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Abstract: Heterocycle synthesis using the transition metal based catalysts has several advantages. In recent
years, iron catalysts have been used extensively in the development of synthetic methodologies for this purpose.
Different salts of iron can assist bond formations due to their potential as Lewis acids, as oxidizing agents and
as convenient catalysts. Fabrications of heterocycles proceed either via C-C bond or C-hetero bond formation
from the corresponding acyclic compounds. This review summarises recent contributions from various authors
working in this field.
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1.

INTRODUCTION

Items essentials for human survival such as, food, medicine etc. are produced by chemical reactions
directly or indirectly in nature or in industry. Other items such as cosmetics, which are also deemed essentials in
affluent societies, are also obtained by above means. It is the biggest challenge in the modern society to
maintain good supply line of these products by applying the advanced research, at the same time creating
strategies to meet the critical needs of growing population of the world. Chemists have used catalysts, esp.
transition metal catalysts, for the last few decades to achieve reactions which were almost impossible by the
traditional methods. They would also try to maintain a greener environment by reducing the waste production
and generation of the hazardous substances, while improving energy and atom efficiency and reducing reaction
time. Transition metal catalysts play a key role in this context. One cannot visualize typical metal catalyzed
coupling reactions such as Heck,1 Suzuki,2 Kumada,3 Negishi,4 Stille,5 Hiyma,6 Sonogashira7 without a
transition metal e.g. Pd, Ni etc. Major drawbacks of these catalysts are their toxicity, cost and low abundance.
Hence these catalysts are unsuitable for the large-scale application, leaving aside their environmental impact.
There has been recent interest in the iron as a catalyst. After almost 40 years, it seems that the iron may be the
best alternative as it is one of the most abundant metal on the earth and is eco-friendly as well.8 As it is available
commercially at relatively low cost, it is expected to be used more.9 However, except in the last couple of
decades, reports on the iron as catalyst has been moderated in comparison to the other metals.10 The rapid
increase in application of the iron on catalysis in oxidation,11 reduction,12 acylation,13 alkylation,14 amination,15
cycloaddition,16
aromatization,17
dehalogention,18
cyclization,19
Mukaiyama-aldol,20
allylation,21
22
23
24
25
26
decarbonylation, dehydroxylation, oligomerization, demethylation, Friedel–Crafts, and esterification 27
reactions are quite informative. Iron as a catalyst is in serious competition with the Pd and Ni, esp. in C-H
functionalization 28 to form C-C,29 C-N,30 C-O,31 C-S,32 C-B,33 Si-O34 to their asymmetric version including the
nano-catalysis.35

The utility of the iron as a metalloenzyme for different redox reactions including oxygen transport,
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hydroxylation, epoxidation, mono-oxygenation, addition, substitution, cycloaddition, hydrogenation,
rearrangement, polymerization and cross coupling reactions are already well-documented.36 Its effect in
reducing use of toxic metals and their release in the environment is less discussed. This aspect has already been
considered in the pro-drug37 formulation. With an aim to increase attention on the iron catalyzed
transformations, as well as providing a glimpse of further developments to come, this review offers to present a
comprehensive report on recent developments in the iron-catalyzed transformations to the synthesis of
heterocyclic compounds up to the end of 2014. Although it is well nigh impossible to summarize all such works
in a single review, we hope to assemble at least one example of each type of the reaction as categorized below.
We also expect that it will be of help to synthetic chemists, and offer an alternative to catalyst currently in
vogue.

2.

MECHANISM

Transition metal can assume multiple oxidation states, in the presence or absence of ligands, important
on their catalytic process, by the virtue of their incomplete d-subshell. Although the iron can act as a Lewis acid
or an oxidising agent, cross-coupling mechanism suggested in the literature typically cite the palladium and
nickel as catalyst. However, highly reactive nucleophilic and paramagnetic nature of the iron-organo complexes
makes them competitive in the field. Presence of more than one active species due to multiple exchange and
disproportionation of the organo-iron intermediate do not hinder38 the determination of the reaction pathway
accurately. Product formation is also ensured in most cases. Typical iron-catalyzed processes take place
extremely rapidly even at the low temperature, let alone at room temperature. The mechanisms suggested here
are based on direct or indirect experimental evidences.39 Corroboration is almost impossible in each case due to
lack of elementary knowledge about electronic structure and the reactivity of intermediate low-valent iron
species.

Fig. 1 Kochi's Mechanistic proposal.

Fig. 2 Früstner's mechnistic proposal

Kochi, the pioneer of work on iron catalyzed reactions, proposed the mechanism by considering
Fe(I)40 as the active species based on his experiments (Fig. 1). According to him, the active component is
metastable which on standing in absence of reactant loses its catalytic activity. This was contradicted by
Bogdanovic´ and other who proposed that the active iron species is Fe(-II) (Fig. 2).41 Three different
mechanisms are extant at present. All state that the pre-catalyst is either Fe(II) or Fe(III), which is reduced by
the organic nucleophile. Current proposals accept a formal Fe(-2) / Fe(0)41 rather than an Fe(+1)/Fe(+3) or
Fe(0)/Fe(+2)42 as the redox couple. Although Fe(0) is considered to be the active catalyst, Fe-powder is not
catalytically efficient and must be ligated to a source of nucleophile.

Fig. 3 Most Accepted mechanism based on low-valent intermetallic catalyst.

3.

REACTIONS

3.1. Oxygen Heterocycles
Methodologies leading to the formation of ring systems with one or more hetero-atoms have been
explored using transition metals via C-C or C-O bond formation reaction on several occasions.43 In many
occasion, iron has also been used as the catalyst for oxidative purpose and useful instead of toxic reagents such
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as Cr, Mn, Ni, Cu and Pd-complexes. Heterocycles containing oxygen44 e.g. furan or pyran is of much interest
as these are key substructures of several medicinal compounds.
3.1.1. Lactone derivatives
Lactones such as β, γ, δ-lactones are important units of many natural products having medicinal value.
Typical Baeyer Villiger oxidation 45 reaction (Scheme 1) of cycloalkanone (1) in the presence of non-toxic and
inexpensive ferric oxide under aerobic condition was shown to result in biologically active lactone (2). The
resence of an aldehyde is crucial to the reaction, as in the presence of Fe2O3 and molecular oxygen, the aldehyde
forms an acylperoxy radical which subsequently abstracts a H-radical from another aldehyde to form a peracid.
The in situ generated peracid reacts with the ketone in a similar way to produce the lactone.

Scheme 1 Synthesis of lactone ring 2
1

The η -allyl-CpFe(CO)2 complex prepared from allyl halide and [Cp(CO)2Fe]-Na+ underwent [3+2]cycloaddition reaction with electron deficient alkene to give CpFe(CO)2 substituted cyclopentane derivative.46
Removal of CpFe(CO)2 becomes easy under oxidative cleavage to afford the cyclopentane derivative. On the
other hand, β-lactone (5) or δ-lactone (6) were achieved via cationic η3 -allyltetracarbonyliron complex (4)
prepared from 2-vinyloxirane (3) and pentacarbonyliron under photolysis followed by oxidative demetallation
(Scheme 2). The two different product distributions are due to attachment of two different allyl termini to the
metal.47 The same strategy has been used in preparation of lactam.

Scheme 2 Synthesis of lactone ring 5 & 6
Similarly γ-lactone (8) has been achieved from CpFe(CO)2 substituted enone or enal (7) via
cyclocarbonylation in presence of metal hydride or metal alkyl (Scheme 3).48 Use of organometallic compound
such as alkyl lithium or Grignard reagent is crucial for such cyclocarbonylations.
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Scheme 3 Synthesis of lactone ring 8
3.1.2. Acetonide derivatives
Synthetic use of masked diols is significant in carbohydrate chemistry. Iron(III) chloride was used as
good catalyst for conversion of epoxide (9) into acetonide (1,3-dioxolane) (10) under mild and rapid condition
(Scheme 4).49 This method is useful for conversion of alkene into masked diol and subsequently to aldehyde
without using well known toxic and harsh reagents, such as osmium tetroxide or Brønsted acid media. The
reaction showed high regio- and stereo-selectivity at room temperature.

Scheme 4 Synthesis of 1,3-dioxolane 10
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3.1.3. Xanthenes derivatives
Although several transition metal based reagents including iron have been exploited for C-C bond
formation reaction, the reverse has not been fully explored. Carbon-carbon bond activation has been
investigated by Li and co-workers using iron as catalyst. They reported C-C bond activation of tri-aryl methane
produced in situ upon reaction of aldehyde (11) and N-methyl indole (12). This protocol has been shown to be
useful in synthesis of 9-indolyl-substituted xanthene (13) using iron catalyst (Scheme 5).50

Scheme 5 Synthesis of xanthene 13
Synthesis of symmetrical and unsymmetrical 9-arylxanthenes (17) has been achieved through
sequential aromatic nucleophilic substitution of commercially available 2-fluorobenzaldehydes (14) with
arenoxides and proceeded through formation of arenoxybenzaldehydes (15) and carbinol (16) after Grignard
reaction and FeCl3-catalyzed intramolecular diarylmethylation in high yield (Scheme 6).51 Similar strategy has
also been applied for synthesis of 9-arylthioxanthenes. The reaction took place via cationic activation of diaryl
carbinols in ambient condition.

Scheme 6 Synthesis of 9-arylxanthenes 17
This result encouraged Li et al. to further development of 9-alky-substituted xanthenes. They achieved
microwave-assisted one-pot synthesis of 9-substituted xanthene by a cascade benzylation-cyclization reaction
using iron(III) chloride as catalyst (Scheme 7).52 In this protocol, the reaction was claimed to be smooth for
acetate (18) with an alkyl group at the benzylic position with various phenols (19) to afford 9-alkyl-substituted
xanthene (20). In addition to benzyl acetate, benzyl bromide and benzyl carbonate were also suitable for this
reaction scheme, but when benzyl alcohol was used as the benzylating agent only 29% yield was obtained.

Scheme 7 Synthesis of xanthene 20
DOI: 10.9790/5736-0903014065

www.iosrjournals.org

43 | Page

Iron-catalyzed synthesis of heterocycles
3.1.4. 2H-Chromene derivatives
Biologically important functionalized chromenes are useful as precursors of flavonols, amines, and
other important targets. Alkyne-aldehyde metathesis has been utilized for synthesis of functionalized 2Hchomene (22) via intramolecular alkyne-aldehyde metathesis (Scheme 8).53 The reaction works well for both
alkyl and aryl substituted alkyne (21), but was found unsuitable for terminal alkynes. A series of substituted 2Hchromenes have been synthesized and remained compatible toward a wide range of functional groups, such as
methoxy, fluoro, chloro, bromo and phenyl groups. The reaction was expected to follow formal [2+2]
cycloaddtion scheme to form oxetane intermediate, followed by cycloreversion to produce 2H-chromene
completely regioselectively. One pot preparation of 3-nitrochromene was also shown to be efficient in presence
of FeCl3-piperidine under refluxing condition in toluene through sequential nitroalkene/Michael addition/aldol
condensation reactions.54

Scheme 8 Synthesis of substituted 2H-chromene 22
3.1.5. Benzo[b]oxepine derivatives
Later on, the same group has extended the alkyne-aldehyde metathesis procedure for synthesis of
dibenzo[b,f]oxepine and benzo[b]oxepine (24) derivatives using FeCl3 catalyst with high regio- and
chemoselectivity (Scheme 9).55 This method worked well for both electron-donating and electron-withdrawing
aryl substituted alkyne (23), but did not work for alkyl substituted alkyne. This method proved to be selective
and useful over the normal 8-endo-trig cyclization.

Scheme 9 Synthesis of benzo[b]oxepine 24
3.1.6. Tetrahydrofuran derivatives
Oxidative cyclization of two or more unsaturation part of a molecule via stoichiometric amount of Fecomplex mediated reaction had been utilized for the past two to three decades.56 Strained rings like
cyclopropane (25) underwent indirect oxidative cleavage in presence of 10 mol% iron-perchlorate in open air
condition and cyclised in presence of suitable acceptor unit, alkene to form bicyclic compound (26) through the
C-C bond opening and bond forming reaction (Scheme 10).57 The reaction was supposed to undergo on SET
induced C-C bond cleavage reaction. 1,3-Dithiane was important to reduce the side reaction by reducing the
intermediate properly.

Scheme 10 Synthesis of tetrahydrofuran 26
The remarkable efficiency of cross coupling reaction of organic nucleophile with organic electrophile
has led to combination of a smaller unit into a larger unit avoiding stepwise synthesis. Alkyl halide (27 or 29)
and Grignard reagent underwent cross-coupling reaction in presence of iron catalyst at low temperature to afford
bicyclic hexahydro-2H-furo[2,3-b]pyran skeletal (28 or 30) in good yield (Scheme 11).58
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Scheme 11 Synthesis of tetrahydrofurans 28 & 30
The reaction possibly followed a radical pathway. The same reaction product was shown to be feasible
in presence of catalyst FeCl2 and alkyl bromide.59

Scheme 12 Synthesis of tetrahydrofuran 32
Tetrahydrofuran (32) was synthesized effectively via sequential chloronitration, elimination and
Michael addition reaction from suitably substituted alkene (31) using Fe(NO3)3 as catalyst (Scheme 12).60 This
method was exclusively used for synthesis of pyrrolidine. An intramolecular ring expansion strategy of epoxide
has been utilised using Fe-NHC catalytic condition, where FeCl2 was used as pre-catalyst.61 2Aminotetrahydrofuran is the common structural motif of nucleosides and are useful as therapeutic agents for the
treatment of cancer, infections, and viral diseases. Iron(III) chloride mediated stereoselective [3+2] annulations
and atom economic route for synthesis of 2-aminotetrahydrofuran (35) from aminocyclopropane (33) and
aldehyde (34) has been described.62 This reaction is effective for a number of aldehydes with excellent yield
(Scheme 13). Here aminocyclopropanes act as three-carbon zwitterionic synthons and subsequently underwent
cycloaddition reaction with aldehyde to afford 2-aminotetrahydrofurans.

Scheme 13 Synthesis of tetrahydrofuran 35
3.1.7. Furan derivatives
Iron complex [FeCl3-DMEDA] catalyzed double domino reaction with halo-phenol (36) and alkyne
results in benzofuran (38) and indole via cross-coupling and cycloisomeristion processes.63

Scheme 14 Synthesis of benzofuran 38
Cross-coupling results in the intermediate compound 37 which subsequently cycloisomerises to
benzofuran with moderate yield (Scheme 14).
Fe3O4–SO3H nanoparticles have been recognized as effective catalysts for synthesis of dihydrofuran
(40) fused with cyclooctanoid via dehydration reaction of dihydroxy cyclo-octanoid heterocylce (39) (Scheme
15).64 In this process, the catalyst remains active after five cycles and worked well even for acid sensitive groups
like amide under ambient conditions. The short reaction time and high yield also makes the method smart in
terms of higher member ring rupture and avoids tedious purification procedure.
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Scheme 15 Synthesis of dihydrofuran 40
3.1.8. Coumarin derivatives
Natural 3-oxo-3H-benzopyrans,65 commonly termed as coumarins, are well known pharmaceutical,
aromatic, agrochemical and insecticidal agents. 4-substituted coumarin (43) from phenol (41) and 1,3-diketone
(42) has been synthesized under solvent free condition using ultra-sound assisted FeCl3 catalyst with high
efficiency (Scheme 16). With this protocol, the use of hazardous materials was minimized to make the process
environmentally friendly for Pechmann reaction. They have shown high yield of coumarins at 100 oC using
150W within 1-20 min. The same catalyst was shown to useful for synthesis of 3-nitrochromene (48) from
sequential formation of nitroalkene (46) from aldehyde (44) and nitromethane (45)/Michael addition/aldol
condensation reactions with salicylaldehyde (47) (Scheme 17)96

Scheme 16 Synthesis of coumarin 43

Scheme 17 Synthesis of 3-nitrochromene 48
3.1.9. Tetrahydropyran derivative
Takacs and co-worker have reported the stereoselective synthesis of bicyclic ring in presence of Fecatalyst using enediene carbocyclization. This tool was shown to be useful for synthesis of several heterobicyclic ring compounds, e.g. tetrahydropyran, indolizidine and quinolizidine which was effective for the
substrate undergoing Fe-enediene complexation.66 The enediene carbocyclization of 49 occurs smoothly to yield
tetrahydropyrans (50, 51) in 1:1.3 ratio (Scheme 18). Thus stereoselectivity and product formation are solely
dependent on the substituted ring attached to the enediene and the nature of the ligand used with the pre-catalyst,
Fe(acac)3. It was claimed that the reaction proceeded through oxidative cyclization and the bisoxazolinemodified catalyst was superior under the reaction condition.

Scheme 18 Synthesis of tetrahydropyran 50 & 51
3.2. Nitrogen-Oxygen Heterocyles
3.2.1. Oxazolidine derivatives
Osmium-catalyzed67 Sharpless aminohydroxylation is a well established method in this area. Atom
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economy is demonstrated, and hazardous transition metals like Os, Pd, Cu have been replaced by appropriate
choice of inexpensive, non-toxic first row transition metal Fe as catalyst in aminohydroxilation of alkene. The
aminohydroxylation reactions have been reported either via intramolecular68 reaction or via intermolecular69
reaction with activation of N-O bond to form either substituted oxazolidine or substituted oxazolidin-2-one.
The first Fe-catalyzed aminohydroxylation reaction was discovered by Williamson and Yoon in 2010 via
oxaziridine activation reaction. N-sulfonyl oxaziridine (53) reacted with alkene (52) in presence of 5 mol%
Fe(acac)3 to afford 2,5-substituted oxazolidine (54) which is regioisomeric with 2,4-substituted oxazolidine
form in presence of a copper catalyst (Scheme 19).70

Scheme 19 Synthesis of oxazolidine 54
3.2.2. Oxazolidinone derivatives
Similar to aminochlorination, intramolecular aminohydroxylation of olefins with functionalized
hydroxylamine (55) catalyzed by iron(II)-complex have been reported in 2013 (Scheme 20).68 This method is
useful for synthesis of amino alcohols with excellent selectivity (dr up to > 20:1), although selectivity depends
on the selection of counteranion/ligand combinations. Based on the experimental results, it was assumed that the
reaction proceeds via iron nitrenoid intermediate to form substituted oxazolidin-2-one (56).
The same protocol worked well when it was applied to indole system for conversion of 57 to 58 with
high enantioselectivity although diastereo-selectivity and yields were slightly lower (Scheme 21).71 This
reaction, catalyzed by iron(II)–chiral bisoxazoline (BOX) complexes, is useful for asymmetric synthesis of a
series of biologically active 3-amino oxindoles and 3-amino indolanes.

Scheme 20 Synthesis of oxazolidinone 56

Scheme 21 Synthesis of oxazolidinone 58
Aminochlorination of olefins has been shown to be productive by Fe(II)-catalyzed intramolecular
reaction.72 Substituted olefins has been transformed to oxazolidinones (61-64) diastereoselectively using
catalytic amount of FeCl2 in the presence of trimethylsilylchloride (Scheme 22). Although monosubstituted
olefin (59) gave high diastereoselectivity, for the compound (60) having internal double bond,
diastereoselectivity depends on the substitutents.
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Scheme 22 Synthesis of oxazolidinones 61-64
3.2.3. Oxadiazole derivatives
In last few years, 1,2,4-oxadiazoles are being used as ligands for metal catalyzed reactions.73 1,2,4oxadiazoles are also biologically important, as recently 5-keto-1,2,4-oxadiazoles were established as antiinflammatory agents.74 The amidoxime route is well established for synthesis of 1,2,4-oxadiazoles.75 New
alternative one-pot iron(III) nitrate catalyzed synthesis of 3-acyl-1,2,4-oxadiazole (68) has been demonstrated
from methyl ketone (65) (Scheme 23).76 It has been considered that initially formed α-nitro ketone (66)
underwent dehydration reaction to form nitrile oxide (67) and then nitrile underwent 1,3-dipolar cycloaddition
reaction with nitrile oxide to form 1,2,4-oxadiazole (68).

Scheme 23 Synthesis of oxadiazole 68
Iron(III) nitrate catalyzed reaction of nitrile (69) and acetophenone (70) at 80 °C also gave the
corresponding 3-benzoyl-1,2,4-oxadiazole (71) derivative similar to cerium(IV) ammonium nitrate or via
reductive process (Scheme 24).77,78 This reaction was shown to be valuable for acetone to result 3-acetyl-1,2,4oxadiazole derivatives as well.

Scheme 24 Synthesis of oxadiazole 71
3.2.4. Oxazoles derivatives
Medicinally significant benzoxazoles are privileged organic compounds due to their extraordinary
biological activity.79 The most common method for their synthesis involves toxic and harsh reaction condition
with ortho-aminophenols.80 More sustainable method under very mild condition has been reported using ironcatalyzed intramolecular O-arylation reaction, which yielded 2-substituted benzoxazoles. N-(2Halophenyl)benzamide (72) underwent intermolecular O-arylation reaction in presence of FeCl3 and 2,2,6,6tetramethyl-3,5-heptanedione (TMHD) as catalytic combination, Cs2CO3 as base in DMF solvent at 120 oC to
afford 2-substituted benzoxazole (73) in excellent yield (Scheme 25).81

Scheme 25 Synthesis of benzoxazole 73
3.2.5. Isoxazole derivatives
Synthesis of isoxazole derivatives has been depicted by precious catalyst like NaAuCl4· 2H2O.82 This
has been replaced by one-pot FeCl3 catalyzed reaction from N-hydroxy-benzene sulphonamide (74) and
propargylic alcohol (75) in presence of Et3N.83 Bi-nucleophile N-hydroxy-benzene sulfonamide produced
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propargyl hydroxylamine (76) in presence of 2.5 mol% FeCl3, which then underwent cyclization to form
isoxazole (77) in presence of 3.0 equivalent of Et3N as confirmed from isolated steps (Scheme 26).

Scheme 26 Synthesis of isoxazole 77

Scheme 27 Synthesis of benzisoxazole 79 & pyrazole 80
An Iron(II) catalyzed intramolecular N-O or N-N bond formation has been utilized for synthesis of 2,1benzisoxazole (79), indazoles, or pyrazole (80) from vinyl and aryl azide (78) with ketone or methyl oxime
substituents in ortho-position (Scheme 27).84 Author claimed that reaction showed tolerance against a variety of
functional groups, and proceed through the formation of Fe-azide complex leading to nucleophilic attack to the
ketone or oxime. The scope of 2,1-benzisoxazoles in the synthesis of quinolines was shown.
3.2.6. Oxazines derivatives
Oxidative carboarylation ring closure protocols for synthesis of benzoxazine (82) from compound 81
have been demonstrated using copper on iron catalyst (Scheme 28).85 The yield for such reaction is moderate.
The reaction proceeds through the formation of C-O bond to form benzannulated oxazine.

Scheme 28 Synthesis of oxazine 82
3.3. Nitrogen Heterocyles
Synthesis of indigenous natural scaffolds such as pyrimidine, quinoline, pyrole or indole is one of the
most useful protocols using iron as catalyst as they can mimic actions of many biocatalysts. These heterocycles
are not only useful in designing life-saving drugs, but are also useful in industry as well. Moreover, these
processes are relatively fast, as products can be separated by either aqueous means or magnetically.
3.3.1. Pyrrolidine derivatives
Since the discovery of pyrrolinone in 199486 using Fe(CO)5 via [4+1] cycloaddition reaction, synthesis
of pyrrolidine heterocycle (84) via intramolecular hydroamination of γ-alkenyl sulphonamide (83) catalyzed by
iron-catalyst have been reported in 2006 (Scheme 29).87 This reaction showed higher functional-group
compatibility and resistance to air and moisture. Very recently, Wang et al.88 reported the synthesis of
functionalized 2-pyrrolines from 2-phenyl-1-tosylaziridine with arylalkyne. The use of nitromethane as solvent
at lower temperature gave better conversion with excess phenyl acetylene and no product with alkyl acetylene.
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Interestingly, aziridine synthesis has also been developed from alkene and aryl azide using tetracarbene iron
complex.89

Scheme 29 Synthesis of pyrrolidine 84
Synthesis of trans-3,5-dialkyl pyrrolidines and 3,5-dialkyl-2,5-dihydro-1H-pyrroles has been reported
using alkene aza-Cope-Mannich cyclization between 2-hydroxy homoallyl tosylamine (85) and aldehyde (86) in
the presence of iron(III) salts as catalyst to afford 3-alkyl-1-tosyl pyrrolidine (87). The process is equally
effective for stoichiometric and catalytic amount of iron(III) chloride under open air condition. Isolation of the
product trans pyrrolidine-carbaldehyde became problematic due to instability, which has been minimized after
reduction followed by isolation. This reaction condition is also suitable for alkyne aza-Cope-Mannich reaction
between 2-hydroxy homopropargyl tosylamine and aldehydes to obtain 3-formyl-R,-unsaturated pyrrolidine
(Scheme 30).90
Similar to tetrahydrofuran, synthetic route of heterocycles such as pyrrolidine (89), piperidine and
indoline (91) have been achieved using iron catalyst in one pot via sequential chloronitration, elimination and
Michael addition reaction (Scheme 31). It was presumed that Fe(NO3)3 underwent decomposition to form NO2+
and the extreme reactivity of NO2+ is the main reason for this reaction with the alkenes 88 and 90.91

Scheme 30 Synthesis of pyrrolidine 87

Scheme 31 Synthesis of pyrrolidine 89 and indoline 91

Scheme 32 Synthesis of pyrrolidine 93

Scheme 33 Synthesis of pyrrolidine 95
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On the other hand, vinyl cyclopropane (92) was subjected to [3 + 2] cycloaddition reaction with imines
in presence of catalytic TBAFe {Bu4N[Fe(CO)3(NO)]} and NHC ligand to afford the pyrrolidine (93) derivative
in good yield (Scheme 32).92
It is always a concern to make C(sp3)-H reactive under any circumstances. Scientific development
makes it possible even in chemical synthesis. Recently, the most attractive method has been shown by Betley in
the synthesis of N-heterocycle (95) using iron-dipyrrinato catalyst via direct amination of aliphatic C-H
activation (94) (Scheme 33).93
3.3.2. Pyrrole derivatives
FeCl3 catalyst has been effective and simple to handle for four-component coupling synthesis of highly
functionalized pyrrole (96) from 1,3-dicarbonyl compound, amine, aromatic aldehyde, and nitroalkane (Scheme
34).94 This method is superior compared to the existing methods due to inexpensive and environmentally
friendly catalyst, inexpensive and readily available components, direct introduction of functional group,
moderate to high yielding products, and tolerance against a number of functional groups.

Scheme 34 Synthesis of pyrrole 96
Modified three-component coupling synthesis of varieties of N-aryl substituted pyrrole (97) has been
also described by the same workers in 2013 (Scheme 35).95 This method described a straightforward approach
for the synthesis of N-aryl substituted pyrroles from easily accessible starting materials such as nitroalkenes
such as β-nitrostyrene derivatives, 1,3-dicarbonyl compounds such as ethyl acetoacetate, methyl acetoacetate,
acetyl acetone and primary aromatic amines. The Fe(III)-catalyzed reaction proceeds through sequential
amination-Michael-cycloisomerization reactions. Synthesis of N-arylpyrrole has been shown to be effective
under almost same catalytic conditions in refluxing condition from aromatic aldehyde, nitromethane, aromatic
amine and 1,3-diketone using toluene as solvent.96

Scheme 35 Synthesis of pyrrole 97
3.3.3. Indole derivatives
Intramolecular C-H amination is one of the best protocols for synthesis of N-heterocycles. The earliest
synthetic method of biologically important compound e.g. indole was Fischer indole synthesis and has been
abandoned due to low yield. Thermolysis of azide has been used for this purpose quite impressively, which
proceeded through nitrene insertions but high exothermic nature of the reaction led researchers to seek
alternatives on several occasions.97 Bonnamour and Bolm (Scheme 36) have shown that iron salts can be
effective for activation of azide (98) and thereby are useful for synthesis of indole derivatives (99).98

Scheme 36 Synthesis of indole 99
Synthesis of bio-active popular oxoindole99 unit has been of great interest from ortho-functionalized
anilines and noble-metal catalysts. Due to commercially non-availability of ortho-functionalized anilines, Li and
his coworkers have established iron catalyzed oxidative 1,2-alkylarylation of activated alkenes with an aryl
C(sp2)-H and a C(sp3)-H bond adjacent to a heteroatom for selective synthesis of functionalized 3-(2oxoethyl)indolin-2-ones.100 In this reaction FeCl3 was used as catalyst, TBHP as oxidant and DBU as ligand.
Investigation of reaction mechanism suggest that there was no kinetic isotope effect and the reaction proceeded
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through the formation of radical intermediate after C(sp )-H bond activation with TBHP. The generated radical
adds to the activated alkene (100) followed by intramolecular cyclization with aryl ring result arenium radical
and subsequent aromatization result oxindole (101) (Scheme 37).

Scheme 37 Synthesis of oxoindole 101
3.3.4. Quinoline derivatives
Nitrogen-containing heterocycles, particularly quinolines either hydrogenated or non-hydrogenated, are
important structural motifs of several biologically active molecules.101 Very recently, multicomponent synthesis
of 2,4-diaryl substituted quinolines (102) have been achieved using Fe(CF3COO)3102 and Fe(OTf)3103 via
activation of a terminal alkyne C–H bond and formation of C-C bond under solvent-free conditions (Scheme
38).
R1

+

+

R2

R3

NH2

CHO

Fe(CF3COO)3 (10 mol%)
solvent free, 100 oC, 7h

R3

R2
N

R1

102

Scheme 38 Synthesis of quinoline 102
Quinoline derivative was effectively produced by FeCl3 catalyzed reaction of styrene epoxide (103)
and aniline (104).104 The reaction proceeded through the C-H bond activation. Initially formed 105A converted
to cyclometalated species (105B), which underwent reductive elimination followed by oxidation to give the
desired product 105 (Scheme 39). On the other hand, Jana et al. reported the synthesis of 1,2-dihydroquinoline
and dihydrobenzo[b]-azepine derivative (107) using the same catalyst in acetonitrile solvent via intramolecular
alkyne–aldehyde metathesis from 106 (Scheme 40).105 This method has been extended for the synthesis of 3,4substituted 1,2-dihydroquinolines via intramolecular alkyne–ketone metathesis. Similar to 2H-chromene, the
reaction follows formal [2+2] cycloaddtion to form oxetane intermediate, followed by cycloreversion producing
1,2-dihydroquinoline or benzo[b]azepine completely regioselectively.

Scheme 39 Synthesis of quinoline 105
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Scheme 40 Synthesis of dihydroquinoline 107
Intramolecular hydroarylation of electron deficient arene was found to be effective for the formation of
1,2-dihydroquinoline derivative and virtually ineffective for electron rich arene.106 However, N-propargyl
electron rich aryl ring (108) significantly accelerated the reaction rate for the formation of 1,2-dihydroquinoline
derivative (109). This Friedel-Craft type iron triflate catalyzed reaction in dichloroethane proceeded through
exclusive 6-endo-dig-cyclization via the formation of vinyl cationic intermediate (Scheme 41). Hydroarylation
of o-alkynyl biaryls system worked well under the similar reaction condition but with longer time to result
phenathene unit.

Scheme 41 Synthesis of 1,2-dihydroquinoline 109
Substituted 1,2-dihydroquinolines and quinolines have been reported using FeCl3.6H2O via
intramolecular allylic amination of N-protected 2-aminophenyl-1-en-3-ols (110).107 The reaction proceeded in
similar manner as that of intermolecular N-alkylation of allylic alcohol.108,112 This method is almost equally
efficient for preparation of substituted 1,2-dihydroquinoline (111) as that of substituted quinoline (112) in the
same reaction vessel after treatment with NaOH in ambient air (Scheme 42).

Scheme 42 Synthesis of 1,2-dihydroquinoline 111 and quinoline 112
Polyfunctional pyrrolo[1,2-a]-quinoline derivatives (114) were achieved through sequential
condensation-Michael addition-cyclization reactions.109 The iron(III)-catalyzed three-component coupling of
nitro-olefine, 1,3-dicarbonyl compound and 2-alkynylaniline derivative to form 113, followed by second metalcatalyzed intramolecular hydroarylation of the alkyne unit, produced the tricyclic compound 114 in moderate to
good yield (Scheme 43).

Scheme 43 Synthesis of pyrrolo[1,2-a]-quinoline 114
However, tandem carboarylation/cyclization of propargylaniline (115) with diethyl benzaldehyde
acetal afforded the tetracyclic core of indeno[2,1-c]quinolines in presence of iron(III) salt (Scheme 44).110
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Loading of catalyst and different temperature alter the ratio of products. Low catalyst loading resulted 5-tosyl6,7-dihydro-5H-indeno[2,1-c]quinoline (116) whereas higher one furnished 7H-indeno[2,1-c]-quinoline (117) at
optimized temperature (80 o C). Nonetheless, FeBr3 acted more efficiently than FeCl3 or FeCl3.6H2O at the
optimized temperature. Arylpropargylaniline bearing p-OMe substitution gave lower yield of 5H-indeno[2,1c]quinoline and undesired pathways with acetals heterocyclic aromatic aldehydes.

Entry

[Fe] equiv.

Temp
(oC)

5H-indeno[2,1-c]
quinoline

7H-indeno[2,1-c]
quinoline

1
2
3
4
5

FeCl3 (0.3)
FeCl3 (3.0)
FeBr3 (3.0)
FeBr3 (3.0)
FeBr3 (3.0)

80
80
80
100
25

75

18
73
82
69
31

34

Scheme 44 Synthesis of 5H-indeno[2,1-c]quinoline 116 and 7H-indeno[2,1-c]quinoline 117
3.3.5. Piperidine derivatives
Lewis acid catalyzed aza-Diels–Alder reaction of methylenecyclopropane (118) with imine (119)
affords well recognized method for synthesizing tetrahydroquinoline. Lewis acids of high cost and toxic nature
prompted search for a low-cost and eco-friendly catalyst. In this regard, iron(III) chloride was used as an
efficient catalyst for synthesizing natural-product-like molecule, tetrahydroquinoline
(120) with a
spirocyclopropyl (Scheme 45).111

Scheme 45 Synthesis of tetrahydroquinoline 120
Diastereoselective synthesis of substituted cis-2,6-piperidine and cis-2,6-tetrahydropyran derivative
(122) using eco-friendly reaction condition have been described by Cossy and co-workers (Scheme 46).112 They
have used inexpensive iron(III) chloride to activate allylic acetates or allylic alcohol of ζ-amino and ζ-hydroxy
allyl alcohol derivative (121) through the formation of carbocation, which was confirmed from the formation of
more thermodynamically stable cis- product exclusively.

Scheme 46 Synthesis of piperidine 122
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Scheme 47 Synthesis of piperidine 124
However, configuration of allylic double bond has no influence on the cis/trans ratio of the double
bond of piperidines. Similar to the synthesis of tetrahydropyrans (50, 51), synthesis of syn-substituted piperidine
(124) has been achieved from 123 using Fe(acac)3 and bipyridine ligand via [4+2] cycloddition (Scheme 47).66
During their synthetic development of iron-catalyzed oxidative coupling of alkylamide with aromatic
compound through oxidation of alkylamide, Shirakawa et al. extended the synthesis of isoquinoline alkaloids
(±)-trolline (127) or (±)-crispine A (128).113 Pyrrolidinone (125) forms tetrahydropyrrolo[2,1-a]isoquinolinone
derivative (126) via ferric chloride catalyzed reaction under elevated temperature (Scheme 48).
Mac et al. have shown iron-catalyzed intramolecular tandem isomerization-aldolization process of 129
for synthesis of 4-methyl-3-piperidone (130). In this process they used 10 mol% Fe(CO)5 as the catalyst to get
aldols as mixture of stereoisomers (Scheme 49).114
OH
N

OH

O
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BBr3 (5 equiv)
DCM, -20 oC, 18 h
96%
FeCl3 (1 mol%)
t-BuOOt-Bu
(0.5-1.0 equiv)
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N

OMe
125
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O
DCB/t-BuOH = 1/1
110 oC

N

OMe

O

126
LiAlH4 (1.4 equiv)
THF, 40 oC, 4 h
95%
OMe

OMe

N

128-(±)-crispine A

Scheme 48 Synthesis of isoquinoline alkaloids 127 & 128

Scheme 49 Synthesis of piperidone 130
Recently, ring-fused tetrahydroquinoline derivative (133) has been synthesized from arylamine (131)
and N-substituted lactam (132) through one pot multiple cross-dehydrogenative-coupling using TBHP as
oxidant and iron(III) chloride as catalyst (Scheme 50).115 In this process, two C−C bonds and one C−N bond
were formed and one C−N bond was cleaved to form ring-fused tetrahydroquinoline derivatives.
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Scheme 50 Synthesis of tetrahydroquinoline 133
3.3.6. Pyrimidine derivatives
Iron(III) chloride catalyzed one-pot three component Grieco condensation of 3-aminopyrazolo[3,4b]pyridine
(134),
formaldehyde/benzaldehyde
and
electron
rich
alkene
produced
tetrahydropyrido[2’,3’:3,4]pyrazolo[1,5-a]pyrimidine (136).116 The reaction proceeded through the formation of
intermediate imine 135 (Scheme 51). The reaction is highly regioselective in nature and follows aza-Diels Alder
type reaction at room temperature. Recently, synthesis of H-pyrazolo[5,1-a]isoquinolines has been achieved
from the reaction of N9-(2-alkynylbenzylidene)hydrazide with tertiary amine via C-H activation. The reaction
was shown to be effective in presence of silver triflate and an iron catalyst with TBHP.117

Scheme 51 Synthesis of tetrahydro pyrimidine 136
3.3.7. Quinazoline derivatives

Scheme 52 Synthesis of quinoline 138 and quinazoline 139
Divergent oxidative tandem syntheses of quinoline (138) and dihydroquinazoline (139) from Nalkylaniline (137) have been reported using iron-catalyzed reaction in presence of TEMPO oxoammonium salt
(140) (Scheme 52).118 Different products are formed depending on choice of the iron catalyst. The reaction
proceeds through C(sp3)-H activation followed by C-C or C-N bond formation. Then dehydrogenative
cyclization-oxidation afforded the corresponding products. The same protocol was shown to be useful for onepot synthesis of quinolines from anilines, aldehydes, and olefins (Scheme 52).
Quinazolinone synthesis from 2-halobenzoic acid derivative with amidines under microwave heating,
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with or without ligand in water or DMF as solvent, has been reported by a group of workers in 2009.119 A
general method for synthesis of quinazolinone (143), quinazoline (144) and 3,4-dihydro-2H-1,2,4benzothiadiazine-1,1-dioxide (145) derivatives has been developed using iron-catalyzed one-pot one-step
oxidative system (Scheme 53) from alcohol (142) and suitable aryl amine derivatives (141).120

Scheme 53 Synthesis of quinazolinone 143, quinazoline 144 and dihydro-benzothiadiazine-dioxide 145
3.3.8. Pyrimidine derivatives
In 2014, Girija et al. have shown the synthesis of 3,4-dihydropyrimidine (146) using Fe3O4
nanoparticle supported Ni(II) complexes (Scheme 54).121 The catalyst used in the Biginelli reaction has been
recovered magnetically and remained active up to five cycles without significant loss of activity.

Scheme 54 Synthesis of dihydropyrimidine 146
3.3.9. Imidazole derivatives
Thermolysis or photolysis of azides typically produces highly reactive intermediate nitrene, which
subsequently reacts with olefin and C-H bond resulting in less selective products. In large scale, the reaction is
ineffective due to its explosive nature.122 Under thermal conditions, azide has been exploited in several C-N
bond formation reactions.123 But transition metal catalyzed reaction of azide gives low temperature reaction with
selective reaction. Imine (148), ortho to aryl azide produced from 147, facilitated the formation of benzmidazole
(149) in presence of Iron(II) bromide (Scheme 55).124
Synthesis of imidazo-[1,2-a]pyridine (152) from nitroolefin (150) and 2-aminopyridine (151) has been
described in one-pot cascade reaction catalyzed by Fe(III) chloride in DMF solvent (Scheme 56).125 Here,
nitroolefins act as bielectrophiles and 2-aminopyridines acts as binucleophiles. This reaction proceeds through
sequential Michael addition-cyclization-elimination process. Formal synthesis of the drug Zolimidine has also
been reported using this methodology. Further one pot multi-component strategy have also shown using the
same reaction sequence by the same group.126

Scheme 55 Synthesis of benzmidazole 149
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Scheme 56 Synthesis of imidazo-[1,2-a]pyridine 152
3.3.10. Tetrazole and triazole derivatives
Pharmaceutically and synthetically important tetrazole (153) can be synthesised from azide and nitrile
via [2+3]-cycloaddition reaction (Scheme 57). There are several synthetic approaches using Zn(II)-salts,127
Cu2O,129 TBAF129 etc. Bonnamour and Bolm showed that iron(II) acetate was as effective as Cu2O in 9:1
DMF/MeOH solvent at 80 oC when used with TMS-azide and aryl nitrile.130 This method is high yielding for
electron-rich aryl azide even in DMF/H2O system. The method is highly demanding in its course of isolation
process.

Scheme 57 Synthesis of tetrazole 153
Kundu and co-workers have accomplished one-pot multicomponent reaction in water for the formation
of triazole (154) using combined copper/iron catalyst (Scheme 58).131 In this case, iron was suggested to serve
as modulator for the oxidation state of copper. The reaction followed [3+2] cycloaddition reaction.

Scheme 58 Synthesis of triazole 154
3.3.11. Carbazole derivatives
Characterization of the actual catalyst was found to be difficult in the cross-coupling reaction catalyzed
by in situ generated low valent Fe-species from Fe(III) and excess RMgX. To avoid this, Früstner used Fe(0)-ate
and Fe(II)-ate complexes to study the reaction mechanism and found that these surrogates worked well even for
aryl magnesium halides.132 These electron-rich systems could catalyse Alder-ene type reaction with enynes
(Scheme 59). Enynes with cyclooctene (155) or cycloheptene gave trans annulated bicyclic oxygen or nitrogen
heterocyclic compounds (156A) with Z-exocyclic double bond in presence of lithium ferrate complexes
(LFC).133 LFC are effective even in cross coupling reaction for organic halides like chloride and bromide in so
called metal-like Pd, Ni-catalysts. LFC acted as single electron transfer (SET) agent which induces the homocoupling reaction of aryl bromide (157) to give low valent iron-catalyzed cross coupling reaction to yield
carbazole (158). Single electron transfer by LFC also helped the cyclization of halo acetal (159) in presence of
alkene or alkyne through 5-exo-trig or dig ring closure with or without subsequent cross coupling to form
furopyran (160).134

Ph

H
X

O

O

159 X = Br, I

[Fe(C2H4)4][Li(TMEDA)]2
PhMgBr, THF, 0 °C

O

O

H
160

Scheme 59 Synthesis of bicyclic 156, carbazole 158, furopyran 160
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Synthesis of carbazoles from cationic tricarbonyl(η -cyclohexadienyl)iron complex (161) with aromatic
amine (162) has been afforded (Scheme 60). The reaction proceeds through oxidative cyclization and
subsequent aromatization in presence of oxidizing agents.135 Initial oxidation of the arylamine to a quinonimine
(163) followed by oxidative cyclization to an iron-coordinated 4b,8a-dihydrocarbazol-3-one and demetallation
to a 3-hydroxycarbazole (164) has been described (Scheme 60).136

Scheme 60 Synthesis of carbazole 164
3.3.12. Glycoluril derivatives

Scheme 61 Synthesis of glycoluril diether 168
Fe(OTf)3 has been shown to be effective for three different reactions to produce an α-diketone from
epoxide (165), in oxidative ring-opening reaction, to give glycoluril (167) from urea, in α-diketone (166)
condensation, and in glycoluril diether (168) synthesis by formaldehyde condensation (Scheme 61).137 The
reaction is convenient for synthesis of α-hydroxy ketone from simple substrate like alkene over other oxidation
protocol.
3.3.13. Benzothiazole derivatives
Pharmaceutically important heterocyclic compounds such as benzothiazole derivative (170) has been
synthesized from N-phenylethanethioamide (169) using ferric chloride as catalyst (Scheme 62).138 Use of
pyridine as additive was shown to be more crucial than heat. High selectivity and mild reaction condition of this
process was shown to be practical for scaling up of the synthetic step due to low waste product and easy
separation process.

Scheme 62 Synthesis of benzothiazole 170

4.

CONCLUSION

In this review, we have summarized recent progress in iron-catalyzed reactions in heterocyclic
chemistry. Although there have been impressive developments in applications of such catalysts owing to their
inexpensive nature, ready availability, eco-friendliness and stability in air and moisture, iron catalyst should
have more widespread application in organic synthesis in the near future. Because of variations of reaction
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conditions and flexibility of use, understanding of mechanisms of these reactions has indeed become an
intellectual puzzle. But we are hopeful that future chemists will certainly be able to shine more light in this area
and find new and more fruitful activity using these and other iron catalysts.
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