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Indoles are unquestionably the most important hetero-
cyclic systems present in numerous natural products, 
pharmaceuticals, plant protection agents, etc. Synthesis and 
transformations of the indole ring systems are therefore of 
continuous interest and subject of many original 
publications and reviews. In these papers new approaches 
to construction of the indole ring systems are presented, as 
well as new variants and modifications of the classical 
indole synthesis and numerous ways of introduction of 
substituents into indoles. Most of the modern methods of 
indole synthesis use transition metal-catalyzed reactions.1–4 
Although these methods are efficient and versatile they 
suffer substantial disadvantage – the products contain 
residual quantities of transition metals. These quantities are 
really minute, but cannot be accepted in pharmaceutical 
products and in compounds for biological investigation, 
thus laborious purification procedures are necessary.5 

Several years ago we have introduced a few methods of 
construction of indole ring system based on nucleophilic 
substitution of hydrogen in nitroarenes (SNArH).6–10 These 
simple, efficient, and versatile methods open a wide avenue for 
the synthesis of indoles bearing a variety of substituents in both 
aromatic and heteroaromatic rings, as well as for obtaining of 
azaindoles and indoles condensed with other ring systems. 

Moreover, the products do not contain residual transition 
metals, and thus do not need meticulous purification. 

Although great value and versatility of these methods were 
presented in many our original papers and reviews11–14 they do 
not have found wide application they deserve. In this updated 
review we wish to present basic concepts and examples of the 
indole synthesis on the basis of SNArH reactions.  

Nucleophilic substitution of hydrogen in nitroarenes  
(a short outline) 

Nucleophiles can react with nitroarenes in a variety of ways, 
the most important of them being addition to the electron-
deficient rings at positions occupied by halogens or hydrogen 
to form σX- and σH-adducts, respectively.15 Fast, spontaneous 
departure of halogen from the σX-adducts results in formation 
of products of SNAr reactions. However, the addition at 
positions occupied by hydrogen proceeds much faster, hence 
the σH-adducts are the initially formed intermediates. Since 
hydride anions are unable to depart spontaneously from the 
σH-adducts they dissociate to the educts; thus this addition 
mode is a reversible process, and, therefore, the slower 
formation of the σX-adducts and the SNAr reaction can proceed. 
Nevertheless under proper conditions the σH-adducts can be 
converted further in a few ways into products of nucleophilic 
aromatic substitution of hydrogen. These reactions can proceed 
provided the conversion of σH-adducts is a fast process. As a 
consequence, SNArH proceeds faster than conventional SNAr. 
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Three most important ways of conversion of σH-adducts 
into products of SNArH are (Scheme 1): oxidation 
(oxidative nucleophilic substitution of hydrogen, ONSH) 
(a),16 elimination of HL (for example HCl) when nucleo-
philes contain a nucleofugal group L (for example Cl) at 
the nucleophilic center, the process known as vicarious 
nucleophilic substitution (VNS) (b),17a and conversion to 
nitrosoarenes upon protonation or action of Lewis acids 
according to intramolecular redox stoichiometry (c).18 

Detailed discussion of general character, many variants and 
mechanisms of these reactions is presented in recent 
reviews15,19,20 and monograph.21 

Construction of indoles via nucleophilic substitution  
of hydrogen in nitroarenes 

Construction of the indole ring via SNArH reactions consists 
in introduction of the functionalized carbon substituents into 
nitroaromatic ring followed by intramolecular reactions to form 
heterocyclic rings. When in nitroarene there is an amino or a 
masked amino group as in meta-nitroaniline or its analogs, the 
nitrogen of the amino group takes part in the formation of  the 
indole ring. In other cases the nitrogen of the nitro group 
becomes the indole nitrogen. 

Indoles from meta-nitroanilines 

The synthesis of 4- and 6-nitroindoles via the direct 
reaction of meta-nitroanilines with ketone enolates is 
undoubtedly the simplest and the most efficient in terms of 
simplicity and atom economy. This method of the indole 
moiety construction, exemplified in Scheme 2, is of general 
character, considering ketones and meta-nitroanilines, 
which can bear a variety of substituents.7,22 A great variety 
of substituted indoles, including cycloalkeno[b]indoles, 
tetrahydrocarbazoles, and tetrahydrocarbolines, can be 
synthesized by this very simple reaction (Scheme 2).22  

The reaction proceeds via addition of the enolate anion 
to the nitroaromatic ring in vicinity of the amino group and 

oxidation of the σH-adducts by atmospheric oxygen. 
Further Baeyer type condensation of the produced amino-
ketones gives indoles. 

In spite of simplicity and versatility of the direct indole 
synthesis from m-nitroanilines and alkyl ketones, there 
have been only few reports on application of this reaction 
to the synthesis of compounds of biological interest.23–25 
For example, the starting 2-methyl-4-nitroindole was 
obtained from meta-nitroaniline and acetone (Scheme 3) in 
one of the variants of synthesis of AZD1981, a potential 
therapeutic agent in respiratory diseases.23 

Another example is the synthesis of 2-acetamino-6-nitro-
acetophenone, a starting material in the synthesis of homo-
camptothecin derivatives, potential inhibitors of DNA 
topoisomerase I,25 via oxidation of 2,3-dimethyl-4-nitro-
indole, obtained from meta-nitroaniline and 2-butanone 
(Scheme 4).22 

Similarly carbanions generated from alkyl nitriles react 
with meta-nitroanilines to produce 2-amino-4- or 2-amino-
6-nitroindoles. For example, the reaction of meta-
nitroaniline with acetonitrile leads to 2-amino-4-nitro-
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indole. Analogous reaction of phenylacetonitrile provides 
6-nitroindole derivative (Scheme 5).26 In both reactions the 
intermediate σH-adducts are oxidized by atmospheric 
oxygen to form the corresponding 2-aminonitrophenyl-
acetonitriles which undergo intramolecular cyclization. 

sulfones and cyanides in the form of carbanions. Under the 
reaction conditions, the carbanions add to the isocyano 
group to form substituted indoles (Scheme 6).8  

Intramolecular ONSH of carbanions of alkanoic acid 
meta-nitroanilides leads to 1,3-dialkyl-4-nitrooxindoles.27 
These oxindoles can be also obtained from nitroanilides of 
α-chloroalkanoic acids via intramolecular VNS reaction 
(Scheme 7).28 

Direct synthesis of indoles  
from nitroarenes and carbanions 

Bicyclic nitroarenes – nitronaphthalenes29,30 and nitro-
quinolines30 – react with some allylic carbanions to form 
condensed N-hydroxyindoles. For instance, phosphonium 
ylide, generated from allyl triphenylphosphonium chloride 
in the presence of 1,8-diazabicyclo[5.4.0]undec-8-ene (DBU)  
and titanium tetraisopropoxide, adds to 1-nitronaphthalene 
or 5-nitro-8-methoxyquinoline to form N-hydroxyindole 
derivative (Scheme 8).30 
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A peculiar example of synthesis of N-hydroxyindole in the 
VNS of hydrogen, proceeding via a cyclopropane ring opening, 
is the reaction of carbanion of dimethyl 2-cyanocyclopropane-
1,1-dicarboxylate with 1-nitro-4-(trifluoromethyl)benzene. 
Quenching of the reaction mixture at low temperature provides 
4-aryl-4-cyanobutyric acid derivative. But when the reaction 
mixture is allowed to warm up to 0°C further cyclization to 
1-hydroxyindole takes place via an intramolecular addition of 
the carbanion to the nitro group (Scheme 9).31 

DBU reacts as a C-nucleophile with 1,3,5-trinitrobenzene 
to form an σH-adduct that is oxidized to 2,4,6-trinitrophenyl-
amidine. Further step is the replacement of the nitro group 
leading to a condensed tetracyclic indole derivative 
(Scheme 10).32 In a similar manner DBU reacts with ethyl 
3,5-dinitrobenzoate. 

Indoles via introduction of functionalized substituents 
in the ortho position to the nitro group 

ONSH and, particularly, VNS are efficient tools for 
introduction of cyanomethyl,33–35 arenesulfonyl-
methyl,17,36,37 and alkoxycarbonylmethyl38–40 substituents in 
the ortho position to the nitro group of nitroarenes. 
Introduction of such functionalized carbon substituents 
provides wide possibilities for the synthesis of indoles. 

These ortho-substituted nitroarenes can be converted into 
indoles via cyclization that directly involves the nitro group 
or its initial reduction followed by an intramolecular 
condensation that engages the produced amino group. 

Non-reductive transformations of the ortho-substituted 
nitroarenes into indoles 

The methylene group in the ortho-nitroarylacetonitriles and 
ortho-nitrobenzyl(aryl)sulfones are readily alkylated with allyl 
and benzyl halides under mild liquid-solid phase-transfer 
catalysis conditions. The products are converted into 
substituted N-hydroxyindoles upon treatment with basic agents 
under various conditions. Examples of these reactions and the 
hypothetical mechanisms are presented in Schemes 11, 12. By 
this approach 5-methoxy-2-nitrobenzyl aryl sulfones are 
transformed into 2-substituted 1-hydroxy-3-(arenesulfonyl)-
indoles in good yields (Scheme 11).41 Similar reactions of 
2-nitroarylacetonitriles lead to the corresponding 2-phenyl- or 
2-vinyl-substituted 3-cyano-1-hydroxyindoles (Scheme 12).41 

Alkylation of ortho-nitroarylacetonitriles with allyl or 
benzyl halides followed by treatment of the obtained 
compounds with a base and silylating agents in aprotic 
medium or with a base in protic solvent results in 3-cyano-
1-hydroxy-2-vinylindoles. For example, alkylation of ortho-
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nitroarylacetonitrile with 3-phenylallyl bromide gives an 
adduct that in the presence of chlorotrimethylsilane and 
triethylamine undergo cyclization into 3-cyano-1-hydroxy-
2-vinylindole as exemplified in Scheme 13.42 

Similar transformations as a way to indoles were later 
reported for 2-nitrophenyl cyanoacetates and malonates. They 
are, however, less convenient because the starting materials 
were obtained by SNAr of fluorine in ortho-fluoronitroarenes.43 
Alkyl ortho-nitroarylacetates, ortho-nitroarylacetonitriles, and 
ortho-nitrobenzyl sulfones enter condensation with aliphatic 
aldehydes to give the corresponding alkylidene derivatives.44–47 
Treatment of these alkylidene nitriles with a base results in 
cyclization to indoles (Scheme 14).48 

Vilsmeier reagent prepared from N-methylpyrrolidinone 
was employed as a precursor of pyrrole ring in pyrrolo[3,2-b]-
quinoline system. The reaction of ortho-nitroarylaceto-
nitriles with this reagent led to alkylidene derivative that 
cyclized in the presence of diazabicycloundecene and bis(tri-
methylsilyl)acetamide (BSA) (Scheme 15).49 

Synthesis of indoles via reduction of the nitro group 
in ortho-substituted nitroarenes 

Indoles from 2-nitroarylacetonitriles 
Synthesis of indoles via catalytic hydrogenation of 2-nitro-

arylacetonitriles has been well known for many years.50 

It was, however, of a limited value, because ortho-nitro-
arylacetonitriles were not easily available. Facile synthesis 
of ortho-nitroarylacetonitriles via the VNS methodology 
has opened a wide avenue to synthesis of substituted 
indoles. There is practically no limitation of this reaction in 
terms of substituents present in the nitroarene moiety. 
Moreover, chlorine or bromine substituents in the 
nitroaromatic ring not only increase electrophilicity of 
nitroarenes,51 thus improving effectiveness of the VNS 
reactions, but also prevent introduction of cyanomethyl 
substituent into undesired positions.6,52 These auxilary 
substituents can be subsequently removed during 
hydrogenation. To show versatility of this approach to 
indoles we performed the synthesis of all isomeric 4-, 5-, 6-, 
and 7-methoxy-substituted indoles via the VNS cyano-
methylation of isomeric nitroanisoles and their halogenated 
derivatives (Scheme 16).6 

Similarly, VNS cyanomethylation of benzyl nitro-
phenyl ethers, eventually containing halogens in the nitro-
phenyl ring followed by hydrogenation and simultaneous 
removal of the benzyl group and halogens provided 
hydroxyindoles.6,52 Recently the VNS cyanomethylation 
followed by hydrogenation has been used for synthesis of 
indoles containing pentafluorosulfanyl substituents 
(Scheme 17).53 
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Cyanomethylation of nitronaphthalenes34,54 and nitro-
quinolines55–57 offers an access to cyanomethyl derivatives 
that upon reduction provide benzoindoles41,58 and pyrrolo-
quinolines,57 respectively, as exemplified in Scheme 18. 

Eudistomins C and E, antiviral alkaloids of marine 
origin, contain 5-methoxyindole fragment. Most conve-
niently these indole units were prepared from appropriate 
bromonitroanisols via vicarious nucleophilic substitution 
with aryloxyacetonitriles followed by catalytic reduction 
(Scheme 19).59  

The VNS reaction of 3-nitroanisole and 1-benzyloxy-
3-nitrobenzene with 4-chlorophenoxyacetonitrile proceeds 
in the most hindered position 2.6,60 6-Methoxy-2-nitro-
phenylacetonitrile thus obtained was then reduced and 
converted into 4-methoxyindole, which was then trans-

formed in three steps into rapalexin A, an unusual 
isothiocyanate alkaloid derived from Brassica rapa 
(Scheme 20).61 

On the other hand, 2-benzyloxy-6-nitrophenylacetonitrile 
upon catalytic hydrogenation gives 4-hydroxyindole.6 When 
the cyano group in 4-chlorophenoxyacetonitrile was labeled 
with 14C 4-hydroxyindole labeled at position 2 was obtained 
and used as intermediate for the synthesis of a labeled pindolol 
analog LY3688242 (Scheme 21).62 

1-Methoxybrassanin is one of natural defence 
compounds produced by plants of the family Cruciferae. In 
studies of metabolic pathways of these alkaloids the 
required 4,5,6,7-tetradeutero-1-methoxybrassanin was 
synthesized from 4,5,6,7-tetradeuteroindole. This labelled 
indole was obtained via VNS in perdeuteronitrobenzene 
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with chloroacetonitrile followed by catalytic reduction of 
the deuterated 2-nitrophenylacetonitrile (Scheme 22).63 

Ortho-nitroaryl-substituted acetonitriles are relatively 
strong CH acids, and their C-alkylation followed by 
hydrogenation leads to 3-substituted indoles.6 3,6-Dimethyl-
5-methoxyindole prepared via the VNS cyanomethylation 
of 4-methoxy-3-methylnitrobenzene has been used as 
starting material for the synthesis of cyclopropano-
annulated quinone methide (Scheme 23).64 

It has been shown earlier, that VNS in 2,4-dinitrophenol 
proceeds regioselectively at the most hindered position 3 
due to electronic configuration of the dinitrophenolate 
anion.65 This orientation pattern has been employed for the 
synthesis of the precursor of damirone B from dinitro-
guaiacol, in which cyanomethylation proceeds exclusively 
at position 5 to form upon O-methylation 3,4-dimethoxy-

2,6-dinitrophenylacetonitrile. Further alkylation of the 
nitrile carbanion with ethyl bromoacetate and hydro-
genation provides the skeleton of damirone tricyclic system 
(Scheme 24).66,67 

The VNS cyanomethylation of 3-nitropyridines and sub-
sequent hydrogenation of the so formed ortho-nitro-
pyridylacetonitriles is a convenient way of the synthesis of 
4- and 6-azaindoles, which have found numerous applica-
tions in the synthesis of potentially biologically active 
compounds.68–75 The VNS of hydrogen in 2-chloro-5-nitro-
pyridine using  chlorophenoxyacetonitrile provides a nitro-
pyridylacetonitrile which upon catalytic reduction cyclized 
to 5-chloro-6-azaindole (Scheme 25), a key starting material 
for the synthesis of a potential Xa factor inhibitor.76 

Methoxynitropyridylacetonitrile, the key intermediate in 
the synthesis of 5-azamelatonin, was obtained by the VNS 
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of hydrogen in 2-methoxy-5-nitropyridine with the carb-
anion of aryloxyacetonitrile. Further steps included alkyla-
tion of the obtained pyridylacetonitrile with bromo-
acetonitrile followed by a two-step reduction and acylation 
(Scheme 26).77 

Indoles from 2-nitrobenzyl sulfones 

VNS reactions of nitroarenes with the carbanions of 
chloromethyl aryl sulfones lead to ortho-nitrobenzyl aryl 
sulfones.17b,36,56,78 This procedure is particularly useful due 
to the possibility to direct the VNS reaction selectively in 
ortho position to the nitro group when the reaction is 
carried out in t-BuOK/THF (Scheme 29).17b Contrary to 
what is the case with ortho-nitroarylacetonitriles, the 
reduction of the nitro group in ortho-nitrobenzyl aryl 
sulfones proceeds without cyclization, and the ortho-
aminobenzyl sulfones can be isolated and converted into 
indoles in separate operations. These sulfones upon 
conversion of the amino group into imine,10 imidate,9,79,80 

or isonitrile81 functionality undergo cyclization into 
substituted indoles.  

ortho-Aminobenzyl sulfones react with aromatic 
aldehydes furnishing Schiff bases. These imines upon 
treatment with a base cyclize to 3-arenesulfonylindolines 
that eliminate toluenesulfinate to form 2-areneindoles. This 
approach gives access to arene- and heteroarene indoles 
difficult to obtain by other methods as exemplified in 
Scheme 27.10 

Conversion of such aminobenzyl sulfones into imidates 
in an acid-catalyzed reaction with orthoesters followed by 
base-induced intramolecular addition-elimination produces 
3-arenesulfonylindoles.9 This approach was used for the 
synthesis of 5- and 7-bromo-3-sulfonylindoles that were 
subsequently used in the synthesis of compounds for 
biological testing (Scheme 28).79 

Alternatively, N-substituted 3-phenylsulfonylindoles 
have been synthesized via a reductive N-alkylation of ortho-
aminobenzyl sulfones with ketones followed by conden-
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sation with dimethyl formamide dimethylacetal (DMF-
DMA) and cyclization (Scheme 29).80 

Indoles can be also obtained via simple transformation 
of an amino group into an isocyano group followed by a 
base-induced addition of a carbanion, stabilized by a 
sulfonyl group, to the isocyano group81 in a way analogous 
to the reaction shown in Scheme 6. 

Other reductive cyclizations leading to indoles 

In the synthesis of physostigmine, the required pyrrolo-
indole skeleton was obtained in a few steps starting from 
oxidative substitution of hydrogen in para-nitroanisole by 
N-methylpyrrolidinone carbanion (Scheme 30).82 

meta-Dinitrobenzene reacts with carbanions of α-halo 
ketones following the VNS mechanism to form 2,4-dinitro-

benzyl ketones, which can be reduced with tin(II) chloride 
to give 1-hydroxy-6-nitroindoles (Scheme 31).83 

Oxindoles and azaoxindoles 

2-Nitroarylacetates are convenient precursors to the 
synthesis of oxindoles via simple reduction of the nitro 
group and intramolecular formation of amide. VNS with 
alkyl α-chloroalkanoates solves the problem of availability 
of these starting materials.38 The VNS reaction of 3-nitro-
pyridine with methyl chloroacetate under basic conditions 
furnishes ethyl nitropyridyl acetates which upon catalytic 
hydrogenation cyclize to azaoxindoles (Scheme 32).84–86 

The VNS reaction of nitrobenzene with ethyl α-chloro-
propionate proceeds in the para position of the benzene 
ring.87 The formed carbanion of 4-nitrophenylpropionate 
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can in situ substitute fluorine atom in subsequently added 
1-fluoro-2,4-dinitrobenzene to form 2,4,4'-trinitrodiaryl-
propionate, which upon hydrogenation is transformed into 
an 3-aryloxindole derivative (Scheme 33).88,89 

Modification of indoles via SNArH reactions 

Introduction of carbon substituent 

Alkyl substituents can be introduced into 5-nitroindoles 
by direct action of alkylmagnesium halides. The resulting 
σH-adducts when quenched with BF3 transformed into 
4-alkyl-5-nitrosoindoles,90 but when the σH-adducts were 
subjected to oxidation with DDQ the corresponding nitro 
compounds were obtained (Scheme 34).91,92 

1-Alkyl-5- and 1-alkyl-6-nitroindoles undergo the VNS 
substitution of hydrogen at positions 4 and 7, respectively, 

by action of chloromethyl sulfones and (4-chlorophenoxy)-
acetonitrile to give the corresponding VNS products in 
high yields.93 Catalytic reduction of the obtained cyano-
methylnitroindoles provides condensed pyrroloindoles as 
exemplified by the synthesis of pyrrolo[3,2-e]indole shown 
in the Scheme 35.94 A versatile synthesis of pyrrolo-annu-
lated quinolines has been reported via alkylation of the 
VNS products, ortho-nitroindolylacetonitriles, with α-bromo 
ketones. The obtained ketonitriles can be reduced under 
mild conditions with tin(II) chloride in ethyl acetate–
ethanol mixture to quinoline-4-carbonitriles.95 The same 
reaction sequence has been applied to (nitroindol-4-yl)- and 
(nitroindol-5-yl)acetonitriles to obtain tricyclic 4-cyano-
2-phenyl derivatives of pyrrolo[3,2-f]- and pyrrolo[2,3-h]-
quinolines (Scheme 35).95 
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Unusual reaction course was observed when 1-methoxy-
6-nitroindole-3-carbaldehyde was treated with this 
4-chlorophenoxyacetonitrile-derived carbanion. Instead of 
the expected substitution of hydrogen at position 7 (as in 
Scheme 36), a multistep process resulting in formation of 
pyrimido[1,2-a]indole derivative occurred (Scheme 37).97,98 
The process started from the Thorpe condensation of the 
aryloxyacetonitrile, followed by a cine substitution of the 
N-methoxy group and cyclization. 

Reactions of indole and indolyl anions 
Indolyl-3-acetonitrile carbanions react with nitro deri-

vatives of bicyclic heterocycles, imidazo[1,2-a]pyridine100 
and 5-nitrobenzimidazole,101 to form highly fluorescent 
pentacyclic heterocycles (Scheme 39). 

Indole anions react with nitroarenes to form 3-(nitroaryl)- 
indoles following oxidative nucleophilic substitution of 
hydrogen (Scheme 40).102 

Amination of indoles 
1,2-Dimethyl-5-nitroindole was aminated with N-tetra-

methylenethiocarbamoylsulfenamide to form the corres-
ponding 4-amino derivative in moderate yield (Scheme 41).103 
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1-Alkyl-3-bromo-5-nitroindoles react with phenyl-
acetonitriles in the presence of KOH in ethanol to form 
isoxazolo[4,3-e]indoles as exemplified in Scheme 38.99 

Scheme 37 

4,6-Dinitroindole derivatives were aminated with trimethyl-
hydrazinium iodide in the presence of t-BuOK to form 7-amino-
4,6-dinitroindole derivatives (Scheme 42).104–106 
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It has recently been found in our laboratory that anilines 
react with nitroarenes in the presence of a strong base to 
form 2-nitrosodiphenylamines.107 The reaction proceeds via 
the addition of the N-anion of anilines to nitroarenes in the 
position ortho to the nitro group, followed by conversion of 
the resulting σH-adduct according to the intramolecular 
redox stoichiometry. The reaction is of general character; 
thus, a variety of 2-nitrosodiphenylamines become readily 
available.18 These compounds upon treatment with acetic 
acid cyclize to phenazines in high yields. This two-step 
process is analogous to, but much more efficient than the 
classic Wohl–Aue synthesis of phenazines.108 

The availability of nitroarenes and anilines opens almost 
unlimited simple and efficient access to phenazines, as well as 
to their derivatives condensed with an additional ring. The 
versatility of this methodology is demonstrated by the synthesis 
of pyrrolo[3,2-a]phenazines from two properly chosen pairs of 
nitroarene and arylamine: 5-nitroindole derivative and 
p-anisidine or 5-aminoindole and p-nitroanisole, respectively. 
In these instances, the cyclization was performed with bis-
(trimethylsilyl)acetamide (BSA) (Scheme 43).109 

Conclusions 

In this review we have presented numerous ways to 
construct indole derivatives via nucleophilic substitution of 
hydrogen. It has been shown that this approach is one of 
the simplest, most versatile, and efficient ways to such ring 
systems, which can easily be adopted for large-scale 
operations. Another advantage of this methodology, in 
contrast to the majority of modern methods, is that no 
transition metals are used, so the troublesome removal of 
their impurities from the final products is not necessary.5 
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