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Abstract 

Indoles, both naturally occurring and synthetic, exhibit wide-ranging biological activity. 

Unusual and complex molecular architectures occur among their natural derivatives. As a 

result, this important ring system continues to attract attention from the international chemical 

community, and new methodologies for the construction of this ever relevant heteroaromatic 

ring continue to be developed. Unfortunately, many methods frequently start from ortho-

substituted anilines, thereby greatly restricting the availability of starting materials. A more 

general approach would start from a mono-functionalized arene such as an aniline or 

halobenzene, followed by cyclization with C-C or C-N bond formation to an unactivated C-H 

bond. Such methods are the subject of this Perspective. 

 

1 Introduction 

The indole ring system represents one of the most abundant and important heterocycles in 

Nature. Found in a hugely diverse array of biologically significant natural compounds, from 

simple derivatives such as the neurotransmitter serotonin to complex alkaloids such as the 

clinically used anticancer agents vinblastine and mitomycin C, and the antihypertensive 

alkaloid reserpine (Figure 1), the importance of indoles to biological chemistry cannot be 

overstated. Additionally, a number of important synthetic drugs contain an indole motif, 

including sumatriptan, tadalafil, rizatriptan and fluvastatin (Figure 2), accounting for a total of 

$3.2bn in sales in 2010. 
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Fig. 1 Some naturally occurring indoles. 
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Fig. 2 Four clinically used indoles accounting for a total of $3.2bn in sales in 2010  

 

The continued development of routes towards indoles has been a central theme in organic 

synthesis over the last century, in keeping with their importance.1 However, there are still 
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limitations on the chemical space which is easily accessible; this can be readily observed by 

comparison of the naturally occurring indole drugs with their synthetic counterparts. In 

particular, the substitution pattern around the six-membered ring is notably less complex in 

synthetic indoles than in naturally occurring ones. To our knowledge, there are no synthetic 

indoles bearing substituents at more than one of the benzenoid ring positions currently in 

clinical use. We attribute this observation not to any perceived pharmacological disadvantages 

of highly-substituted indoles, but rather to their relative synthetic intractability. Hence, there 

is still room for improvement in the field of indole synthesis. 

 

With a few exceptions, such as those proceeding through functionalization of pyrroles,2 and 

methods that form both rings simultaneously,3 indole syntheses almost universally involve 

annelation of the five-membered ring to an existing benzene ring bearing the appropriate 

functionality. These can be divided into those in which two substituents in an ortho-

relationship are connected together (Scheme 1A), and those in which a single substituent is 

cyclized directly onto the aromatic ring (Scheme 1B).1  
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Scheme 1 General methods for indole synthesis. 

 

Most approaches to indole synthesis, including many of the modern catalytic methods, require 

an ortho-disubstituted arene precursor (Scheme 1A). These reactions can be further divided 
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into two broad classes: those utilizing transition-metal catalysis and those using more classical 

methods. Examples of the former include the Larock (Scheme 2A), Castro (Scheme 2B), 

Hegedus (Scheme 2C), Mori-Ban (Scheme 2D), Ma (Scheme 2E) and Cacchi (Scheme 2F) 

indole syntheses.1 
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Scheme 2 Examples of indole synthesis from ortho-substituted anilines mediated by 

transition-metal catalysis. 

 

Non-catalytic methods include the more classical Reissert (Scheme 3A), Madelung (Scheme 

3B), Leimgruber-Batcho (Scheme 3C) and Fürstner (Scheme 3D) indole syntheses.1 
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Scheme 3 Classical routes to indoles from ortho-substituted anilines. 

 

Although the use of such bifunctional precursors allows regiospecific closure of the indole 

ring, it imposes an additional level of constraint, complexity and synthetic inaccessibility on 

the required starting material, and often leads to a circuitous synthetic route overall. However, 

such routes remain important and valuable contributions to the field, and are extremely useful 

when applied judiciously, particularly when the six-membered ring of the indole bears few or 

no substituents. An excellent example can be found in Baran’s 2008 synthesis of 

psychotrimine, in which one of the tryptamine units must be introduced via nucleophilic 

addition on nitrogen. As no preformed indole derivatives performed satisfactorily, 

inexpensive 2-iodoaniline was used as a surrogate, and an ensuing Larock synthesis then gave 

the required bis-indole derivative on multi-gram scale.4 Disubstituted arenes can also be used 

appropriately when their preparation is convenient and incurs no additional costs relative to 

their monosubstituted counterparts. A notable example is found in the Smith synthesis of 

penitrem D, wherein a complex ortho-toluidine was used in a daring Madelung reaction that 
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proceeded smoothly to provide the pivotal heptacyclic indole.5 Nevertheless, despite some 

successes, even the modern methods, often transition-metal catalyzed, that start from ortho-

substituted anilines (Schemes 1A, 2, 3), greatly restrict the availability of starting materials. A 

more general approach would start from a mono-functionalized arene such as an aniline, 

followed by cyclization with C-C or C-N bond formation to an unactivated C-H bond 

(Scheme 1B), and several classical and modern approaches both fall into this category. It is 

the latter class of reaction that forms the main subject of this Perspective article.  

 

2 Indoles from monosubstituted precursors 

Although the connection of two substituents to form an indole gives complete 

regiospecificity, it can be extremely costly in terms of synthetic steps required to make the 

precursor. This is especially problematic when a large number of compounds are required, for 

example in the high-throughput synthesis of industrial compound libraries. In contrast, 

monosubstituted precursors are usually accessed much more readily; however, there can be 

issues of regioselectivity when the ring closure can occur in two different directions to give 

isomeric products. This obviously does not apply when the precursor is symmetrical, or when 

one ortho-position is blocked. 

 

2.1 The Fischer Indole Synthesis and Modern Variants 

First reported in 1883, the Fischer reaction remains the pre-eminent method for the synthesis 

of indoles (Scheme 4).6 On heating under acidic conditions, an arylhydrazone tautomerizes to 

the enehydrazine, and undergoes a [3,3]-sigmatropic rearrangement that results in the 

functionalization of an unactivated aromatic C-H position. Further tautomerization and imine 

exchange give the desired indole, with ammonia eliminated as a side-product. Although 

maybe unfashionable, this celebrated reaction addresses all the requirements of a modern 
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indole synthesis in its convenience and simplicity – coupling a mono-functionalized arene 

with a readily available aldehyde or ketone, the only drawback being the relatively small 

range of arylhydrazines that are commerically available.  
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Scheme 4 The Fischer indole synthesis. 

 

Applications of the Fischer indole synthesis abound in total synthesis; a recent example can 

be found in Garg’s synthesis of aspidophylline (Scheme 5). Here, the intermediate indolenine 

1 is prevented from aromatization by the absence of an α-proton; instead, the pendant alcohol 

released by lactone methanolysis can add to the imine, giving the required aminal 2.7 
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Scheme 5 Garg’s synthesis of aspidophylline using a Fischer indole approach. 
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Perhaps the most impressive application of the Fischer reaction is in Fukuyama’s synthesis of 

haplophytine, in which the structurally complex arylhydrazine 3 is condensed with tricyclic 

ketone 4. Heating in the presence of 4-toluenesulfonic acid gave a separable 1:1.6 mixture of 

indole 5 and indolenine 6; the latter could be converted into the final target in five steps 

(Scheme 6).8 This example is remarkable not only for the extreme structural complexity of the 

substrates, but also because it gives a good yield of the desired product in spite of the well-

documented incompatibility of ortho-alkoxyarylhydrazines with the Fischer reaction.9 
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Scheme 6 Fukuyama’s synthesis of haplophytine using a Fischer indole approach. 

 

As already alluded to, the primary difficulty associated with the Fischer indole synthesis has 

been the inaccessibility and toxicity of the arylhydrazine precursors. Traditionally, these have 

been made by diazotization of the corresponding aniline and reduction of the diazonium salt; 

this often capricious reaction has a relatively poor substrate scope, and so there has been a 

considerable effort to find safer and more reliable alternatives. 

 

The conditions most commonly employed to convert aryldiazonium salts into hydrazines have 

used either elemental tin or SnCl2 in acidic media; a recently rediscovered alternative is the 
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use of ascorbic acid as a readily available and metal-free reductant.10 The reaction proceeds 

via a rearrangement to give an acid-labile oxalyl hydrazide which can be used directly in a 

Fischer reaction as a surrogate for the hydrazine; this procedure has been applied to the 

synthesis of eletriptan (Scheme 7), and the reduction step has also been demonstrated in 

flow.11  
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Scheme 7 Reduction of aryldiazonium salts with ascorbic acid, and Fischer indolization of the 

resulting arylhydrazines. 

 

Alternatively, N-substituted arylhydrazines can be prepared by reduction of the N-nitroso 

derivative, although the toxicity associated with nitrosamines renders this far from ideal. This 

reduction can be effected with zinc dust in acetic acid12 or lithium aluminium hydride;13 

sodium dithionite provides a milder alternative,14 and has been used on pilot plant scale in the 

synthesis of the 5HT2C receptor agonist 7 (Scheme 8).15 

 



10 

 

O

NH.HCl

O

N

NONaNO2

HCl

Na2S2O4

O

NNH2

NH.HClO

N

O

NH.HCl

i-PrOAc
72 % (3 steps)

24.6 kg

N

O

NH
CF3O

7

 

Scheme 8 Arylhydrazines from reduction of N-nitrosoanilines. 

 

Hydroamination of alkynes represents another approach to the required enehydrazine 

intermediates.16 In the first reported example, heating hydrazidozirconocene 8 with alkynes 

gave the aminozirconocene 9, presumably by hydroamination and [3,3]-sigmatropic 

rearrangement.17 Treatment with acid gave the indole, although the reaction is limited to 

symmetrical alkynes and hence indoles bearing the same substituent at C-2 and C-3 (Scheme 

9). 
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Scheme 9 Alkyne hydroamination with hydrazine zirconium derivatives. 

 

Titanium catalysts such as 10 and 11 can perform hydroaminations of 1,1-disubstituted18 and 

monosubstituted19 hydrazines, respectively; these can be converted into protected or 

unprotected indoles by addition of ZnCl2 to the reaction mixture. More recently, simple zinc 
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salts such as ZnCl2 or Zn(OTf)2 have been used stoichiometrically to effect both the 

regioselective hydroamination of terminal alkynes and Fischer cyclization in a single step 

(Scheme 10).20 
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Scheme 10 Titanium mediated hydrazination of alkynes. 

 

A number of new methods have been reported in the last decade for metal-catalyzed cross 

coupling of aryl halides with hydrazine derivatives. The earliest reports were by Buchwald 

and Hartwig, who independently reported arylations of benzophenone hydrazone.21,22 

Buchwald also demonstrated that the resulting arylhydrazones could undergo acid-catalyzed 

exchange with enolizable ketones and subsequent Fischer reaction, avoiding the need to 

isolate the arylhydrazine (Scheme 11).21 After extensive optimization of the catalyst, this 

cross coupling has proved extremely effective on multi-kilogram scale.23  

 

R1
R2

O

N
H

R2

R1

R

I

R

N
H

R

N

Ph Ph

Pd(OAc)2

Ph Ph

N
H2N

+

TsOH.H2O

(±)-BINAP
Br

R

or

up to 98 %

up to 95 %  



12 

 

Scheme 11 Buchwald-Hartwig Pd-catalyzed arylation of benzophenone hydrazone in indole 

synthesis. 

 

Many further catalytic arylation reactions of substituted hydrazines have been developed, 

several of which could in principle be applied to indole synthesis; in some cases this 

transformation has also been described. Buchwald reported on the copper-catalyzed arylation 

of tert-butyl carbazate with aryl iodides, finding that arylation occurred exclusively on the 

Boc-protected nitrogen in most cases (Scheme 12A).24 Conversely, the use of benzhydrazide 

gave arylation on the unprotected nitrogen under similar conditions. The copper iodide – 4-

hydroxyproline catalytic system has recently been demonstrated to perform the same 

transformation effectively and with broad substrate scope, using aryl iodides or bromides.25 

The conversion of the products into indoles with concomitant deprotection of the Boc group 

has been demonstrated;26 similar chemistry utilizing benzyl carbazate has also been shown to 

yield Cbz-protected indoles (Scheme 12B),27 while the corresponding ethyl carbazates, 

derived in the same manner, have been subjected to tandem Fischer-Claisen reactions to give 

tricyclic indole derivatives (Scheme 12C).28 
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Scheme 12 Copper catalyzed arylations of protected hydrazines in indole synthesis. 

 

The use of protected hydrazine nucleophiles has been necessary because hydrazine itself acts 

as a reductant in palladium-catalyzed reactions,29 giving simple dehalogenation rather than N-

arylation. However, after an extensive catalyst screening programme, Stradiotto reported 

recently that [Pd(cinnamyl)Cl]2 and Mor-DalPhos 12 provide an effective catalyst system for 

the hydrazination of aryl chlorides and tosylates with hydrazine hydrate. To simplify 

isolation, the resulting arylhydrazines were converted into their benzaldehyde hydrazones 

(Scheme 13); although no examples were reported, the conversion of the hydrazones into 

indoles can be easily envisaged.30  
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Scheme 13 Palladium-catalyzed arylation of hydrazine hydrate. 

 

We have recently reported on the synthesis of indoles from aryl Grignard reagents and tert-

butyl azodicarboxylate, proceeding via the double Boc-protected arylhydrazine 13 (Scheme 

14A).31 The use of isopropyl- or phenyl-magnesium chloride for the metallation provides a 

mild method for conversion of aryl iodides and bromides into the hydrazine derivatives, with 

relatively broad substrate scope. On heating the protected hydrazine under acidic conditions 

in the presence of a ketone, the Boc groups were removed, and hydrazone formation and 

Fischer reaction occurred in one step. This method has been extended to the synthesis of 

azaindoles and other heterocyclic derivatives, whilst the use of ortho-directing groups can 

allow the direct synthesis of indoles from non-halogenated arenes (Scheme 14B).32 
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Scheme 14 Indole synthesis by magnesiation (or lithiation) of halobenzenes. 

 

Alternative methods have been reported for the addition of aryl groups to azodicarboxylates 

to give doubly-protected arylhydrazines similar to 13. These include Friedel-Crafts-type 

direct amination of electron rich arenes,33 and the palladium34 or copper35 catalyzed addition 

of areneboronic acids to azodicarboxylates. 

 

The use of arylhydrazines can be obviated entirely by the Japp-Klingemann reaction, first 

reported in 1887.36 In this modification to the Fischer reaction, arylhydrazones are obtained 

by reaction of an aryldiazonium salt with a β-ketoester under basic conditions. The enolate of 

the ketoester attacks the terminal nitrogen of the diazonium salt, and is followed by 

hydroxide-mediated deacylation (Scheme 15). The resulting hydrazone can then be converted 

into an indole under acidic conditions, as in the Fischer reaction. 
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Scheme 15 The Japp-Klingemann variation on the Fischer indole synthesis. 

 

The addition of organometallics to aryldiazonium salts provides an extension of the Japp-

Klingemann synthesis, proceeding via tautomerization of the azo intermediate 14. Although 

known for over fifty years,37 it is only recently that this reaction has found application to the 

synthesis of indoles (Scheme 16).38 The reaction of alkylzinc bromides with aryldiazonium 

tetrafluoroborates gave the hydrazone intermediate; subjecting the reaction mixture to 

microwave irradiation in the presence of chlorotrimethylsilane gave the indole product in a 

single step from the diazonium salt. It is noteworthy that the reaction tolerated often-

troublesome functionalities such as ketones, esters and nitro groups.  

 

BrZn

R1

N+

N
N

N

R1

N
H

N

R1

R2

R2

R2

N
H

R R

R

R R1

R2

Me3SiCl, MW

46 - 92 %

14

 

Scheme 16 Modern variant on the Japp-Klingemann reaction using organozinc nucleophiles. 

 

Alternatively, the nitrogen functionality can be attached to the alkyl precursor. Thus, 

aryllithiums can add to α-diazoesters, giving the requisite azo compounds which can be 

transformed into indoles as described above (Scheme 17).39 As with the Japp-Klingemann 
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reaction, the scope of this procedure is currently limited to indole 2-esters, but it proceeds 

with generally good yields in comparison to the classical method.  
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Scheme 17 Hydrazones from α-diazoesters en route to indole 2-carboxylates. 

 

Upon first inspection, the Fischer reaction may not appear well suited to asymmetric catalysis; 

however, the use of carbonyl compounds with α-chiral centres leads via a prochiral 

enehydrazine to a potentially chiral indoline. A single example of asymmetric induction, 

using an excess of BINOL derived phosphoric acid 15, gave only 28 % ee for the synthesis of 

a furoindoline using this method (Scheme 18).40 
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Scheme 18 Asymmetric catalysis in Fischer indole synthesis. 

 

A more successful development has been the asymmetric synthesis of 3-substituted 

tetrahydrocarbazoles from prochiral hydrazones (Scheme 19). Again, a chiral phosphoric acid 
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catalyst 18 is used, though the origin of stereoselectivity is different: rather than forcing a 

face-selective sigmatropic rearrangement, the catalyst effects a dynamic kinetic resolution of 

the two rapidly-equilibrating enehydrazine enantiomers 16 and 17.41  
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Scheme 19 Asymmetric catalysis in Fischer indole synthesis. 

 

Hence despite its longevity, the Fischer indole reaction has stood the test of time, and with a 

range of modern variations, remains pre-eminent among indole syntheses.  

 

2.2 The Bischler Indole Synthesis and Modern Variants 

First reported in 1892, the Bischler indole synthesis involves alkylation of an aniline with an 

α-haloketone, followed by acid-catalyzed ring closure (Scheme 20).42 Although rather limited 

in scope due to the harsh reaction conditions required, it circumvents the problems associated 

with arylhydrazines, and has found widespread application in the synthesis of relatively 

simple indole derivatives. It can be complicated by rearrangements of the α-anilinoketone 
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intermediate under acidic conditions if the aniline is not protected before cyclization, giving 

isomeric mixtures of products in some cases (Scheme 20).  
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Scheme 20 The Bischler indole synthesis. 

 

A useful variation on the Bischler reaction is the use of α-haloaldehyde acetals, which permits 

access to 3-unsubstituted indoles (Scheme 21).43 
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Scheme 21 Nordlander and Sundberg modification of the Bischler indole synthesis. 

 

A further development in the Bischler synthesis has involved the use of N-H insertion 

reactions of diazo compounds and N-alkylanilines using rhodium or copper catalysis, 

providing a route to N-alkylindole-2-carboxylates (Scheme 22). N-Unsubstituted indoles 

could be accessed by use of the 2-ethoxycarbonylethyl or 2-phenylsulfonylethyl group as 

protection for the aniline nitrogen, which could be removed readily under mild basic 

conditions.44 
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Scheme 22 Rhodium or copper catalyzed carbene N-H insertion reactions in a variation of the 

Bischler indole synthesis. 

 

As with the Fischer reaction, the development of hydroamination reactions has extended the 

scope of the Bischler reaction from ketones and aldehydes to alkynes. Thus, treatment of a 

propargylic alcohol with an aniline and catalyst gives the hydroxyenamine, which can 

tautomerize to the required α-anilinoketone. Ru3(CO)12
45 and Zn(OTf)2

46 catalyze both the 

hydroamination and cyclization, giving the indole directly (Scheme 23). In both cases, the 

major indole product is that obtained after isomerization of the anilinoketone. 
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Scheme 23 Alkyne hydroamination variant on the Bischler synthesis. 

 

2.3 The Hemetsberger Indole Synthesis 
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β-Styryl azides readily undergo thermal decomposition to the corresponding 2H-azirines, in 

equilibrium with the vinyl nitrene isomer, followed by electrocyclization onto the aromatic 

ring.47  
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Scheme 24 The Hemetsberger indole synthesis. 

 

Unlike in the Fischer or Bischler indole syntheses, the C3-C3a bond is already present in the 

precursor for the Hemetsberger reaction; it is thus particularly suited to the regiospecific 

synthesis of 4- or 6-substituted indoles from ortho- or para-substituted benzaldehydes. Since 

the reaction is effected simply by heating, it can be used in combination with other thermal 

processes such as the Claisen rearrangement,48 and the resulting products elaborated into 

carbazole alkaloids.49 It is also useful in the synthesis of a range of indole natural products 

such as coenzyme PQQ,50 and highly-substituted indoles, as exemplified by the synthesis of 

the pyrroloindoles PDE-I and PDE-II, proceeding through two sequential Hemetsberger 

reactions (Scheme 25).51 Despite the potential hazards associated with the use of azides, the 

Hemetsberger reaction is amenable to scale up and has been carried on the 90 g scale in 

Cook’s synthesis of roeharmine.52 
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Scheme 25 Synthesis of the pyrroloindole phosphodiesterase inhibitors PDE-I and PDE-II. 

 

The Hemetsberger reaction can be carried out under transition metal catalysis, using either the 

azides53 or azirines54 as starting materials. These reactions, using rhodium or iron catalysts, 

are presumed to occur via a metallonitrenoid species, and allow a significant reduction in 

reaction temperature. 

 

As the azides are prepared by condensation of benzaldehydes with azidoacetate esters, the 

Hemetsberger reaction is limited to the synthesis of indole 2-carboxylates. However, 

alternative routes to the requisite 2H-azirines have been exploited for the synthesis of indoles. 

These include the Neber reaction of oximes (Scheme 26A)55 and the oxidation of enamines 

with diacetoxyiodobenzene (Scheme 26B).56 
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Scheme 26 A, Neber reaction, and B, enamine oxidation as routes to 2H-azirines, and hence 

indoles. 

 

2.4 The Nenitzescu Indole Synthesis 

5-Hydroxyindoles can be accessed in a convergent manner through the Nenitzescu reaction of 

enamines with quinones (Scheme 27).57 The regiochemistry is usually as shown, except where 

R3 is an electron-withdrawing group, in which case a 4-substituted indole is the main product. 

The Nenitzescu reaction has been plagued by poor yields, but its inexpensive starting 

materials and scalability have allowed it to be used in the large-scale synthesis of relatively 

simple indole building blocks. For example, a kilogram-scale Nenitzescu reaction was 

reported in the synthesis of the chemokine receptor antagonist 19 (Scheme 27).58  

 

O

O R2

NHR1

EWG
N

HO

R3 R3

R1

EWG

R2H+

Me

NH2

N
H

HO

Me

O

O

Me

F

1: benzoquinone,
i-PrOH, AcOH

2: Me2NCH2NMe2

AcCl, CH2Cl2

O
O

Me F

Me2N

43 % (1.27 kg)

N
H

O

Me

O
O

Me F

N

N
BF4

-

K2CO3, toluene

70 %
dr 1:1

HCl

19

+

+

 



24 

 

Scheme 27 The Nenitzescu indole synthesis and its application. 

 

2.5 The Bartoli Indole Synthesis 

The Bartoli reaction (Scheme 28) provides a very convenient and scalable method for the 

synthesis of indoles with minimal substitution on the 2- and 3-positions; a limitation imposed 

by the required excess of the Grignard reagent. It is, however, useful in the synthesis of 

indoles bearing numerous substituents on the benzenoid ring, as exemplified by the synthesis 

of 4,5,6,7-tetrasubstituted indoles (Scheme 28).59 Only ortho-substituted nitroarenes perform 

well, as without them nucleophilic attack occurs at the nitrogen rather than the oxygen atoms 

of the nitro group.60 
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Scheme 28 The Bartoli indole synthesis and its application. 

 

2.6 Oxidative Enamine Cyclizations 

Of the many methods developed in recent years for the oxidative cyclization of N-aryl 

enamines, most have involved the use of transition-metal catalysis. The origins of such 
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reactions lie in the synthesis of carbazoles from diarylamines (Scheme 29A), 61 and of indoles 

from anilines and electron-poor alkynes (Scheme 29B),62 using stoichiometric palladium(II) 

salts which were concomitantly converted into palladium(0). It is presumed that the reactions 

proceed via successive electrophilic palladation of the enamine and arene, followed by 

reductive elimination to give the indole and a reduced palladium species (Scheme 30). 
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Scheme 29 Oxidative cyclization of A, diarylamines, and B, N-aryl enamines using 

stoichiometric palladium(II). 
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Scheme 30 Mechanism of palladium(II) mediated cyclization of N-aryl enamines. 

 

The requirement for stoichiometric or excess palladium makes these cyclizations rather 

unattractive, even on relatively small scale. However, the use of additional oxidants such as 

copper(II) acetate to convert Pd(0) back into Pd(II) has rendered such processes much more 

viable,63, 64 and has also been combined with inexpensive iron catalysts to effect the same 
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transformation.65 Furthermore, the use of oxygen as a terminal oxidant has opened up the 

possibility of more environmentally benign processes,66, 67, 68 while a metal-free variation has 

been developed using bis(acetoxy)iodobenzene.69 A range of conditions is summarized in 

Scheme 31. 

 

N
H

R2

EWG

N
H

R2

EWG

Conditions
R1 R1

 

Scheme 31 Oxidative cyclization of N-aryl enamines. Conditions: a) Pd(OAc)2 (10 mol %), 

Cu(OAc)2 (3 equiv), K2CO3 (3 equiv), DMF, 140 °C, 24-86 %;63 b) Pd(OAc)2 (10 mol%), 

Cu(OAc)2 (10 mol%), O2, MeCN, reflux, 31 %;64 c) FeCl3 (10 mol%), Cu(OAc)2.CuCl2 (1.5 

equiv), K2CO3 (3 equiv), DMF, 120 °C, 30-72 %;65 d) Pd(OAc)2 (5 mol %), O2, AcOH, 95 

°C, 61-89 %;66 e) Pd(OAc)2 (10 mol%), O2, DMA-PivOH (4:1), 120 °C, 20-99 %;67 f) CuI (5 

mol%), phen (17.5 mol%), Li2CO3 (2 equiv), air, DMF, 100 °C, 51-84 %;68 g) PhI(OAc)2 (1.3 

equiv), (CH2Cl)2, 60 °C, 33-91 %.69 

 

The scope of these reactions has been limited by the requirement for an electron-withdrawing 

group to stabilize the enamine intermediate, but in a recent development, unstabilized imines 

have been converted into indoles using palladium catalysis under an oxygen atmosphere 

(Scheme 32A). The direct synthesis of indoles from anilines and ketones was also reported, 

although copper(II) acetate was required as a stoichiometric co-oxidant (Scheme 32B).70  
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Scheme 32 Oxidative cyclization of N-aryl imines into indoles. 

 

Oxidative cyclization of N-arylenamines can also take place readily when the enamine bears a 

halogen atom; such substrates can be accessed by simple addition of anilines to bromoalkynes 

at elevated temperatures (Scheme 33).71 
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Scheme 33 Oxidative cyclization of N-aryl bromoenamines. 

 

A mechanistically distinct alternative involves the use of catalytic ortho-metalation of a 

nitrogen functionality, followed by carbometalation of an alkyne. Reductive elimination of 

the resulting azametallacycle gives the indole product and a reduced metal species, from 

which the active catalyst can be regenerated by copper(II) acetate. The nitrogen functionality 

can be a 2-pyrimidylamino group72 or a simple acetamide (Scheme 34).73 In the latter case, 

the oxidant can also be used in catalytic quantities under an atmosphere of oxygen, allowing 

the reaction temperature to be reduced from 120 °C to 60 °C.74  
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Scheme 34 Ortho-metalation/carbometalation strategy. 

 

An interesting alternative to the oxidative enamine cyclization approach involves the 

formation of a C-N bond rather than a C-C bond, in a process analogous to the Hemetsberger 

reaction (Section 2.3); this transformation can be carried out with palladium catalysis on tosyl 

or Boc-protected enamines (Scheme 35A),75, 76 or by treatment with 

bis(trifluoroacetoxy)iodobenzene at room temperature (Scheme 35B).77 N-Aryl-2-alkylindoles 

can also be synthesized in a similar manner via enamine halogenation with N-

chlorosuccinimide or N-bromosuccinimide followed by cyclization with zinc acetate.78 
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Scheme 35 Enamine oxidative cyclization to indoles. 

 

The cyclization of benzyl oxime esters proceeds under palladium catalysis; as the initial step 

is an oxidative addition of palladium(0) into the N-O bond, this process is overall redox 

neutral and so no oxidant is required (Scheme 36).79 
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Scheme 36 Cyclization of benzyl oxime esters. 

 

2.7 Miscellaneous Methods 

In addition to the important developments discussed above, numerous other methodologies 

have emerged for the synthesis of indoles in recent years. Of these, the Sugasawa (Scheme 

37A)80 and Gassman (Scheme 37B)81 reactions have been used extensively, but require harsh 

reaction conditions.  
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Scheme 37 A, The Sugasawa indole synthesis; B, the Gassman indole synthesis. 

 

New methods continue to be developed, and have yet to find wider application: for example, 

vinylidene carbenes will readily insert into arene C-H bonds; the appropriate 

aminoalkylidenes can be accessed either by lithiation of dibromoenamines (Scheme 38A)82 or 

by addition of an arylsulfonamide to an alkynyl iodonium salt (Scheme 38B).83  
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Scheme 38 Vinylidene carbene C-H insertion in indole synthesis. 

 

Treatment of anilides with ethyl diazoacetate, trifluoromethanesulfonic anhydride and a 

mixture of 2-chloropyridine and 2,6-dichloropyridine gives, through activation of the amide 

to nucleophilic attack, the corresponding indole-3-ester (Scheme 39).84 
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Scheme 39 Synthesis of indole-3-carboxylates from anilides and ethyl diazoacetate. 

 

The manufacture of simple indoles from anilines and ethylene glycol is commercially 

attractive, but limited by its requirement for extremely high reaction temperatures. Recent 

developments in iridium and rhodium catalysis have allowed the use of substituted diols to 

give 2,3-disubstituted indoles (Scheme 40A),85 and the use of triethanolamine as a 

replacement for ethylene glycol (Scheme 40B).86 In both cases, some substituents are 
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tolerated, but the requirement for elevated temperatures in these reactions has not yet been 

fully overcome. 
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Scheme 40 Synthesis of indoles from glycols. 

 

3. Conclusion 

The indole ring system represents one of the most abundant and important heterocycles in 

Nature, found in neurotransmitters such as serotonin and complex alkaloids such as the 

clinically used chemotherapeutic agent vinblastine. Additionally, a number of important 

synthetic drugs contain an indole ring, and hence this important ring system continues to 

fascinate chemists worldwide.  

 

Many approaches to indole synthesis, including several of the modern catalytic methods, 

require an ortho-disubstituted arene precursor, thereby greatly restricting the availability of 

starting materials by imposing an additional level of constraint, and, often, synthetic 

inaccessibility. A more general approach would start from a mono-functionalized arene such 

as an aniline or halobenzene, followed by cyclization to an unactivated C-H bond. As this 

Perspective has demonstrated, several classical and modern methods fall into this category, 

and consititute extremely valuable approaches to access a wide range of indoles. The fact that 

so many of the literature references in this Perspective are from the last decade attests to the 
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continuing importance of indoles, and that there is always “something new” for their 

synthesis.  
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