������[82] that feature a 
unique 2,2’2bipyridine core structure. As shown in 
Scheme 62, the synthesis of 42 was carried out in 
four steps starting from commercially available 22
methyl.42nitropyridine �2oxide (4
). 

 

&�)�-��2
� Synthesis of caerulomycins E (42) and 
A (43). 

Thus�� 22pyridylMgCl⋅LiCl, which was prepared 
from 22bromopyridine and �2PrMgCl according to 
Knochel’s method[83] and titrated before use,[84] was 
added to compound 4
 and the resulting compound 
was treated with DDQ to give 22(22pyridyl)pyridine 
�2oxide 4/� in 59% yield. The corresponding 42
methoxy derivative 40, which was obtained by 
treatment of 4/�with MeONa in MeOH, was then 
converted into compound 41� by the reaction with 
Ac2O at 110 °C followed by hydrolysis. Finally, 
oxidation of 41 with MnO2 in CHCl3 gave 
caerulomycin E (42) in 53% total yield. 
Furthermore, the reaction of 42 with 
hydroxylamine hydrochloride in pyridine provided 
caerulomycin A (43), a compound that was shown 
to exhibit antimicrobial, antiamoebic and antitumor 
activities[85] and to suppress immunity by inhibiting 
T cell activity.[86]  

In concluding the presentation of the results of the 
reactions between pyridine �2oxides and 
arylmagnesium halides it seems also appropriate to 
point out that in 1971 van Bergen and Kelly, 
contrary to what was assumed by Kato and 
Yamanaka,[87] demonstrated that these reactions do 
not give rise to addition products with a 1,22
dihydropyridine structure, but instead lead to 52
aryl22&,4�2pentadienal2�
��oximes which by 
treatment with Ac2O under reflux give 22
arylpyridines (Scheme 63).[88] These results 
therefore anticipated those subsequently reported 

�

�
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by Olsson and Almqvist,[76] but contrasted with the 
pathway hypothesized by Zhang and Duan for the 
reaction between 42nitropyridine �2oxides and 
arylmagnesium halides that, according to these 
authors, would involve the formation of 
intermediates by means of a 1,22addition 
reaction.[81]  

 

&�)�-�� 2/�� Course of the reaction between 
pyridine �2oxides and aryl Grignard reagents. 

Instead, the method that was developed between 
1988 and 1990 by Strekowski and coworkers for 
the synthesis of 22chloro242(heteroaryl)pyrimidines 
5� involved an addition reaction of 
heteroaryllithium reagents to 22chloropyrimidines 
44

[89a] followed by hydrolysis and dehydrogenation 
of the resultant dihydropyrimidines 45� with 
DDQ.[89b] Scheme 64 illustrates the reaction 
conditions used for the synthesis of a  wide range 
of compounds 5�. 

 

&�)�-�� 20�� Synthesis of 22chloro242 
(heteroaryl)pyrimidines 5�. 

It was also demonstrated that compounds 5� could 
be converted into 22chloro24,62
di(heteroaryl)pyrimidines 5
� by addition of 
heteroaryllithium reagents followed by 
dehydrogenation of the resulting 
dihydropyrimidines 5
�(Scheme 65).[89b] 

 

&�)�-�� 21. Synthesis of 22chloro24,62
di(heteroaryl)pyrimidines 5
. 

In 2013, a more practical method for the 	��
	2
arylation of electron deficient �2heteroarenes, 
which was related to that described by Strekowski 
and coworkers but not required the use of an 
organic oxidant,[89b] was developed by Da and 
coworkers.[90] They discovered that heteroarenes 
including quinolines, isoquinolines, pyridines and 
quinoxaline undergo efficient direct 	��
	2arylation 
by treatment with aryl Grignard reagents in THF 
and toluene in the presence of TMEDA at 50 °C for 
36 h and quenching  of the reaction mixtures with 
aq. NH4Cl at 0 °C followed by stirring of the 
resultant mixtures inn the open air for 12 h 
(Scheme 66). This method allowed the preparation 
of a wide variety of 22(hetero)arylquinolines 5/, 
including derivatives bearing a bromo substituent at 
position 3, eight 12(hetero)arylisoquinolines 50, 
including four derivatives bearing a bromo 
substituent at position 5, and two 22arylpyridines 
51.  
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&�)�-�� 22� TMEDA2assisted 	��
	�arylation of 
quinolines, isoquinolines and pyridines. 

Figure 13 lists the chemical structure and yields of 
the compounds synthesized according to the 
protocol depicted in Scheme 66. 

 

��*'���
/� Chemical structures and yields of the 22
(hetero)aryl2substituted heteroarenes synthesized 
by TMEDA2assisted 	��
	�arylation reaction of 
electron2deficient �2heteroarenes 

As regards the synthesis of 22(hetero)aryl2
substituted quinolines it deserves to be noted that, 
recently, the highly regioselective synthesis of 
these compounds was also achieved using non2
environmentally friendly transition metal2catalyzed 
protocols including: i) Pd(OAc)22catalyzed 
arylation of quinolines with dichlorobenzenes using 
dioxygen and Ag2CO3 as the oxidants;[91] ii)  the 
Ni(cod)2/PCy32catalyzed reaction of quinolines 
with arylzinc reagents;[92]  and iii) the 
[RhCl(CO)2]22catalyzed direct arylation of 
quinolines with aryl bromides.[93] Instead, to our 
knowledge, only one method for the direct 
arylation of isoquinolines, different from the one 
illustrated in Scheme 66, has so far been reported in 
the literature. However, this recently developed 
method[94] featuring the Ru(bpy)3Cl2⋅6H2O2
catalyzed reaction of isoquinolines with 
arenediazonium tetrafluoroborates in MeOH 
containing trifluoroacetic acid under irradiation 
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 (50293% yield)
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1) (Het)ArMgBr  LiCl (5 equiv.)
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3) stirring in HCl, open air, 12 h, rt
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41% 30%

57% 78%

(Het)Ar=Ph : 88%
(Het)Ar=32MeC6H4 : 92%
(Het)Ar=42MeC6H4 : 93%
(Het)Ar=22MeOC6H4 : 92%
(Het)Ar=32MeOC6H4 : 79%
(Het)Ar=42MeOC6H4 : 84%
(Het)Ar=22naphthyl : 64%
(Het)Ar=3,52Me2C6H3 : 81%
(Het)Ar=42FC6H4 : 72%
(Het)Ar=42ClC6H4 : 50%
(Het)Ar=52benzo[b]furanyl : 71%
(Het)Ar=22thienyl : 55%
(Het)Ar=32benzo[�]thiophenyl : 88%

(Het)Ar=Ph : 95%
(Het)Ar=32MeC6H4 : 96%
(Het)Ar=42MeC6H4 : 96%
(Het)Ar=22MeOC6H4 : 95%
(Het)Ar=32MeOC6H4 : 89%
(Het)Ar=42MeOC6H4 : 80%

(Het)Ar=Ph : 76%
(Het)Ar=32MeC6H4 : ? %
(Het)Ar=42MeC6H4 : 80%

(Het)Ar=Ph : 60%
(Het)Ar=42MeC6H4 : 64%
(Het)Ar=3,52Me2C6H3 : 81%

(Het)Ar=Ph : 69%
(Het)Ar=32MeC6H4 : 65%
(Het)Ar=42MeC6H4 : 71%
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Page 34 of 44

Wiley-VCH

Advanced Synthesis & Catalysis

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For P
eer R

eview

 35

with a fluorescent lamp provides 12
arylisoquinolines in yields lower than those 
obtained using the protocol illustrated in Scheme 
66. 

Da and coworkers also found that 	��
	2diarylated 
quinoxalines could be obtained in good to excellent 
yields by the reaction of 1.0 equiv of quinoxaline 
(1)� with 3.0 equiv of (hetero)arylmagnesium 
bromides in  a mixture of THF and toluene at 50 °C 
in the presence of 1.0 equiv of TMEDA and 
quenching of the resultant addition products 
followed by stirring in the open air (Scheme 67).[90] 

 

&�)�-�� 23�� Synthesis of 2,32
di(hetero)arylquinoxalines. 

Again in 2013, Knochel and coworkers described 
that strongly electron2deficient pyridines bearing an 
electron2withdrawing group at position 3 can 
undergo regioselective C24 arylation in good to 
excellent yields by treatment with 1.4–1.5 equiv 
arylmagnesium bromides activated with LiCl and 
1.1 equiv of BF3⋅Et2O in THF at 230 °C followed 
by the reaction of the resultant 1,42addition product 
with chloranil (Scheme 68).[95] Notably, these direct 
arylation reactions exhibited wide functional group 
tolerance and took place with high to excellent 
yields even using aryl Grignard reagents bearing 
synthetically versatile electron2donating or 
electron2withdrawing groups as well as a bulky 
Grignard reagent such as 2,4,62
trimethylphenylmagnesium bromide.[95]  

 

&�)�-�� 24� C–4 arylation of pyridines bearing an 
electron2withdrawing group at position 3. 

It should be noted that Sames and coworkers had 
previously found that the regioselective direct C24 
arylation of 32nitropyridine with (hetero)aryl 
bromides could be achieved in moderate to good 
yields using the Pd(OAc)2/[P(��
Bu)Ad2H]I/Cs2CO3/PivOH/PhMe system.[96]  

Knochel and coworkers then used the protocol 
depicted in Scheme 68 for the synthesis of the 
fluorescent compound 54 from 32cyanopyridine 
(52) and the dimagnesiated species 53 (Scheme 
69).[95]  

 

&�)�-��25� Synthesis of the fluorescent compound 
54. 

In addition, they found that the addition of 
(hetero)aryl Grignard reagents to isonicotinonitrile 
(55)�proceeded at C22�giving rise to 22(hetero)aryl2
42cyanopyridines in� acceptable yields (Scheme 
70).[95]  
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&�)�-�� 3��� Synthesis of 22(hetero)aryl242
cyanopyridines. 

More recently, Larionov and coworkers 
investigated the KO2�2Bu2mediated reaction of 
quinolone �2oxides with commercially available 
pentafluorophenyltrimethylsilane (
��) and found 
that treatment of 82methoxyquinoline �2oxide 
(
�
)�with 1.5 equiv of 
���and 1.0 equiv of�KO2�2
Bu in THF at 220 °C for 50 min in the presence of 
3Å molecular sieves followed by hydrolysis 
produced 82methoxy222(perfluorophenyl)quinoline  
(
�
) in only 17% yield (Scheme 71).[97]  

 

&�)�-��3
� Synthesis of compounds 
�
 and 
�/. 

However, the reaction of 
�
 with 1.5 equiv of 
�� 
and 3.0 equiv of KO2�2Bu in THF at 220 °C in the 
presence of 3À molecular sieves followed by 
treatment with aq. NH4Cl gave in 83 % yield 22[42
(��butoxy)22,3,5,62tetrafluorophenyl]282
methoxyquinoline (
�/), which derived from an 
unexpected nucleophilic substitution reaction of the 
fluoride in the ����2position with respect to the 22
quinolinyl group by KO2�2Bu (Scheme 3
).[97] 
Notably, similar C22 arylation reactions with 
concomitant nucleophilic substitution efficiently 
occurred when quinolone �2oxides 
�0 and 
�1 
(Figure 14) were reacted with 1.5 equiv of 
�� and 
6.0 equiv of oxygen or sulphur nucleophiles. These 
reactions allowed the synthesis of compounds 
�2, 

�3�and� 
�4 (Figure 14) in 86, 83 and 45% yield, 
respectively.[97]  

 

��*'���
0. Chemical structures of compounds 
�0–

�4. 

In the proposed mechanism of the KO2�2Bu2
mediated reaction of quinolone �2oxides with 
pentafluorophenyltrimethylsilane it was 
hypothesized that the �2butoxide anion activates the 
organosilicon reagent by forming a 
pentacoordinated silicon reagent that binds to the 
oxygen atom of the heteroarene substrate. A 
subsequent transfer of the pentafluorophenyl group 
to C22 followed by deprotonation and elimination 
of trimethylsilyloxide anion would the provide 22
pentafluorophenylquinolines (Scheme 72).[97]  

 

&�)�-�� 3
�� Presumed mechanism for the KO2��
Bu2mediated reaction between quinolone �2oxides 
and pentafluorophenyltrimethylsilane. 

3������'������

As shown in this review, several protocols have 
been identified and developed, especially in the last 
decade, to achieve the synthesis of (hetero)aryl2
substituted electron2rich and electron2deficient 
heteroarenes through transition metal2free direct C–
H (hetero)arylation reactions.[98] These reactions 
have been found to be generally characterized by 
efficiency, experimental simplicity, low cost, and, 
unlike the classical transition metal2catalyzed C–C 
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bond forming reactions, do not require lengthy and 
expensive procedures to obtain the required 
reaction products free of contaminants. However, it 
must be mentioned that some of these transition 
metal2free direct arylation protocols are 
characterized by significant drawbacks. In fact, the 
regioselectivity of the direct arylation reactions of 
π2deficient heteroarenes such as pyridine, 
pyrimidine and pyrazine, with the exception of the 
reactions carried out by the use of 
(hetero)arylmetals, remains an issue. Furthermore, 
various (hetero)arylation protocols in which 
(hetero)aryl halides or pseudohalides are the 
(hetero)arylating reagents require the use of the 
heteroarenes both as substrates and as solvents and 
therefore in a very large molar excess with respect 
to the (hetero)arylating reagents and, unfortunately, 
in the experimental procedures of these reactions 
the recovery and recycling of these reagents has 
been almost never described.  

In addition, there are still several unsolved 
challenges and, among these, the development of 
general methods for the synthesis of highly 
functionalized (hetero)aryl2substituted heteroarenes 
through  chemoselective and highly2regioselective 
transition metal2free direct (hetero)arylation 
reactions of both electron2rich and electron2
deficient heteroarene derivatives with multi2
halogen substituted (hetero)arene reagents is 
particularly worthy of mention. 

Finally, it deserves also to be noted that for many 
protocols outlined in this review it has not been 
established whether the described (hetero)arylation 
reactions are truly transition metal2free or whether 
traces of transition metal present in the reactants, 
bases and/or solvents play a decisive role on the 
progress of the reactions.[99] This applies in 
particular for the arylations in which 
organometallic compounds are used as reaction 
components. 

Nevertheless, it is our belief that in the near future 
the current pursuit of sustainable chemistry and the 
potential applications of the transition metal2free 
direct (hetero)arylation reactions of heteroarenes in 
pharmaceutical industry can promote studies to 
significantly improve the scope, regioselectivity 
and efficiency of these reactions and thoroughly 
investigate their mechanism. 
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