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The classical concept of nucleophilic aromatic substitution (SyAr?*°) has been complemented with a new synthetic methodology
(SH), enabling one to build new carbon—carbon C(sp?)-C(sp?®), C(sp?)—-C(sp?) and C(sp?)-C(sp) or carbon-heteroatom C(sp%)-X
(Xis O, N, P, S, halogen) bonds through nucleophilic displacement of hydrogen in an aromatic ring.
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In the formation of new chemical bonds through the nucleophilic
aromatic displacement of hydrogen (S¥) in n-deficient aromatic
compounds, the SH reactions undoubtedly belong to key chemi-
cal processes.! Indeed, published data demonstrate a common
character of the S{ reactions as a fundamental property of
aromatic (heteroaromatic) compounds.?-18

It is well known that aromatic compounds undergo substi-
tution reactions initiated by an either electrophilic or nucleo-
philic attack on the C(sp?) carbons of an aromatic ring.!?
Electrophilic aromatic substitution of hydrogen (for which the
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symbol SgAr is usually used, while H is omitted) is a well-
developed synthetic procedure which is widely used for struc-
tural modification of aromatic compounds. In the SpAr reactions,
the cationic nature of intermediate oM adducts facilitates the
elimination of a proton, and the cleavage of the C(sp3)-H
bond takes place easily enabling the system to restore the lost
aromaticity (Scheme 1).19

EWG is an electron-
withdrawing group

Scheme 1
This is not the case with the anionic o adducts, which are
derived from a nucleophilic attack on unsubstituted carbon of
an aromatic ring. Due to difficulties associated with elimination
of hydrogen with pair of electrons from anionic o™ adducts (in
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summary, the hydride ion), development of the S¥ methodology
has been lagged behind the SpAr and S?*°Ar reactions for a
long time. A remarkable progress in studying both oxidative
and elimination versions of the S¥ reactions has been achieved
only during the last two to three decades.!~!8

Note that aromatic compounds have wide applications in
practice; in order to modify their structure, industrial organic
synthesis often exploits electrophilic chlorination followed
by a nucleophilic displacement reaction S*°Ar accompanied by
departure of the chloride anion. The situation is far from ideal
from a chemical point of view (chlorination—dechlorination), to
say nothing of its poor correspondence to the green chemistry
principles.?® Another powerful synthetic tool of the advanced
chemistry of aromatic compounds is a set of palladium-catalysed
cross-coupling reactions enabling one to build a variety of
C(spH)—C or C(sp?)—X (X is a heteroatom) bonds. These methods
are known as the Heck, Stille, Suzuki-Mijaura, Sonogashira,
Kumada, Negishi, Buchwald—Hartwig, Hijama and Tsuji-Trost
reactions.?! Most of them are also based on the use of aryl
halides (Scheme 2).
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Meanwhile, there are coupling reactions which do not require
metal complex catalysis or the presence of halogen in an
aromatic substrate, and these are the S¥ reactions.!'-' For
instance, the S methodology has been used to introduce
acetylenic fragments into quinoxalines, and this approach is

an alternative way for the well-known palladium-catalysed
Sonogashira cross-coupling reaction (Scheme 3).22
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Scheme 3

What are advantages of the SE methodology? First, it
provides new effective methods to build a variety of chemical
bonds. Second, a direct nucleophilic attack on the C(sp?)-H
carbon enables one to avoid toxic chlorinated intermediates
and to carry out the process following the principles of green
chemistry,'® such as atom efficiency, shorter synthesis, less
hazardous chemicals, waste prevention, etc.?

A detailed study of the nucleophilic aromatic substitution
of hydrogen has been initiated at the Urals State Technical
University (Ekaterinburg, Russia) in the 1970s.2 At that time,
nucleophilic aromatic substitutions were associated mainly with
the ipso-attack at a ring carbon C(sp?)—X bearing a halogen or
other good leaving group X (SyAr##), and the overwhelming
majority of textbooks on organic chemistry stated that, as a
rule, hydrogen is not displaced from aromatic ring because very

strong basic hydride ion H- has to be displaced in this case.!®
In the first review on nucleophilic aromatic displacement of
hydrogen, it was suggested to use the symbols Si in order
to distinguish these reactions from the classical nucleophilic
substitutions S{{f“’Ar.z Later, a number of reviews have been
published,3!8 and also the book ‘Nucleophilic Aromatic Substi-
tution of Hydrogen’, which accumulated a considerable body
of data on conditions, kinetics, structure of intermediates,
electrochemical and mathematic modeling, as well as plausible
mechanisms and the general concept of the S reactions.!
Many research groups contributed to the field, for example,
Professor M. Makosza developed the so-called vicarious nucleo-
philic substitution of hydrogen,*%89:15.23.24 which proved to be
an elimination version of the S¥ reactions. Professor H. C. van
der Plas modified the Chichibabin reaction? and suggested to
use the very effective liquid ammonia—potassium permanganate
oxidative system for the amination of azaaromatics.3->2¢ In the
course of these studies, it has been established that ring carbon
atoms bearing hydrogen are more vulnerable for a nucleophilic
attack than those bearing halogen or other good leaving groups,2°
and the SH methodology proved to be an efficient tool to
build carbon—carbon and carbon-heteroatom chemical bonds
between an aromatic ring and a variety of nucleophilic reagents.
Therefore, Professor F. Terrier referred to the S¥ reactions as
a fascinating subject of the last decade.”

This article is mainly based on the results of our research
group, and it cannot pretend for a comprehensive consideration
of this promising area of organic synthesis. We focus our atten-
tion on the S¥ reactions, their scope and limitations.

The general scheme of the SH reactions is very similar to that
of the S¥*°Ar, and it suggests the interaction of m-deficient
aromatic (heteroaromatic) compounds with nucleophiles. Electron-
withdrawing groups, such as NO,, N=0O, C=0, cyano, and CF;
are, as a rule, necessary to promote the ability of arenes to
react with nucleophiles. A similar activation can be reached
by incorporating heteroatoms, such as C=N and its cationic
forms C=NR*, C=NH*, =S*, =O* and N-oxides C=N*-O-.
Indeed, azinium, pyrilium, thiapyrilium and tropylium cations,
as well as activated nitroannulenes, azaazulenes, arene—metal
complexes and porphyrins, nitro and aza activated arenes,
azoles and azines, and other m-deficient systems proved to be
appropriate substrates for the SH reactions.! The nt-deficiency of
aromatics is a requirement of the S¥ reactions limiting the
scope of their application relative to that for metal-catalysed
cross-couplings. As for reagents for the SH reactions are
concerned, they involve a great deal of C-, O-, N-, P- and
S-centered nucleophiles, halides, peroxides, efc., thus enabling
one to perform nucleophilic alkylation, alkenylation, alkynyla-
tion, aminoarylation, hydroxyarylation, hetarylation, amination,
hydroxylation, alkoxylation, cyanation and halogenation,!-15
carboranylation,?” ferrocenylation?® and other types of reactions

(Scheme 4).
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A considerable body of published data!~'® on the SH reactions
shows that these reactions are of fundamental importance in
the chemistry of electron-deficient aromatics, and they occur
through two principal pathways: (i) the addition—oxidation SK(AO)
scheme, which is based on using an outer oxidant!-3-.13,14.16,18,26
and (ii) the addition—elimination SH(AE) scheme, which suggests
the presence of an auxiliary group in either a nucleophile (A) or
an aromatic ring (A’).4089.1523.24 Both schemes are comple-
mentary to each other, since they have in common that a proton
and two electrons have to be departed from intermediate o'
adducts either by the action of an outer oxidant! or due to
the elimination of an auxiliary group (A or A"),!> facilitating the
departure of hydrogen as a proton (Scheme 5).!8
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Oxidative reactions Sy

EWG EWG

Tele-substitution

Vicarious nucleophilic
substitution
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Elimination reactions Sy

Scheme 5

In spite of a continuous discussion regarding hydride ion
elimination, the stepwise mechanism involving successive electron—
proton—electron (EPE) transfer appears to be the most plausible
pathway (Scheme 6).18
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The aromatisation of o™ adducts is a crucial step in the
majority of the SH reactions,-!8 although sometimes it requires
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unusual conditions. The aromatisation of the ot adducts derived
from 6-nitro-1,2,4-triazolo[1,5-a]pyrimidines can be initiated
by reduction of the nitro group in the dihydropyrimidine
intermediate.?’ The most plausible mechanism of this auto-
aromatisation involves water elimination from the intermediate
hydroxyamino compound with the hydroxy fragment acting
as an auxiliary group. Finally, a prototropic rearrangement of
the heterocyclic imine affords an amino compound in a good
yield (Scheme 7).2

The scope of the SH reactions can be illustrated by the
following examples. Carbanions generated from carboranes
can replace hydrogen in pyrazines, triazine-N-oxides and other
n-deficient systems. This approach to incorporate boron-con-
taining fragments into heterocyclic molecules is effective for
the synthesis of compounds that can be used as new ligands and
agents for the neutron-capture therapy of cancer (Scheme 8).27
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Scheme 8

The modification of pyridines with the lithium salts of
monosubstituted ferrocenes is based on the S{ process, which
provides an access to new derivatives of metal complexes,
including those possessing planar chirality (Scheme 9).28
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Another area of application for the S§ methodology concerns
macrocycles (calixarenes, calixhetarens and porphyrins), which

N—NH N
N
(6]

Scheme 10
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are widely used as ligands in supramolecular chemistry. The
modification of the upper rim of calix[4]phenols through the
SH C-C coupling with electron-deficient triazinones is a new
approach to change molecular cavities of these compounds,
opening new possibilities for design of highly selective ligands.30
The same approach has been applied to modify calixpyrroles
and calixfurans (Scheme 10).3!

The substitution of hydrogen in porphyrins by the action of
carbanions (butyllithium or dithianyllithium) in the presence of
DDQ as an oxidant is another interesting application of the S
methodology to the chemistry of macrocycles, which seems a
promising route to the derivatisation of these important hetero-
cyclic photosensitisers for the photodynamic therapy of cancer
(Scheme 11).32
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Scheme 11

Intramolecular SH reactions have been used to modify the
structures of fluoroquinolones, derivatives of a well-known
family of antibacterials,?® while intermolecular C—C couplings
have been successfully applied to the structure modification of
steroids, an important class of bioregulators (Scheme 12).34

Scheme 12

In addition to the well-known route to fused heterocyclic
systems, which is based on the displacement of two leaving
groups in an aromatic ring, the S¥ methodology exploits tandem
nucleophilic addition—addition (Ay—Ay), addition—substitution
of hydrogen (A\—SK), and double substitution of hydrogen reac-
tions (SH-SH) on two neighbouring carbons (Scheme 13).1:14.35-43
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The synthesis of fused derivatives by using the tandem
AN—Ay, An-SH and SE-SH reactions is a very constructive con-
cept.143543 A variety of 1,4-diazines condensed with five-
and six-membered heterocycles have been obtained by reacting
1,4-diazinium (pyrazinium, quinoxalinium, pyrido[2,3-b]pyrazi-

nium, pteridinium, efc.) salts with enamines, diketones, ureas,
thioureas, thioamides, thiohydrazides, dithiocarbamates, imino-
esters, amidines, amidrazones, 1,2-diamines, amidoximes and
other 1,3- and 1,4-bifunctional nucleophiles.!-1435-38 The tandem
reactions of bifunctional nucleophiles at C-5 and C-6 of the
1,2,4-triazine ring proved to be an efficient route to condensed
1,2,4-triazines.!143%43 In particular, the reaction of 3-aryl-1,2,4-
triazines, activated by acetic anhydride with B-aminovinyl ketones
or f-aminocrotonate in acetic anhydride proceeds very smoothly
and regioselectively leading to the derivatives of 1H-pyrrolo-
[3,2-e]-1,2,4-triazines (Scheme 14).43

Scheme 14

Scheme 15 shows that not only condensed 1,2,4-triazines but
also fused pyridines can be obtained through the tandem SH-SH
reactions of 1,2,4-triazines.**
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Scheme 15

An effective approach to condensed azaheterocycles is the
use of intramolecular nucleophilic substitution of hydrogen in
combination with condensation on an exo-cyclic substituent.
The key role of the SH step has been demonstared by the
synthesis of quinoxalines condensed with five- and seven-
membered rings from 2-aminoquinoxaline®> or quinoxaline-
2-carbaldehyde (Scheme 16).4¢
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The synthesis of fluorinated 1,2,4-benzotriazines illustrates
the advantage of the oxidative SH reaction as a key step in the
modification of fluorinated nitrobenzenes with guanidine followed
by annelation of the 1,2,4-triazine ring (Scheme 17).47
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The SH methodology is important in both materials science
and industry. Indeed, a new strategy for obtaining di- and ter-
pyridines and their luminescent ruthenium chelates,*¥4° as well
as the large-scale synthesis of para-nitroaniline from nitrobenzene,
and also direct amination of 1,3,5-trinitrobenzene into 1,3,5-tri-
amino-2,4,6-trinitrobenzene (Scheme 18) have been advanced.
Note that these chlorine-free technologies are not only technically
effective but also environmentally friendly and consistent with
the principles of green chemistry.!6:20

NO, H,N NO,
+
H,N-NMe; X~
O,N — > O)N NH,
NO, H,N NO,
Scheme 18

In conclusion, note that the S methodology and related reac-
tions belong to a rapidly developing area of organic chemistry.
Experimental data demonstrate that the S reactions are similar
to SgAr, and they reflect a fundamental nature of aromatic
systems. They provide facile routes to new carbon—carbon
C(sp?)—C(sp?), C(sp?)—C(sp?) and C(sp*>)—C(sp) bonds, as well
as C(sp?)-0, C(sp>)-N, C(sp?)-P, C(sp*)-S and C(sp?)-Hal
bonds, i.e., the chemical bonds the formation of which has
earlier been associated with electrophilic aromatic substitution
reactions. We believe that the SH methodology is a promising
synthetic tool, which will be especially useful in the future when
the role of coal as a raw material will be much higher. Then, the
SH methods for chemical transformations of pyridine bases are
supposed to be in a great demand.

This work was supported by the Russian Foundation for
Basic Research (grant no. 05-03-33112a), the Russian Ministry
of Education and Science (grant no. 9178.2006.3 for Leading
Scientific Schools), and CRDF (grant no. BP2MO05).
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