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INTRODUCTION

Organic synthesis, a transformative science which is highly
helpful in selective molecular engineering, assembly and archi-
tecture with various applications in biochemistry, material
sciences, agrochemical, pharmaceutical industries and others
[1-7]. For this organic synthesis, the transition metals are
widely used, to be specific 3d-transition metals [8-11].

An important field in both academic and industrial research
is catalysis, because it leads to more efficient reactions in terms
of energy consumption and waste production. The formation
of a catalytically active species is the common feature of these
processes, in turn which forms reactive intermediates by coord-
ination of an organic ligand and thus decreases the activation
energy. The product formation should occur with regeneration
of the catalytically active species. The efficiency of the catalyst
is often described by its turnover number, providing a measure
of what percentage catalytic cycles are gone by one molecule
of catalyst [12,13]. For efficient regeneration, the catalyst
forming the labile intermediates with the substrate should be
used. This concept is often realized using transition metal
complexes because metal-ligand bonds are generally weaker
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than covalent bonds. The transition metals often exist in several
oxidation states with only moderate differences in their
oxidation potentials, thus offering the likelihood of switching
reversibly between the various oxidation states by redox
reactions [14-16].

For Fe2+ complexes ([Ar]3d64s0), a coordination number
of six with an octahedral ligand sphere is preferred. Fe3+

([Ar]3d54s0) can coordinate three to eight ligands and often
exhibits an octahedral coordination [17]. Comparing other
trans-ition metals, iron has higher number of advantageous
points to be noted in the field of catalysis, to be specific high
abundance, less cost, low toxic [18,19], apart from these advan-
tages, the main reason is that the variable oxidation states
possessed by the metal (-II to +VI), of which the most important
oxidation states +6, 0, -1 and -2.

Fe3+ generally is a harder Lewis acid than Fe2+ and thus binds
to hard Lewis bases. Fe0 mostly coordinates five or six ligands
with trigonal bipyramidal and octahedral geometry. Iron in
low oxidation states is most interesting for organometallic
chemistry and in particular for iron-catalyzed reactions because
they can form more reactive complexes than their Fe2+ and Fe3+

counterparts. Therefore, Fe0 and Fe2− compounds are favoured
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for iron catalysis. Iron carbonyl complexes are of special interest
due to their high stability with an Fe0 centre capable of coordi-
nating complex organic ligands, which represents the basis
for organoiron chemistry [20,21].

The complexes of iron are found to be too reactive and
diverse in their reactivity, when compared to the other neigh-
bouring metals in the group [22], which results in the reduction
and oxidation reactions which are in-turn used in various appli-
cations [23-28]. The difficulty in removing other metal residues
from the merchandise induced the look for iron-catalyzed
reactions. However, iron complexes can play different roles
in catalytic processes e.g. (i) as substrate and/or product, (ii)
as ligands for other transition metal catalysts to achieve activ-
ation and stereo-control and (iii) as catalytically active species.

Hence, this metal has been highly used in the research
activity for more than two decades [29]. Catalytic reactions such
as carbon-carbon coupling reactions [30], reduction [31,32],
oxidation [33-35], carbon-heteroatom coupling reactions [20,
36], polymerization [37,38], C-H insertion, C-H functionali-
zation [39-42], sigmatropic rearrangements [43], cyclopropa-
nation [44,45], N-H insertion [46-48], S-H insertion [49], B-H
insertion [50-52], etc. are greatly achieved through the iron
catalysts of various types. The pioneers in the field of iron
catalysis are reported by Kharasch & Fields [53] in 1940s, and
Tamura & Kochi [54] in 1970s. Nakamura et al. [55] found a
new field of metal-catalyzed cross-coupling chemical reactions
before the nickel and palladium cross-coupling reactions.

Iron-based enzymes, which are naturally occurring have
been largely used in the oxidation reactions under required
conditions [56-58]. These enzymes are generally classified as
heme systems and non-heme systems; heme enzymes contain
a porp-hyrin co-factor, the most common example is the cyto-
chrome P450 family [59,60]. Methyl monooxygenase and
Rieske dioxygenase are the examples for non-heme systems
(without porphyrin group) [61-63]. In 1970s, the reaction
between polyhalogenated methanes with porphyrins were first
reported. This was the visionary for the iron-porphyrin carbene
(IPC) system [64]. Efforts are highly taken to avoid certain
disadvantages taking place during enzymatic catalysis such
as the temperature and solvent sensitivity, narrow substrate
scope, restricted accessibility and so on observed while using
other catalysts via iron enzymes [65,66]. This helped in the
various synthesis of complex molecules by increase in the
number of iron catalyst systems for the oxidation reactions
[34,67-70].

Catalytic C-H aminations emerged as a new research field
in the past 10 years [71]. The transition metal-catalyzed amina-
tion reactions can take place in either of the following two ways:
(i) firstly, the metal-based catalyst is inserted into a C-H bond
via oxidation and followed by amination resulting in a metal-
complex species, complex formed is made to undergo reductive
elimination through which C-N bond is formed (Fig. 1); (ii)
the metal complex can also take part in a reverse reaction by
introducing a nitrene species. The amination is carried out over
the metal-nitrene complex resulting a C-H amination reaction
[72]. Recent methods in amination involves in situ generated
nitrenes where azides are used as the precursors for nitrenes,
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Fig. 1. Transition metal-catalyzed animation reaction

along with electron-deficient amides combined with strong exter-
nal oxidative agents mainly Fe-based molecular catalysts [73,74].

Cross-coupling reactions through the metal catalyst are
extensively used for the C-C bond formation and it has appli-
cations in many areas [75-77]. An alternative way of traditional
cross-coupling reactions is the decarboxylative coupling which
involves organometallic reagents [78]. In 2007, iron-catalyzed
cross dehydrogenative coupling reaction was reported [79].

Similarly, many other reactions are extensively studied
with the use of iron catalysts. In this article, various oxidation
reactions have been discussed which are carried out through
the numerous iron catalysts; their applications in research and
industrial purposes, pharmaceutical industries, polymer synth-
esis and so other fields are also accounted.

Oxidation: The iron-catalyzed oxidation reactions have
very important place in the synthesis of organic compounds,
for the usage of most compounds in the pharmaceutical industry,
agricultural chemistry and other important industries [80-82].
Most of the biological transformations depend on the enzymatic
oxidation of various functional groups, which are quite hard
to be achieved through the synthetic methods [60,66].

The iron-catalyzed oxidation reactions are made possible
by the compounds such as heme-containing oxygenase’s, cyto-
chrome P450 enzymes, mono-nuclear non-heme containing
enzymes and non-heme diiron enzymes [62,65,83]. Iron comp-
lexes are used in various catalytic reactions such as oxygenation
of C-H bonds [65,84-87], the oxidation of alcohols to aldehydes,
ketones (or) carboxylic acids [68,88,89], the epoxidation or
dihydroxylation of alkenes [69,90-93] and oxidative coupling
reactions [34,35,70,94-96].

If using iron-catalyzed oxidative reagents, then some
selectivity should be maintained, since a large number of func-
tional groups are oxidizable. When strong and powerful oxidi-
zing reagents are used it may over-oxidize the reactants, while
mild reagents may not oxidize the reactant. Hence, the selectivity
is very much important. Mostly selectivity is done through
the parameters such as temperature, concentration, etc. [97].

Iron-catalyzed oxidation reactions in which peroxides (or)
oxygen used as an oxidizing agent, they can proceed through
two different pathways: (i) radical mechanism; (ii) iron based
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oxidizing species [34] and (iii) iron is very much useful in radical
chain oxidation reactions, Fenton’s reagent very well-known
for more than a century (Scheme-I) [97,98].

Fenton reaction (1894)

Fe2+ +  H2O2 Fe3+ +  HO– +  OH•

OH• + RH R• + HOH
119 kcal/mol

R• + O2 RO•

Autoxidation

RO•  +  RH R• + ROH
104 kcal/mol

Scheme-I: Radical chain oxidation reactions

Both the iron catalysts and peroxide oxidants proceed
through same pattern in the mechanism, as like the scheme with
cyclohexane as the substrate to be oxidized.

First, iron peroxide species is formed [FeIII-O-O-R] in the
presence of a peroxide R-O-O-R. Then there are probability
of two pathways (Scheme-II) i.e.
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Scheme-II: Homogeneous and heterogeneous cleavage

(a) A homogeneous O-O cleavage takes place forming an
FeIV=O species and R-O* radical (*OH if H2O2 is preferred
instead of ROOR), which can abstract the hydrogen from the
cyclohexane. The cyclohexane radical abstracts the oxygen
from air and forms a peroxide species, Russel termination results
in the formation of alcohol and ketone [1:1] [99]. More, the
involvement of radicals, lower the alcohol/ketone ratio [100].
This ratio obtained will be used to obtain information about
the radicals.

(b) A heterogeneous cleavage takes place, FeV=O is formed
which is assisted by water. Peroxo species Fe-O-O-H is a poor
oxidant [101]. The FeV=O oxo species has good oxidizing effect,
either it will add oxygen or abstract a hydrogen from the subs-
trate [102]. The C-H oxygenation step is often referred to as
bound/rebound, when FeIV-OH firstly abstracts a proton, it is
bound and after that it transfers an -OH radical to the substrate
which is called as rebound [34,96]. It was found that if iron-
centered species were used, it resulted in high ketone-alcohol
ratio [102]. In this, rebound step occurred very fast, since no
epimerization or rearrangement took place [34].

Kinetic isotope effects (KIE) and the investigation of regio-
selectivities are the other ways to distinguish between radical
and iron-centered mechanisms. The C-H and C-D bonds are
not efficiently discriminated by *OH radicals formed from
the H2O2, which results in low KIE values (1-2), if deuterated
substrates are employed [102]. High valent Fe=O species end
in higher KIE value above 3, which indicates that the hydrogen
abstraction is that the rate-determining step.

Substrates if contains both the secondary and tertiary carbon
atoms, for instance adamantane (Fig. 2), it can potentially be
oxidized in both the available positions. Tertiary position is less
supported by radical intermediates than the iron-centered oxi-
dants [102]. Loss of stereochemical information upon oxidation
tells the radical mechanism, as epimerization occurs at tertiary,
carbon-centered radicals, cis-1,2-dimethylcyclohexane is freq-
uently used as a test substrate [103-105], the catalyst efficiency
can be investigated by the iron-catalyzed oxidative degradation
of dyes by means of spectroscopic methods [106-112].

Adamantane

OH

OH O

3° 2° 2°

Fig. 2. Structure of adamantine and its stereoisomers
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The oxidation of alcohols can also proceed through either
radical (or) iron-centered mechanism which involves the Fe=O
species of high valent [113-116]. In the below example, the
metal-centered Fe=O species first abstract the α-hydrogen to
give the corresponding radical, it rebounds to give a gem.-
dihydroxide (Scheme-III), which loses water to give the
carbonyl product [117]. A hydride transfer followed by an
electron transfer is another probability [118]. This hydrogen
transfer can be a one-electron or a two electron process, which
is explained using cyclobutanol as an example. One-electron
process will result in a cyclobutanol radical, which rapidly
result in ring-opening [119]. Iron catalysts form hydride comp-
lexes, they can oxidize alcohols through hydride abstraction
which is similar to that of oppenauer oxidation [120-122].
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Scheme-III: Oxidation of alcohols

The mechanistic studies of iron-based catalyst systems
helped in developing new catalysts. The guidance for how to
increase the selectivity of iron-catalyzed reactions by investi-
gating the formation, stabilization, reactivity and decay of high-
valent FeIV=O and FeV=O species. But these mechanistic
investigations also have their own limitations. Some of them
are performed at very low temperatures in order to identify
intermediates. A test reaction to investigate the involvement
of radicals in the oxidation of cyclohexane to cyclohexanol,
in which excess of the cyclohexane substrates is often applied
to avoid over-oxidation [102], which is not practical in the
synthesis of fine chemicals, also it cannot be denied that a
variety of oxidizing species are used in the reaction mixtures
and the reaction may proceed through several pathways [123].
The investigation of new iron catalyst systems along with
computational and mechanistic studies have led to a variety
of catalyst systems and such effort must continue to determine
more efficient and selective catalyst systems.

Iron catalyst systems: More intense research activities
in the field have resulted in a number of iron-based catalyst
systems to perform a variety of oxidation reactions [34,35,
70,90-96]. Iron porphyrin complexes have been investigated
early and it has been observed more progress in the field of
oxidation [124,125]. The relatively rigid porphyrin backbone
allows only for limited number of modifications, it also appears

that more vigorous research activity currently occurs in the
area of non-heme iron complexes, which exhibits a higher level
of structural variety. Some examples of iron-complexes are:

(i) [Fe(OTf)2(tpa)] [126-128], [Fe(BPMEN)(CH3CN)2]
(SbF6)2 [129], tpa-tris(picolyl)amine BPMEN-N,N′-dimethyl-
N,N′-bis(2-pyridylmethyl)ethylene-1,2-diamine

(ii) White’s catalyst: [Fe(S,S′-PDP)(CH3CN)2](SbF6)2

[130,131] or [Fe(N4Py)2(CH3CN)](ClO4)2 [32], etc.
It is evident not only from these complexes and also other

iron-complexes containing amine, pyridine (or) imine units in
it are very good catalytic agents for oxidation reactions [34,35,
70,94-96,133,134].

Two-open sites preferably in cis-positions holds to be a
good oxidant, [134,135] imine groups are prone to hydrolysis
and CH2NR2 units can be oxidized to O=CNR2. Though having
potential decomposition pathways, amine and imine units can
be very often seen in catalytically active iron-complexes. Com-
plexes containing amide groups in their coordination sphere
were found to be catalytically very active. Example, tetraamido
macrocyclic ligands (TAML), form efficient iron complexes
for selective cyclohexene oxidations [65,136-138].

Mechanistic studies, which were developed earlier on iron
coordination complexes as functional models of non-heme
oxygenases led to key discoveries that paved way for the evol-
ution of synthetic non-heme iron catalysts competent for the
selective oxidation of alkane and alkene moieties. In a series
of studies, mononuclear iron complexes [Fe(tpa)(CH3CN)2]2+

and [Fe(men)(CH3CN)2]2+ react with H2O2, generating a highly
reactive but selective oxidant, inconsistent with the production
of hydroxyl radicals [128,139]. The metal-based nature of such
oxidant was reflected by a high A/K ([cyclohexanol]/[cyclo-
hexanone]) ratio (5:11) and a relatively high kinetic isotopic
effect (KIE > 3) in cyclohexane oxidation, a high regioselec-
tivity towards the tertiary C–H bond in adamantane oxidation
(3º/2º normalized selectivity > 15) and a high retention of
configuration in 1,2-cis-dimethylcyclohexane hydroxylation
(> 94%) (Fig. 3) [139]. Moreover, isotopic labelling experi-
ments demonstrated that the O-atom incorporated into the
substrates derived from H2O2 and H2O and not from O2 (Fig. 3).

This observation discards the implication of carbon-centred
radicals, because they’re known to react with O2 at diffusion-
controlled rates and thus incorporate O-atoms from atmospheric
oxygen. The stereo-retentive nature of the hydroxylation reaction
and thus the shortage of O2 incorporation into oxidation products
provided conclusive evidence that C–H bond hydroxylation
occurs via a mechanism that doesn’t imply formation of a carbon
centered free-diffusing radical. Therefore, these complexes
react with H2O2 and override the FeII/FeIII Fenton cycle, but
produce a metal-based oxidant, proposed to be a high-valent
iron-oxo (FeV=O) species that’s competent for the selective
oxidation of organic substrates. Parallel studies on the oxidation
of olefins mediated by the same iron catalysts, bearing tetra-
dentate ligands that leave two cis-labile sites, provided further
evidence in favour of the formation of a high-valent iron-oxo
species in these reactions [135].

These reactions provided epoxides and syn-1,2-diols and
thus the mechanistic interrogation of both processes pointed
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again towards a metal-based oxidation. First, stereo-retentive
syn-dihydroxylation is incompatible with any radical reaction
mechanism. Second, isotopic labelling in olefin oxidation reac-
tions showed that oxygen atoms incorporated into oxidation
products originate from H2O2 and H2O but not O2. Eventually,
the epoxidation was also demonstrated to be a stereo retentive
process (Fig. 4).

These pioneering studies were focused on the elucidation
of the reaction mechanisms and employed large excesses of
substrate. Therefore, their potential utility in chemical synthesis
was very limited. However, they acknowledged that the reaction
of those complexes with H2O2 forms a strong yet selective metal
based oxidant, barren of free diffusing radicals. This finding
rapidly raised the interest of the synthetic chemistry community
in developing catalytic methodologies for selective alkane and
alkene oxidation.

Essential structure-activity correlations: The most
thoughtfully explored iron complexes in oxidation catalysis are
based on tetradentate amine ligands. Representative examples
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Fig. 3. Reactions of mononuclear iron complexes with H2O2
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are shown in Fig. 5. In general, the activity of these complexes
in oxidation catalysis is dictated by two main aspects: (i) the
presence of two cis-labile sites within the coordination sphere
of the iron centre and (ii) the stability of the complex and the
ligand against oxidative and hydrolytic degradation. With only
a few exceptions, two cis-labile sites are required for H2O2

activation and subsequent formation of a metal-based oxidant
ready to engage in selective oxidation of organic substrates
(vide infra).

When these sites are blocked by a non-labile ligand (for
instance chloride), the reaction occurs through a Fenton path-
way [139,140]. A similar reactivity was reported also for comp-
lexes bearing pentadentate polyamine ligands or complexes
where the 2 labile sites are trans to every other, further highligh-
ting the importance of two cis-labile sites ([Fe(N4Py)(CH3CN)]-
(ClO4)2 and [Fe(OTf)2(TMC)], respectively, Fig. 5) [128,139,
141,142]. Iron catalysts showing optimal stability usually
contain tetradentate aminopyridine ligands and form three five
membered chelate rings upon binding to a ferrous centre.
Although the resting state within the catalytic cycle is usually
considered to be a ferric complex, Fe(II) precursors are conve-
nient to use, as they’re easily prepared and may be isolated as
pure mononuclear iron complexes containing labile sites.
Indeed, the oxophilicity of Fe(III) rapidly leads to the formation
of oxobridged dimers, which are often catalytically inactive.
On the other hand, ligands based on O or S donors [143,144],
aromatic diamines [144] or imines [35,145] tend to form less
stable complexes and do not usually show good catalytic
activity. Methyl groups or halogens on the pyridine α-position
(the closest to the metal), as well as replacement of pyridine
donors with quinoline ones, weaken the Fe–N(py) bond, enforcing
a high-spin configur-ation on the corresponding iron complexes.
These high-spin complexes tend to deactivate rapidly, presum-
ably because of the high lability of the metal-ligand bonds. In
stark contrast, substitutions in positions 3, 4 or 5 are well
tolerated and the ones in the 4th position allow the manipulation
of electronics of the iron complex [85,146]. In general, electron
poor complexes behave as less efficient oxidation catalysts
[147,148].

O2 activation: Although iron complexes are known to react
with dioxygen, the utilization of O2 in catalytic oxidations poses

the innate challenge of coupling its 4e– reduction with the 2e–

oxidation of a substrate [149]. Some strategies are suggested
with the aim of developing oxidation methods that employ O2

as oxidant, but the sector remains in its infancy. The simplest
thanks to address this issue consists within the use of a sacri-
ficial reductant to supply two electrons to activate O2 by reducing
it to the peroxide level. The peroxide is then further activated
by the metal centre, generating a metal-based oxidant which
engages within the 2e– oxidation of the substrate.

However, such a reductant also can compete with the subs-
trate for the metal-based oxidant, or open up some undesired
reactivity which ends up in formation of byproducts. Enzymes
overcome this problem by precisely controlling the injection
of electrons in the metal centre where the O2 reduction/activation
process takes place, but this is more difficult to achieve in
synthetic systems. Inspiration for this approach came from
α-ketoglutarate dependent non-heme iron oxygenases. These
enzymes couple the 2e– oxidative decarboxylation of an α-keto-
glutarate molecule with the 4e– O2 reduction to make an oxidant
capable of the 2e– substrate oxidation [150,151].

Complex [Fe(TpPh2)(Bz)] can be considered a synthetic
model of these enzymes, although it cannot undergo turnover.
It couples α-hydroxy acid (or α-keto acid) decarboxylation
with O2 activation to yield an Fe–oxygen intermediate (Fig.
6a), which has not been directly detected but leads to intra-
molecular ligand oxidation [152]. However, it’s possible to
inter-cept this intermediate with several substrates and there-
fore the authors suggest that it’s an FeIV=O species with nucleo-
philic character. Addition of a Brønsted or a Lewis acid switched
its reactivity towards that of an electrophilic oxidant capable
of C–H hydroxylation, olefin dihydroxylation and sulphide
oxidation [153]. Interestingly, this complex was recently reported
to catalyze alcohol oxidation within the presence of excess
deprotonated α-keto acid with up to five turnovers [154].

An example of catalytic O2 activation including substrate
oxidation was also described by Limberg & Siewert [155].
Complex [Fe(TpMe2)(Phmal)] (Fig. 6b), where Phmal = diethyl
phenyl malonate anion, was found to act as a structural and
functional mimic of acetylacetone dioxygenase, a nonheme
iron enzyme that catalyses the oxidative decarboxylation
of acetylacetone. This complex mediated the oxidative
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decarboxylation of Phmal, an analog of acetylacetone (Fig.
6b) and was able to perform several catalytic cycles with a
turnover frequency of 55 h-1 [55].

Catalytic aerobic oxidation has been described also by Gif
systems, with Zn or Fe powder or H2S as the sacrificial reductants
[156-160]. However, these systems showed a peculiar alkane
oxidation selectivity, which pointed to a radical oxidation
mechanism that limits their value for selective oxidations [71].
Catalytic aerobic epoxidation was reported in 2011 [161,162].
The O2 activation catalyzed by a simple catalytic system, 1:10
FeCl3: imidazole mixture (Fig. 7) was coupled with reductive
decarboxylation of a readily available β-ketoester to achieve
olefin epoxidation in good yields. Remarkably, very low amounts
of byproducts are observed, highlighting the potential of this
technique. A similar aerobic epoxidation reactivity was described
also with a different iron complex and aldehydes as sacrificial
reductants [163]. These reports provided proof-of-principle
that synthetically useful aerobic oxidations could be accomp-
lished with carbonyl compounds as external reductants. The
reaction mechanisms followed in these reactions are not comp-
letely understood. It is sure that oxidized products are formed
not only through a metal-based process but also from free radical
autoxidation chains.

Obviously, it would be highly desirable to avoid the use of
sacrificial reductants; for example, by designing reactions where
the substrate undergoes 4e– oxidation, or by coupling the 4e– O2

reduction with the 2e– oxidation of two equivalents of the substrate.
The latter reactivity has been described by Nam et al. [164], who
accomplished aerobic phosphine oxidation with [Fe(OTf)2(TMC)]
catalyst through the intermediary of an FeIV=O species.

Substrate oxidation regenerates the initial FeII complex,
although with only a few turnovers [165]. More recently, Xiao
& Castro [163] found that a mononuclear, tricoordinated FeII

complex with a bulky ligand (Pybisulfide, Fig. 7b,c) dehydro-
genative oxidizes cyclic ethers into lactones with impressive
TONs (up to 412) using molecular oxygen (Fig. 7b). The three
labile coordination sites on the catalyst are proposed to host
the O2 molecule and two ethereal substrates. The FeIII superoxide
would evolve to form an invoked FeIV dihydride species, which
ulti-mately releases H2 and regenerates the initial FeII complex.
Therefore, coupling of ether oxidation with substrate dehydro-
genative H2 production was found to be the key for catalytic
O2 activation. The FeIII complex of the same ligand was later
reported to efficiently cleave the C=C double bond of styrene
to yield two terminal carbonyl compounds (Fig. 7c), again
without external reductants [164].
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A different strategy has been reported by Wolff & Muhldorf
[165], who used a riboflavin derivative as photocatalyst to scale
back O2, forming H2O2 and to catalytically oxidize alkyl aromatics.
The produced H2O2 is used by an iron catalyst to oxidize the
substrate. The mechanism of H2O2 formation in these reactions
is interesting and entails oxidation of a sacrificial e− donor by
the photoexcited flavin, which then engages in reduction and
protonation of the O2 molecule, finally forming H2O2. The high
redox potential of the photo-excited flavin also can oxidize e−

rich arenes, which, therefore, are often also used as electron
donors within the generation of H2O2. Overall, this technique
operates not only via O2 activation, but also performs direct
oxidation of the substrate via electron transfer. Nevertheless,
this work delineates a really promising approach towards the
utilization of O2 because the terminal oxidant.

Important reactions: In 2019, Han et al. [166] reported
an iron-catalyzed efficient methodology for the oxidation of
methylarenes and alkylarenes to deliver arylaldehydes, aryl
ketones and aryl esters efficiently. They employed a combi-
nation of iron(II) phthalocyanine (1 mol%) and ferrocene (10

mol%) as a catalyst in the presence of K2S2O8 (1 equiv.) as an
oxidant, together with polymethyl hydroxy silane (PMHS) as
an activator. Moreover, the reaction was carried out in a CH3CN
/H2O (1:1) solvent mixture under ambient air (1 atm of O2) at
80 °C (Fig. 8).

CH3

R
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Ferrocene (10 mol%)
Fe(II)Pc (1 mol%)
PMHS (3 equiv.)

K2S2O8 (1 equiv.)
MeCN/H2O (1 mL/1 mL), 80 °C

Ar = Ph, o-MeC6H4, 3,5-di-MeC6H4, t-Bu-C6H4,
OPO(OEt)2, naphthyl, I-C6H4, Br-C6H4, etc.

CHO

R
22 examples

60-92% yield

Fig. 8. Iron-catalyzed oxidation of methyl aromatics

Interestingly, toluenes bearing electron-donating groups
such as methyl, polymethyl, 4-tert-butyl and diethyl phenyl
phosphate produced the desired selective oxidized product in
high yield (86-92% yield). Also, electron-withdrawing substi-
tuents (bromo, iodo, sulfonyl, etc.) containing toluene deriva-
tives provided the desired aryl aldehyde at a slow reaction rate
with high yield (60-94% yield) in the presence of an increased
amount of oxidant (3 equiv. of K2S2O8). Remarkably, the one-
step oxidation of methylthiophenes to the corresponding then
aldehydes (90% yields) was achieved using this reaction proto-
col. Importantly, then aldehydes are widely used for the synthesis
of chemotherapeutic medicine teniposide, a common hepato-
protectant tenylidone and the insectifuge pyrantel.

Most intriguingly, the present methodology has been found
to be compatible in the presence of unprotected boronic acids,
which are very sensitive towards reagents such as bases, organic
acids and oxidants due to unstable tricoordination nature of
the boron centre. Thus, the present protocol chemo selectively
oxidizes the aromatic methyl moiety in the presence of boronic
acid to generate carbonyl compounds in good to excellent yields.
Notably, for this particular type of reaction, they utilized FeCl
(10 mol%) as the catalyst instead of the combination of ferro-
cene, iron(II) phthalocyanine and tetrabutylammonium bromide
(TBAB), in the presence of the same oxidant/PMHS/solvent
system. Notably, aldehydoarylboronic acids have high synthetic
versatility due to the presence of both nucleophilic (C–B bond)
and electrophilic (C=O bond) moieties. The robustness of this
reaction protocol leads to the late-stage oxidation of complex
molecules such as dehydroabetic acid, gemfibrozil and tocopherol
nicotinate.

Mechanistically, the reaction is initiated via oxidation of
Fe(II) center by persulfate to form Fe(III) species and sulphate
radical anion I (Fig. 9). Notably, this Fe(III) species is further
reduced for the regeneration of Fe(II) species in the presence
of PMHS. Then, radical I react with alkylarenes via the single-
electron transfer mechanism (SET) to generate alkyl aromatic
cation II. This cation is highly acidic and readily eliminates
benzylic hydrogen for the further formation of intermediate
radical III. Notably, the formation of radical intermediate III
was confirmed by trapping it with the radical scavenger 2,2,6,6-

1928  Selvi et al. Asian J. Chem.



tetramerthylpiperodinooxy (TEMPO). Subsequently, radical
intermediate III reacts with molecular oxygen to form benzyl
peroxide radical IV followed by abstraction of hydrogen from
PMHS. Thereafter, hydroperoxide V undergoes the elimination
of water molecule for the formation of desired aryl aldehydes
[167]. However, the possibility of self-reaction of two benzyl
peroxide radicals IV cannot not be excluded during the form-
ation of aldehyde [168,169].

Recently in 2020, Costas et al. [103,104,170] introduced
another synthetic method describing an iron complex, (R,R)-
FetipsPDP-(OTf)2 (Λ-tips2), catalyzed site and product chemo-
selective aliphatic C–H bond oxidation of polyfunctional
substrates in the presence of hydrogen peroxide as a terminal
oxidant and fluorinated alcohol as solvent (Fig. 10). The reaction
is performed in the presence of a fluorinated solvent such as
1,1,3,3,3,3-hexafluoro-2-propanol (HFIP), exhibiting a strong
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Fig. 9. Mechanistic pathway of iron-catalyzed oxidation of methyl aromatics
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polarity reversal in the hydroxyl moiety of 1,2-diols due to
hydrogen bonding. This hydrogen bonding strongly deactivates
the proximal C–H bonds and thus inhibits proximal C–H bond
oxidation. Further, this methodology provides access to the
predominant hydroxylation of remote and non-activated C–H
bonds, providing orthogonal chemo-selectivity to existing
alcohol oxidation methods (Fig. 10).

Furthermore, this reaction protocol was successfully applied
for executing C–H oxidation of sugars, steroids and other densely
functionalized substrates without protecting the hydroxyl funct-
ionalities. For example, anticancer drug capecitabine composed
of a highly polar functional group-enriched core together with
an oxidation-sensitive five-membered cyclic ether possessing
a tertiary C–H bond at the γ-position and syn 1,2-diol at the α-
and β-positions are well tolerated under the standard reaction
conditions. Noteworthily, the cyclic ether moiety is connected
to a fluorinated N-heterocyclic moiety connected to an alkyl
carbamate moiety. Also, several 4,5,6-membered metal chelat-
ing units are present, having the ability to deactivate the metal
catalyst (Fig. 11). However, despite these complexities, capecit-
abine undergoes hydroxylation (50% yields) at the remote
methylenic sites of the alkyl chain (68% conversion) together
with the formation of 12% of the corresponding carbonyl
compound, keeping the densely functional core intact.
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Fig. 11. Iron-catalyzed oxidation of capecitabine

Wacker-type oxidation: Although, Pd catalyzed Wacker
oxidation for the formation of carbonyl compounds from olefin
compounds is well known, the late transition metal Pd is very
toxic, inexpensive and has low abundance in the earth’s crust.
Therefore, the development of alternative catalysts based on
the cheap, non-toxic, earth abundant transition metals is of
immense importance. Although iron-catalyzed Wacker oxida-
tions are very rare, Che et al. [172] reported the iron-catalyzed
anti-Markovnikov oxidation of terminal alkenes to aldehydes
using iodosylbenzene as an oxidant via a tandem epoxidation–
isomerization (E–I pathway) pathway. The iron(III) porphyrin
complex [(2,6-Cl2TPP) Fe(OTf)] was employed as the catalyst,
delivering the desired product regioselectively in good yield
(Fig. 12).
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Fig. 12. Iron-catalyzed Wacker-type oxidation of styrene using iodosyl
benzene

Lahiri et al. [175] reported an efficient method of iron-
catalyzed regioselective oxidation of styrene with the anti-
Markovnikov formation of acetal [102].  This method utilizes
an iron catalyst, Fe(BF4)2·6H2O, in the presence of pyridine-
2,6-dicarboxylic acid as the supporting ligand and iodobenzene
diacetate [PhI(OAc)2] as an oxidant in methanol under aerial
circumstances (Fig. 13). Further, the use of a dehydrating agent,
molecular sieves, in the reaction is crucial to achieve better yield
of the desired product by minimizing the rearranged product.
A wide range of different aromatic and aliphatic cyclic olefins
are well tolerated chemoselectively to provide the terminal
acetals. In contrast to the anti-Markovnikov selectivity observed
in the present method, the palladium-catalyzed acetilization
reaction provides Markovnikov selectivity [173].
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R =Me, Br, Cl, NO2, OMe, ClCH2, CHO, NH2, OH

Pyridine-2,6-dicarboxylic acid (dipic)

N COOHHOOC

Fig. 13. Iron catalysed regioselective oxidation of styrene with anti-
Markovnikov selectivity

It is believed that the reaction proceeds via the generation
of iron-oxo intermediate I, which reacts with the olefin in a
side-way approach to generate intermediate II, followed by a
1,2-hydride shift and two successive solvent nucleophilic
attacks at the β position from intermediate III, leading to the
formation of the desired product (Fig. 14).

In same year, they developed another method of regio-
selective oxidation of terminal alkenes to aldehyde using the
same iron catalyst and supporting ligand in the presence
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of iodosyl benzene as the oxidant in chloroform [172,173].
Different aromatic, aliphatic and terminal olefins together with
alkenyl olefins were found to be compatible under the standard
reaction conditions (Fig. 15). The tentative mechanism of the
reaction was proposed, involving two possible pathways, namely
tandem epoxidation-isomerization (pathway a) and pinacol like
rearrangement (pathway b) (Fig. 16) [174-176].

R
H

R
O

Fe(BF4)2·6H2O (2 mol%)
dipic (2 mol%)

PhIO (1.5 equiv.)

CHCl3, rt, 20 h
Molecular sieves 3 Å

R = Aryl, alkenyl, alkyl
18 examples

(yields upto 95%)

Fig. 15. Standard reaction conditions for iron-catalyzed oxidation to olefins

1
PhIO

MeOH [Fe]

O

R

[Fe]

O

RH

[Fe]

O

RH

H

[Fe]

O

RH

a

R
O

[Fe]

O

RH

a

b

b

a = Tandem epoxidation-isomerization
b = Pinacol like rearrangement

FeII(BF4)2, dipic = [Fe] 1

Fig. 16. Reaction pathways for iron-catalyzed oxidation to olefins

Earlier in 2011, Che et al. [177] studied the iron-porphyrin
catalyzed anti-Markovnikov oxidation of both terminal aryl
and aliphatic olefins to aldehyde using PhIO as an oxidant.

However, due to the shortcoming of using PhIO as an oxidant,
in 2014, they synthesized an iron-catalyst, [FeIII(TF4DMAP)-
OTf], in the presence of H2O2 as the terminal oxidant for the
anti-Markovnikov oxidation of terminal aryl alkenes to alde-
hydes (Fig. 17) [171]. It has been presumed that initially [Fe(Por)]+

is converted to [Fe(O)(Por)] complex in the presence of H2O2,
which takes part in the reaction with terminal aryl alkenes to
afford the corresponding epoxide, followed by the regeneration
of [Fe(Por)]+ complex, inducing isomerization of the epoxide
to the desired product.
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Fig. 17. Iron-catalyzed anti-Markovnikov addition of terminal alkenes

Significantly, similar to C–H oxidation, iron co-factor
containing artificial metalloenzymes can also be used in the
anti-Markovnikov oxidation of olefins. In 2017, Arnold et al.
[178] reported the high-valent metal–oxo-mediated anti-
Markovnikov oxidation of alkenes using an engineered cyto-
chrome P-450 (aMOx) enzyme in combination with alcohol
dehydrogenase (ADH) and oxygen as a terminal oxidant. Gener-
ally, the high-valent metal–oxo-mediated reaction proceeds
via the concerted epoxidation pathway having a low energy
barrier, resulting in the formation of the epoxidation product.
However, this reaction also provides the direct anti-Markovnikov
oxidation product when it proceeds via the formation of the
high energy carbocationic intermediate (Fig. 18). This unstable
intermediate is stabilized via 1,2-hydride migration, which was
also confirmed by an isotopic labelling study.

Noteworthily, the asymmetric induction in the case of this
methodology arises due to the 1,2-hydride migration. Moreover,
the enantioselectivity originates from the locked arrangement
of the substrates in a specific conformation, which aligns one
of the C–H bonds coplanar to the empty p-orbital of the carbo-
cation intermediate. A wide variety of styrenes are oxidized
to the anti-Markovnikov carbonyl product with a TTN of 3800
and 81% selectivity. The para-substituted styrenes are converted
into the desired products with high selectivity, while that with
meta and ortho substitutions exhibit a lower level of selectivity
(Fig. 19). Accordingly, this suggests that the direct anti-Markovnikov
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oxidation is a catalyst-controlled process, which depends on
the exact orientation of the substrate to prevail over epoxi-
dation.

Subsequently, influenced by the chemistry of cytochrome
P-450 [80,179-181] and the recent reported by Baran and
co-workers [182-192], Han et al. [193] first developed an iron-
catalyzed highly efficient and selective oxidation protocol.
Here, polymethyl hydroxy silane (PMHS) is used as the reductant
in alcohol for the aerobic oxidation of styrene, internal olefins
and electron deficient aryl olefins to ketones (Fig. 20).

FeCl2 (10 mol%)
PMHS (3.0 equiv.)

92%

H

OH

EtOH, 80 °C, Air, 3 h

O

OH

Fig. 20. Iron-catalyzed Wacker-type oxidation in ambient air

Subsequently, the substrate scope was tested under the
optimized reaction conditions. A series of styrenes that are
normally challenging substrates for the Wacker oxidation were
found to afford the desired product in good to excellent yield
with excellent selectivity. Substrates having electron donating
substituents and electron-withdrawing substituents in the aryl
rings give a comparative yield. Moreover, a wide range of func-
tional groups such as halo groups (Cl, Br and I), esters, benzyl
chloride, nitro group and carboxylic acids are well tolerated.

Particularly, the presence of several readily oxidizable groups
such as aldehyde, phenol, silane and aryl boronic acids and
strong coordinating pyridyl groups are well tolerated. Notably,
under slightly modified conditions, i.e. using Fe(acac)2 as the
catalyst and t-BuOH as the solvent, aliphatic terminal olefins
undergo smooth conversion into the expected ketone with
complete Markovnikov selectivity. In contrast to Pd-catalyzed
Wacker-type oxidation, electron-deficient internal alkenes such
as trans-benzylideneacetone and heterocyclic trans-4-(2-
thienyl)-but-3-en-2-one undergo the reaction to produce the
desired product. Additionally, an aliphatic internal alkene, (3Z)-
hept-3-en-1-ol, which is completely unreactive, was reported
by Sigman et al. [194] and Liu & Han [195] to be an efficient
substrate exhibiting sufficient reactivity. Moreover, this synthetic
protocol is applied for the oxidation of natural products and
synthetic compounds with high complexity. For instance, a deri-
vative of the antibacterial drug pleuromutilin underwent the
reaction protocol to deliver the desired oxidized product in 70%
yield. The mechanistic pathway of the iron-catalyzed Wacker-
type oxidation of olefins to ketones using molecular oxygen
as the sole oxidant in presence of reductive silane (Fig. 21).
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Fig. 21. Proposed mechanistic pathway of iron-catalyzed aerobic Wacker-
type oxidations of olefins

Baeyer–Villiger-type oxidation: Baeyer & Villiger [196]
discovered the oxidation of menthone to the corresponding
lactone employing a mixture of sodium persulfate and concen-
trated vitriol. Thereafter, this persulphuric acid was replaced
by other organic per-acids such as meta-chloroperoxybenzoic
acid (m-CPBA), trifluoro peracetic acid and per benzoic acid.
Thus, the conversion of ketone into the ester in the presence
of per-acid as an oxidant has become one of the most well-
known and widely applied organic reactions, which is known
as Baeyer-Villiger oxidation. However, the organic peracids
utilized in the oxidation reactions are hazardous and expensive.
Hence, the usage of clean and inexpensive oxidants is extremely
significant and attractive from an environmental and economic
viewpoint. The aerobic Baeyer-Villiger oxidation of ketones
in the presence of aldehyde was reported using Fe2O3 and Fe–
MCM-41 under heterogeneous conditions [196].
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However, the drawback of MCM-41 system is its unidirec-
tional pore system. Thus, to overcome this drawback, Subramanian
& Koodali et al. [197] discovered a highly active mesoporous
catalyst, Fe-MCM-48, for the Baeyer-Villiger oxidation of
cyclohexanones and the bulky molecule 2-adamantanone system.
The catalyst are often reused for a minimum of three catalytic
cycles with none loss in activity. It is specially observed that
cubic MCM-48 with its interwoven and continuous 3D regular
pore system provides favourable mass-transfer kinetics and is
a better molecule for catalytic applications. Powder XRD and
diffuse reflectance (DR) studies indicated the incorporation
of Fe3+ into the silica pore wall in a tetrahedral position. More-
over, this material has a large surface area (1979 m2 g–1) and
large pore volume (1.2 cm3 g–1).

In biology, oxygenase enzymes such as cytochrome P-450
carry out the oxygenation of different biomolecules [197].
Inspired by these enzymes, Ji et al. [198] in 2008 reported the
highly efficient selective Baeyer-Villiger oxidation for the first
time using iron(III)–meso-tetraphenyl porphyrin-[(TPP)FeIIICl]
with molecular oxygen in the presence of benzaldehyde for
the conversion of ketones into lactones (Fig. 22). Notably, the
oxidation of cyclohexanone catalyzed by iron metalloporphyrin
involves the radical species. Thus, due to the reluctance to
undergo radical addition toluene was used as the solvent for
the transformation. However, although different metals (Ru,
Mn, Fe and Co) were tried with the TPP ligand, iron showed
the best efficacy for the oxidation reaction. The reason for
this is often that the catalytic activity and selectivity of various
metalloporphyrin depend upon the steadiness of the various
valences of their metal atoms and their electric potentials.
Notably, cyclic ketones are more efficiently oxidized than
acyclic ketones. Moreover, six-membered cyclic ketones are
the foremost efficient among the cyclic ketones to get the corres-
ponding oxidized products. The turnover number (TON) of
the (TPP)FeCl catalyst can be maximized to 71,000 for the large
scale oxidation of cyclohexanone.
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Fig. 22. Aerobic oxidation of ketones catalyzed by iron(III) meso-tetraphenyl
porphyrin chloride

Here, ε-caprolactone was obtained in 96% yield in the
presence of benzaldehyde, while the use of isobutyraldehyde

afforded the product in only 11% yield. To investigate this
difference, they further studied the mechanistic pathway. Based
on the results of in situ FTIR, UV-vis spectroscopy and starch/
KI experiments, they proposed the mechanistic pathway (Fig.
23) [198,199]. In the initial step of the mechanistic pathway,
the iron porphyrin reacts with the aldehyde to get the acyl
radical, which reacts with the molecular oxygen to offer the
acyl peroxy radical. The resultant acyl peroxy radical as a carrier
within the chain mechanism reacts with another molecule of
aldehyde to get peroxybenzoic acid. The peroxybenzoic acid
is involved in two pathways, A and B, in the presence of benzal-
dehyde and isobutyraldehyde, respectively. In the presence of
benzaldehyde (pathway A), it reacts with another iron porphyrin
molecule to generate a high valent iron(V) porphyrin inter-
mediate via the elimination of benzoic acid. Then, the inter-
mediate combines with cyclohexanone to require part within
the oxygen transfer step, affording ε-caprolactone. However,
in the presence of isobutyraldehyde (pathway B), peroxybenzoic
acid attacks the activated ketone to generate a Criegee adduct,
followed by protolysis to afford a lactone (Fig. 23).

Conclusion

The increasing use of iron-catalyzed organic reactions has
led to the development of highly efficient procedures covering
a large number of common organic transformations. Iron catalysis
has great potential for use in natural product synthesis and has
been used on a number of reactions to carry out difficult reac-
tions on complex molecules. Iron-catalyzed transformations
have enabled shorter synthetic routes, often giving higher yields,
whilst also replacing more expensive or toxic reagents. It is
expected that the future will see further uses of iron compared
to other precious metals, particularly in the heavily developed
area of iron-catalyzed cross-coupling reactions. The practi-
cality and efficiency of these reactions has already been demon-
strated by application to a number of complex natural product
syntheses and will likely continue to be used extensively for
this purpose. During the past 20 years, the C-H bond activations
have inherit focus for organic chemists. Oxidative C-C bond
forming reactions by cross-dehydrogenative couplings are very
attractive as they allow a straightforward construction of new
carbon skeletons without pre-functionalization of the substrates.
But also, the functionalization of non-activated C-H bonds with
heteroatom containing groups is a useful extension of classical
reaction principles. The area is still dominated by palladium,
rhodium, ruthenium, copper and iridium catalysts, but very
promising iron-catalyzed variants have been developed. For
example, the activation of sp3-carbon atoms adjacent to nitrogen
and oxygen atoms for C-C bond forming reactions via oxidation
to iminium and oxonium species or radical processes, may be
developed to a flexible tool for the development of complex
molecules. Bioinspired iron-catalyzed oxidations are another
area that had not received significant attention until recently,
but are showing huge potential for use in biomimetic natural
product synthesis. The use of iron-catalysts to mimic the multi-
tude of enzyme-driven oxidation processes that occur in nature
is likely to continually increase. There are still drawbacks to the
use of iron in organic chemistry, namely operational difficulties,
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Fig. 23. Mechanistic pathway of cyclohexanone to ε-caprolactone (probable)

but the field is developing rapidly and considering the range
of applications, low cost, low toxicity and ready availability
of iron, there is immense potential for use in organic synthesis
and natural product chemistry. Besides the fascinating develop-
ments mentioned above, there’s a variety of further highly
promising iron-catalyzed transformations. Further improve-
ments of known iron-catalyzed reactions and new discoveries
will fill the drawbacks which partly still exist compared to the
more established noble metal catalyzed processes used in
organic synthesis.
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