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Abstract: Non-heme iron complexes are emerging as
powerful and versatile catalysts in several oxidative
transformations. The most investigated iron complex
structures are based on aminopyridine ligands, but
a number of imine-based ligands have been also
tested. In this review a collection of recent results
obtained in oxidation catalysis with non-heme imine-
based iron complexes is presented. Their catalytic
performances in C—H, C=C and —S— oxidation are
spread over a wide range of efficiency, going from
very low to quite high. Such performances are dis-
cussed, whenever possible, in light of the operating
reaction mechanisms and of catalyst stability. In
order to facilitate the discussion, an initial survey of
the most useful mechanistic tools widely applied to
distinguish a metal-based oxidation from a radical-
chain process is also reported. Imine-based catalysts
are divided into two classes: (i) salen-Fe complexes,
and (ii) imine-Fe complexes. In some cases clues for
free-radical oxidation mechanisms have been report-
ed while in other cases evidence for metal-based
mechanisms has been collected. The preferred mech-
anistic pathway is shown to be a function of catalyst
structure and features. Interestingly, some imine-
based iron complexes are able to perform stereospe-

cific oxidation reactions, demonstrating that the
imine functionality can be incorporated in ligands
designed for oxidation catalysis.
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1 Introduction

Selective oxidation of non-activated C—H bonds is
one of the longstanding goals in organic synthesis.'*]
Direct functionalization of aliphatic C—H bonds rep-
resents an ideal transformation, as it allows the direct
incorporation of the desired function into the target
molecule, eliminating the need of preinstalled func-
tional groups.*’ Such a strategy largely minimizes
chemical waste production. In particular, a clean and
efficient late stage C—H functionalization would avoid
the unproductive manipulations necessary for inter-
converting, protecting and deprotecting functional
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groups throughout the synthetic sequence. Also other
oxidative processes, such as olefin epoxidation and
sulfide oxidation, have received considerable atten-
tion for the relevance of epoxides and sulfoxides in
synthetic organic procedures.*'” Although several
methods for the preparation of such functionalities
have already been developed, the quest for more gen-
eral catalytic systems which use more abundant and
sustainable reagents is still ongoing.

In the field of C—H oxidations, great advances were
accomplished in recent years by the use of bioinspired
non-heme aminopyridine iron complexes/H,0, cata-
lytic systems.!""**) These complexes proved to be also
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excellent catalysts for epoxidation®>! or cis-dihy-
droxylation®**! of olefins.

Such catalysts offer several advantages when com-
pared to the currently used catalytic systems: (i) the
abundant, cheap and environmentally friendly iron
and H,0, are used as the metal center and the termi-
nal oxidant, respectively, (ii) a selective, metal-based
oxidation mechanism devoid of free diffusing radical
formation is mostly operating,****! which ensures
a good degree of selectivity by manipulation of the
catalyst structure,** (iii) in many cases, synthesis
of non-heme amine-based iron complexes is signifi-
cantly less demanding than that of metalloporphyrin
heme model complexes.***'!

The development of non-heme amine-based iron
catalysts has been accompanied over the years by
a parallel study of non-heme imine-based iron coun-
terparts, although the latter received less interest
probably due to the conviction that imines (or Schiff
bases) are not robust enough to be conveniently em-
ployed in typical oxidation conditions. Yet, some
imine-based complexes proved to be stable enough to
serve as oxidation catalysts (vide infra). Moreover,
imine ligands are even easier to synthesize than the
corresponding amines**>% and this represents a signifi-
cant advantage in catalyst design and preparation.
The aim of this review article is to describe the state
of art in non-heme imine-based iron catalysts for C—
H, C=C and S oxidation. Contributions reported by
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several research groups and our own contribution to
the topic will be described in the following sections.

The mechanistic analysis of the oxidation reactions
promoted by non-heme iron complexes has received
a considerable amount of attention in recent
years.*#>31321 The selective metal-based oxidative
pathway often competes with a rather unselective rad-
ical chain autoxidation process initiated by oxygen-
centered radicals produced in Fenton-type reactions
between iron ions and peroxides®™! (Scheme 1). Such
autoxidation processes suffer all the intrinsic limita-
tions on selectivity and, above all, predictability
always associated with highly energetic radical pro-
cesses. Competition between the metal-based and the
free-radical oxidation processes is dependent on reac-
tion conditions, catalyst structure and oxidant em-
ployed.

In contrast with what is observed in the oxidations
promoted by non-heme amine-based iron complexes
which commonly proceed via a metal-based mecha-
nism (Scheme 1),"*! a high level of variability and/or
uncertainty between a free-radical and a metal-based
mechanism is found for non-heme imine-based iron-
catalyzed oxidations. Elucidation of the oxidation
pathway is of paramount importance since the selec-
tivity properties and the possible synthetic applica-
tions of the catalytic system strongly depend on its
mechanism of action. For this reason we feel that an
initial discussion on the main mechanistic tools used
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Scheme 1. Free-radical and metal-based oxidation pathways.

to discriminate between a metal-based and a free-rad-
ical mechanism is of definite interest for the subse-
quent sections.

2 Tools to Distinguish between
Metal-Based and Free-Radical Oxidation
Mechanisms

The highly reactive oxygen-centered radicals generat-
ed during a free-radical oxidation pathway are poorly
selective oxidants, unable to discriminate between C—
H bonds of different strengths. Furthermore, the alkyl
radicals formed after the hydrogen transfer process
may lead to a variety of oxidation products as a conse-
quence of their rearrangement, epimerization and re-
action with 0,.°Y On the other hand, metal-based oxi-
dants are more selective producing carbon-centered
radicals which are usually unable to rearrange or epi-
merize before the very rapid oxygen rebound (in C—
H oxidation) (Scheme 1). In C=C and S oxidation,
direct O-atom transfer is usually operating for metal-
based iron-oxo species,”**>* allowing the achieve-
ment of enantioselective oxidations in the presence of
chiral ligands.*****%! On the contrary racemic epox-
ides or sulfoxides are expected in the case of an in-
volvement of radical oxidative pathways.

A series of mechanistic probes used to distinguish
whether an iron-mediated oxidation follows a metal-
based or a free-radical mechanism is reported in this
section.!! None of the following clues can be consid-
ered on its own a definitive proof in favor of one

Adpv. Synth. Catal. 2016, 358, 843 -863

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mechanism. On the other side, if most of them point
to one of the two dichotomous pathways, this one will
be accepted.

2.1 Alcohol/Ketone Ratio (A/K)

The A/K product ratio is a simple yet powerful test
for radical-based oxidations.™*) This test is per-
formed under air, with a large excess of substrate
(usually cyclohexane or cyclooctane, see Scheme 2)
with respect to the oxidant (10:1 or 100:1).

OH (o}
O—O-
A K

Scheme 2. Oxidation of cyclohexane to cyclohexanol (A)
and cyclohexanone (K).

Freely diffusing alkyl radicals are rapidly trapped
by O, yielding alkylperoxyl radicals. Russell-type ter-
minations of such intermediates form equimolar
amounts of alcohol and ketone, irrespective of the
substrate/oxidant ratio (Scheme 3).%%%1 A/K ratios
close to or lower than 1 obtained in such conditions
are usually indicative of a radical chain oxidation
mechanism."**? On the other hand, in metal-based
reactions, oxygen rebound (see Scheme 1) should be
faster than O, trapping of the incipient radical.®>%+¢l
In this case, the alcohol is the major oxidation prod-

asc.wiley-vch.de 845


http://asc.wiley-vch.de

Advanced
Synthesis &
Catalysis

Giorgio Olivo et al.

LIS R NG .O
O
8

O“O

O“O

OH (0]

+ +02(—

Scheme 3. Radical chain cyclohexane oxidation and Russell
termination mechanism.

uct accompanied by minor amounts of ketone gener-
ated by its over-oxidation (A/K>5).1392%] Fyrther-
more, in metal-based oxidations, if the product distri-
bution is followed over time, the A/K ratio should be
very high at the beginning of the reaction (the alcohol
is the first generation product), and then decrease
over time.

2.2 Kinetic Isotope Effects (KIE)

The intermolecular kinetic isotope effect is usually
determined in a competitive oxidation of a hydrocar-
bon (usually cyclohexane, CsH;,) and its deuterated
counterpart (C4D,, see Scheme 4).

Highly reactive oxygen-centered radicals are not
able to discriminate between C—H and C—D bonds,
yielding KIE values in the range 1-2.7 Higher KIE
values, from about 3 up to 4-5, have been measured
for selective, metal-based oxidants.!'>#°16168%] yalyes
higher than the theoretical maximum (ca. 7) have
been determined in some cases and rationalized on
the basis of the contribution of tunneling effects. It
has to be remarked that KIE analysis gives informa-
tion only on the selectivity determining step as recent-
ly pointed out by Hartwig.[""!

D D D D
O+ @ °
+ E— + + ketones
D D DX
Do DD
CeHi2 CeD12 An Ap
KIE = Au/Ap

Scheme 4. Oxidation of cyclohexane and cyclohexane-d,, to
determine KIE.

846 asc.wiley-vch.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2.3 Reaction under Argon/Air

As previously described carbon-centered radicals are
commonly trapped by O, at diffusion controlled rates
leading to final oxidation products alcohols and ke-
tones. If a free-radical mechanism is operating, careful
exclusion of O, from the reaction mixture (all re-
agents and solvents purged) is expected to significant-
ly lower the oxidation yields. Conversely, if the mech-
anism is metal-based, comparable results should be
observed regardless of the presence or absence of mo-
lecular oxygen. This test has been very informative in
several cases,”"”” but interpretation of the results de-
serves some caution. Iron complexes, like those of
other first-row transition metals, display a catalase-
like activity on peroxides producing O,. In the latter
case, the in-situ formed O, may provide the same re-
sults for the reaction carried out under air or under
argon, and give a false positive response to this test.
To solve this problem, low amounts of oxidant can be
used (i.e., 1-10 molar equivalents with respect to the
catalyst)™ or a continuous oxygen purging system
can be kept operating throughout the reaction./>”!

2.4 Shul’pin Test for Alkyl Hydroperoxides

This method represents a simple way to detect the
formation of alkyl hydroperoxides (e.g., cyclohexyl
hydroperoxide) in oxidation reactions. Alkyl hydro-
peroxide by-products are typical clues of radical chain
oxidations, and are formed by hydrogen atom abstrac-
tion from solvent or substrate molecules by alkyl per-
oxyl radicals. Direct detection of such species may be
not trivial since they may decompose into alcohols
and ketones during the GC analysis. In the test elabo-
rated by Shul’pin and co-workers,””! Ph,P is added
to the final reaction mixture and it readily and quanti-
tatively reduces the alkyl hydroperoxide to the corre-
sponding alcohol (Scheme 5). If the GC analysis per-
formed before and after the addition of Ph;P reveals
an increased amount of alcohol, alkyl hydroperoxides
are likely formed under reaction conditions by a free
radical chain oxidation.

O,OH

OH
@ + PhP —— @ + 0=PPhy

Scheme 5. Cyclohexyl hydroperoxide reduction by Ph;P
used in the Shul'pin test.

2.5 Regioselectivity

The analysis of the ratios among tertiary:secondary:
primary C—H bond oxidation (i.e., the selectivity in
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Scheme 6. Adamantane oxidation to determine the tertiary
to secondary ratio.

hydrogen transfer processes) may provide useful in-
formation on the nature of the hydrogen abstracting
species.”" 7l For example, in adamantane oxidation
the ratio of tertiary over secondary C—H bond oxida-
tion products (3°/2° ratio, normalized for statistical
factors, see Scheme 6), is rather low with very reactive
hydroxyl and alkoxyl radicals.’”” On the other hand,
for the active species of cytochrome P450 enzymes
and other selective heme catalysts, the adamantane
regioselectivity can achieve values as high as 48.14*%
Thus, while low values of the tertiary to secondary
ratio (3°/2° <6) are indicative of a free-radical mecha-
nism, 3°/2° ratios higher than 13-15 strongly point to
a metal-based mechanism.

2.6 Epimerization

Formation of alkyl radicals may lead to a loss of ste-
reochemical information by rapid inversions of con-
figuration at the radical center. When such a rear-
rangement has a rate comparable to or faster than the
oxygen rebound step, significant epimerization is ob-
served in the products.®) One of the most effective
tests concerns retention of configuration or epimeri-
zation in cis-1,2-dimethylcyclohexane  oxidation
(Scheme 7). The tertiary carbon radical epimerizes
with an estimated k of ~10° s~."® Oxidations generat-
ing radicals with a lifetime higher than ~10~° s exhibit
low retention of configuration (a cis:trans ratio of ap-
proximately 1.2 has been reported for hydroxyl radi-
cal).’”’ On the other hand, metal-based oxidations
afford high retention of configuration (90-99%). A
similar test can be carried out also on cis-decaline,
which undergoes epimerization at a rate comparable
with that of cis-1,2-dimethylcyclohexane.

CH, [Ox] CH3 CHs
O Ot - QL
CHj3 CH3 OH
trans-OH

cis-DMCH cis-OH

Scheme 7. 1,2-cis-Dimethylcyclohexane (cis-DMCH) oxida-
tion to determine the retention of configuration (RC). RC is
defined as 100 x (cis-OH—trans-OH)/(cis-OH + trans-OH).
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2.7 Chirality Transfer

In metal-based oxidations promoted by chiral cata-
lysts a chirality transfer from the catalyst to the sub-
strate may occur as found in the oxidation of several
unsymmetrical olefins or sulfides.'*****) Contrarily,
chirality transfer cannot be observed when the oxida-
tion processes are promoted by achiral oxygen-cen-
tered radicals.

2.8 Labeling Studies

Isotope labeling studies have been used to distinguish
oxidation mechanisms mediated by metal-oxo species
from free radical species.”®! As already stated, atmos-
pheric O, incorporation into products indicates the
formation of not-caged, long-lived alkyl radicals along
the reaction pathway. On the other hand, if the O-
atom comes from the peroxide or water (vide infra),
a metal-based oxidation should be involved.!*#6)
Since high-valent metal-oxo species may undergo
rapid oxo-hydroxo tautomerism prior to the oxidation
step (Scheme 8), the reactive oxo ligand transferred

; _RH  RrRoH
LFé >=< 0
N . . HO @H
H o e JEAR SR AANC M
2
)
L'Fe\ ,O‘H
© R-H
— > R@H
LFel

—_—

Scheme 8. Oxo-hydroxo tautomerism.

to the substrate may derive from a water
ligand.'"*1837%1 In fact, since neither H,O, nor the
Fe-OOH intermediate can exchange their oxygen
atom with water, O-atom incorporation from H,O
constitutes an indirect evidence for the involvement
of an iron-oxo moiety.™” The origin of the O-atom in
the oxidation products can be elucidated by use of
H,"O and, subsequently, H,'"®0,. When the oxidation
is carried out in the presence of H,"®O and H,0, a cer-
tain percentage of labeled oxygenated product will be
obtained. If the same experiment is carried out with
H,O and H,"™0, and the complementary percentage
of labeled oxygenated product is observed, a genuine
metal-based mechanism is operating. Any decrease of
the sum of the above percentages from 100% weights
the contribution of a radical autoxidation pathway.
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2.9 Use of Radical Traps

Another tool to check the involvement of free radical
intermediates in a reaction is the use of radical traps.
If a compound able to react very rapidly with radicals
significantly affects reaction outcomes, a free-radical
mechanism is very likely operating. However, caution
should be taken when radical traps are used in the
presence of metal complexes since a direct interaction
of the radical trap with the catalyst may occur and in-
terfere with the experimental results. In this respect
CBr(l; represents a suitable radical scavenger able to
trap not-caged carbon-centered radicals at diffusion
controlled rates leading to alkyl bromides (Scheme 9).
This species does not interfere with the metal com-
plex when used at low concentrations (i.e., 1/10 of the
substrate).l®) Other radical scavengers, such as Ph,NH
and, mostly, DMPO (5,5-dimethylpyrrolidine N-
oxide), have been employed to trap oxygen-centered
radicals.

Br

O + CBrCl; ————»

Scheme 9. Carbon-centered radical trapped by CBrCls.

+ Clc’

The use of radical traps in combination with EPR
spectroscopy is also a useful mechanistic tool to
detect the formation of free-diffusing radicals in the
reaction mixtures.®!! According to the protocol devel-
oped by Beller et al.,® trace amounts of the desired
radical trap are added to the reaction mixture under
catalytic conditions. The solution is rapidly freeze-
quenched at 77 K and analyzed by EPR spectroscopy.

2.10 Cyclohexene Oxidation

An additional useful tool in the study of oxidation
mechanism is the analysis of cyclohexene oxidation
products.®™ Unlike other cyclic olefins (such as cyclo-
octene), cyclohexene has a marked tendency to un-
dergo allylic hydrogen atom abstraction in the pres-
ence of free radicals (see Scheme 10). For this reason,
free radical-promoted oxidations generally yield allyl-
ic alcohols or unsaturated ketones, while metal-based
oxidants usually give the epoxides by oxygen atom
transfer.® However, the results of this test should be

OH (0]

g g g g™

Scheme 10. Products formed in the oxidation of cyclohex-
ene.
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always cross-checked with the ones of other tests,
since even catalytic systems which usually operate
through a metal-based mechanism may give a certain
amount of allylic oxidation products.’®!

3 Imine-Based Iron Complexes as
Catalysts for Oxidation Reactions

As stated in the introduction, imines are generally
easier to prepare than the corresponding amines since
they can be obtained by the simple addition in solu-
tion of the parent carbonyl compound and the pri-
mary amine in appropriate molar ratios and sol-
vents.*#! Furthermore, a metal cation such as Fe(II)
or Fe(III) can act as a template for imine bond forma-
tion with the consequent in-situ generation of the
complex.™ Despite this significant advantage, imines
are far less investigated ligands than amines in iron
oxidation catalysis. This fact is probably due to the
lower stability of the imine bond when compared with
the amine bond, as the former is susceptible to hy-
drolysis.® Hydrolytic processes can be accelerated by
the Lewis acidic character of the metal center, leading
to rapid ligand degradation and consequent release of
the iron cation in solution. This is a crucial point,
since the free iron salt or, more generally, complexes
with more than two labile sites on the iron ion usually
favor Fenton-type oxidation,*®! with all the prob-
lems related to free radical generating chemistry.
Moreover, one of the main degradation pathways pro-
posed for non-heme Fe(II) and Mn(II) catalysts con-
sists in the oxidation of ligand aminic C—N bonds and
subsequent hydrolysis of the resulting imine.**%!

Notwithstanding, imine-based iron complexes have
been successfully employed as oxidation catalysts.
Here follows a summary of iron systems which have
been studied by several research groups, as catalysts
in oxidation reactions.

3.1 Salen-Based Iron Catalysts

Most of the time, the key to overcome the imine
ligand degradation (hydrolysis) has been the forma-
tion of highly stable polydentate complexes. For in-
stance, this strategy has been adopted in the prepara-
tion of salen-type complexes (Figure 1), which are
very stable under catalytic conditions, even reaching
500 TONSs in oxidation reactions.'*”

Salen ligands (N,O, type ligands), doubly negative-
ly charged, are robust ligand platforms, and have the
advantage of being easily tunable.’"! Stereogenic cen-
ters can be introduced on the diamine backbone,
close to the metal center, enabling chirality transfer
(see Figure 1)."*>%] Moreover, electronic and steric
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Figure 1. [(Salen)Fe(Cl)] complexes employed in oxidation
reactions.

properties of the ligand can be manipulated by vary-
ing substituents in para or ortho positions of the phe-
nolic rings respectively (substituents R' and R? depict-
ed in Figure 1).[5599294%] Salen-Mn and salen-Cr com-
plexes have shown very high catalytic efficiencies in
olefin epoxidation,”*! therefore the opportunity to
replicate such catalytic performances with more con-
venient salen-Fe complexes seemed straightforward.
Unfortunately, salen-iron complexes have been found
to be less active oxidation catalysts than their Mn or
Cr analogues.®1%]

Salen-Fe(I1T) complexes found the main application
in the oxidation of reactive functional groups, and
particularly in sulfide oxidation.™ A chiral diamine
backbone (1,2-trans-diaminocyclohexane, see
Figure 1) allowed the realization of moderate-to-good
yields and enantiomeric excesses up to 84% with io-
dosobenzene (PhIO) as the oxidant.”” Acetonitrile
used as the solvent was found to maximize both the
catalytic activity and the enantioselectivity. The enan-
tiomeric excesses were sensitive to the chiral diamine
used (1,2-trans-diaminocyclohexane was the best-per-
forming one), to phenolic ring substituents (#-Bu in
ortho and para positions were the optimal ones), to
the steric hindrance of the sulfide [Ar—S—CH(CH,),
gave the highest ee] and to the nature of the terminal
oxidant employed.”™”  m-Chloroperbenzoic acid
(mCPBA),***l NaOCL" H,0,! or H,0,-urea!""
gave generally lower results than iodosoben-
zene #0910 A different strategy was recently ex-
plored by List and Liao. They used an achiral salen-
iron catalyst with a chiral counteranion (the conjugat-
ed base of an axially enantioenriched binaphthyl-de-
rived phosphoric acid) to generate an ion pair able to
efficiently oxidize sulfides to sulfoxides with good-to-
excellent yields and enantiomeric excesses up to 99%,
using PhIO as the oxidant.'”™ The incorporation of
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the salen-Fe catalyst into a metal organic framework
(MOF) was demonstrated to be another effective
strategy to achieve highly stereoselective sulfide oxi-
dations with PhIO as the oxidant (up to 96% ee).'"!!
An increase of the topicity of the ligand to generate
a “triple-salen” complex afforded comparable yields
but lower enantioselectivity than the simple mono-
meric salen-Fe(IIT) complex.['*]

The mechanism of sulfide oxidation mediated by
salen-Fe(III) complexes has attracted considerable at-
tention over the years, and a lively debate ensued on
the nature of the oxidizing species. On the basis of
UV-Vis, EPR and resonance Raman analysis, in
2002 Rajagopal and co-workers proposed an elec-
trophilic (salen*)Fe(IV)(O)(X) intermediate (see
Figure 2), kinetically competent for sulfide oxidation,
formed by O-atom transfer from PhIO or O—O heter-
olysis from mCPBA. This species exhibited a Michae-
lis-Menten saturation behavior, indicating prior coor-
dination of the sulfide substrate to the oxidizing spe-
cies.””! However, a few years later, Bryliakov and
Talsi™ challenged such an assignment, providing
strong evidence for a (salen)Fe(III)(PhIO)(X) species
(see Figure2) as the active oxidant with PhIO by
'"HNMR and EPR spectroscopy. No products were
formed when mCPBA was used.

In 2005 Fujii and co-workers””! carried out a thor-
ough study on the formation and characterization of
salen-Fe intermediates in oxidative conditions. A
bulky salen-Fe(III) complex was electrochemically
oxidized, and two oxidation waves at 0.85 and 0.96 V
vs. Fc/Fct were detected. The products obtained by

(salen™)Fe(IV)(O

)(X)
j N \ III C
(salen)Fe(lll)(PhIO)(X)

j N\Fe('"
R1
R
(salen*)Fe(ll)(X
Feuu)N
<:§ | \0%: >—
X

(salenZ*)Fe(lI1)(X)

Figure 2. Proposed intermediates competent for the oxida-
tion step in the salen-Fe complexes with different oxidants.
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electrochemical oxidation were identified as the
mono- and di-radical cation salen-Fe(III) complexes,
respectively, on the basis of UV-Vis, resonance
Raman, Mossbauer, EPR and ESI-MS characteriza-
tion. One or two oxidation equivalents are hosted on
the phenoxy rings, while the metal center retains its
Fe(IIT) oxidation state (see Figure 2). In the presence
of mCPBA, only the mono-oxidized Fe(III) phenoxy
radical was observed, and this species was found to be
a sluggish oxidant, unable to oxidize benzyl alcohols
or cyclohexene, in line with Bryliakov’s report.””)
These results indicated a high stabilization of the
iron(III) oxidation state by the salen ligand, suggest-
ing that higher iron oxidation states are not accessi-
ble. The impossibility to access Fe(IV) or Fe(V) oxi-
dation states was proposed to account for the lack of
high oxidative activity exhibited by salen-Fe com-
plexes. In 2007 Bryliakov and Talsi” found that the
enantiomeric excesses in sulfide oxidations were sen-
sitive to ArlO substituents. In particular the ee in-
creased with the increase of steric hindrance on the
aryl ring. These results implied that the ArlO oxidant
must be coordinated to the oxygen-transferring spe-
cies, and strongly supported its formulation as the
salen-Fe(III)(ArIO)(X) intermediate previously pro-
posed.”™ The fifth ligand on the iron complex (i.e.,
the one frans to the position occupied by the oxidant)
exerted some influence on the catalytic activity, with
neutral strongly coordinating ligands (such as pyridine
or l-methylimidazole) usually giving the best re-
sults.’”! Later, some reports indicated that the oxidiz-
ing intermediate formed with H,O, as the oxidant
might be a high-valent (salen**)Fe(IV)(O)(X) (see
Figure 2),”11%] but conclusive evidence of its assign-
ment has not been yet collected.

Olefin epoxidation catalyzed by salen-Fe(III) com-
plexes is less efficient than sulfide oxidation,”®!%! in
terms of both yields and enantioselectivity.'"” Signifi-
cant competitive peroxide disproportionation leading
to depletion of the oxidant was observed.'® Cyclooc-
tene was converted to the corresponding epoxide,
while in cyclohexene oxidation the main products
were usually found to be the allylic alcohol and
ketone.”%! This selectivity pattern probably points
to a dominant free radical oxidation pathway which
erodes also the ee. When styrene derivatives were
used as substrates, significant amounts of benzalde-
hyde were detected, generated by formal oxidative
C=C bond cleavage, with both a simple salen-Fe cata-
lyst!'®! and an immobilized one.!""”!

Kaizer reported the use of salen-Fe catalysts in the
oxidation of amino acids to ethylene, CO, and
HCN,'™ mimicking the 1-aminocyclopropane-1-car-
boxylic acid (ACCH) oxidase, a non-heme iron
enzyme involved in the biosynthesis of the ethylene
plant hormone. Salen-Fe complexes catalyze the con-
version of a series of cyclic and acyclic amino acids
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Scheme 11. Amino acid oxidation catalyzed by salen-Fe(X)
complexes and H,O,.

into ethylene or a carbonyl compound, NH; or HCN
and CO, by H,0, (see Scheme 11) with a high effi-
ciency (up to 90%). The products formed depended
on the amino acid structure. Other oxidants (mCPBA,
t-BuOOH, PhIO) were also effective.""”! Kinetic stud-
ies showed that the reaction is first order in oxidant
and in catalyst, while a saturation behavior for the
substrate was observed. It was attributed to initial co-
ordination of the amino acid to the iron center.!'*>!1"!
This initial step is followed by an electron transfer—
proton transfer (ET-PT) process from the substrate to
the iron-oxidant adduct, which triggers the subse-
quent rearrangements and fragmentations.'®''"% The
authors proposed a high valent (salen™)Fe(IV)=0 as
the oxidizing species generated by reaction of the
salen-Fe(I1I) complex with H,O,.[1">!1%

Oxidation of non-activated aliphatic C—H bonds
proved very challenging for salen-iron catalysts. Sev-
eral studies reported relatively low conversions in cy-
clohexane oxidation with H,O, or t-BuOOH and se-
lectivity patterns resembling those of Fenton-type re-
actions (roughly equimolar amounts of alcohol and
ketone in cycloalkane oxidation).[5>#410811LI2I A g addi-
tional evidence for such a radical-chain oxidation
mechanism, traces of chlorocyclohexane formed by
oxidative ligand transfer from the (salen)FeCl catalyst
to the substrate have been detected in the product
mixture."""'"?) Non-activated C—H bond oxidation
with H,0O, was demonstrated to require nitric acid as
a co-catalyst. Different mineral or organic acids gave
lower conversions.'""” Electron-donating substituents
in the para-position of the phenol ring exerted a bene-
ficial effect in cyclohexane oxidation (see Figure 3
and Table 1).'"5! A TON as high as 97 was achieved in
the more challenging n-hexane oxidation, but low se-
lectivity has been observed. The related neutral N,
type iron complex [Fe(pyhd)(Cl,)] (see Figure 3) gave
lower yields in cyclohexane oxidation (see Table 1),
indicating the essential role played by the two phen-
oxy moieties to stabilize the complex.

A different strategy is viable and consists in the use
of the oxo-bridged dimer of a salen-Fe(Ill) complex
as the catalyst. In 1980, Tabushi reported that a salen-
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Table 1. Cyclohexane oxidation to cyclohexanol (CyOH),
cyclohexanone (CyO) and Cyclohexyl hydroperoxide
(CyOOH), mediated by iminopyridine iron complexes and
iron salts."

Entry Catalyst Cyclohexane Oxidation TON

CyOH CyO CyOOH

1 [(Brsalhd)Fe(Cl)] 15 4 o 19
2 [(salhd)Fe(Cl)] 15 O — 25
3 [(Mesalhd)Fe(Cl)] 35 10 45
4 [(pyhd)Fe(Cl),] 17 02 -0 17
5 [(gma’)Fe(BusP)|@ 13 2 ] 75

&1 Reaction  conditions:  catalyst:HNO;:H,O,:substrate
1:10:500:100, CH;CN, air, 25°C, 6 h.

[P} CyOOH was detected, but PhyP addition prior to GC
analysis quantitatively reduced it to CyOH.

[l Pyrazinecarboxylic acid was used instead of HNO;.

Fe(III) p-oxo dimer complex was found to perform
preferential secondary over tertiary adamantane C—H
bond oxidation with O, as the oxidant in the presence
of a reducing agent (2-mercaptoethanol)."™ In 2009
Palaniandavar and co-workers!"'? found that a dinu-
lear p-oxo salen,-Fe,(IIT) complex mediated efficient
C—H oxidations with mCPBA as the terminal oxidant
(TONSs in the range 6.5-30). An A/K ratio of 12 was
observed in cyclohexane oxidation, decreasing with
reaction time. These results were consistent with
a metal-based oxidation mechanism, and the authors
proposed a salen-Fe(IV)(O)(p-O)Fe(I1V)(O)-salen to
be the real oxidizing species. On the other hand, the
mononuclear catalyst led to a low A/K ratio (1.7), in-
dicative of a radical process. -Bu substituents were
required in both the ortho- and para-positions of the
phenoxy rings to prevent ligand oxidative degradation
and therefore to display a good catalytic activity.
Other oxidants (H,O, and +-BuOOH) were found to
bind to the iron centers as ascertained by ESI-MS
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and UV-Vis analyses, but not to promote C—H oxida-
tion.

An advantage of the salen-iron complexes is their
high robustness, which allows, for instance, TONs as
high as 500 to be reached in sulfide oxidation. This
feature prompted several studies aimed at immobiliz-
ing these catalysts on solid supports®*!'"*! such as zeo-
lites,">!1! zirconia, alumina’!*® or polymers,'’ fa-
cilitating reaction mixture separations and enabling
the reuse of the catalyst. This strategy also enabled an
increase of the conversions in C—HI*!116017 and C=
C oxidation reactions.'"™?!/ However, some hints of
a radical oxidation mechanism have been reported,
such as preferential allylic oxidation in cyclohexene
or A/K ratios close to 1. A cooperativity effect with
salen-Fe and salen-Cu catalysts was observed.'” The
results obtained with solid-supported catalysts have
been recently reviewed.!”*!"’!

In 2009 a different tetradentate N,S, type iron(I11I)
complex [(gma-)Fe(BusP)] (see Figure 3) was report-
ed to catalyze C—H oxidation with H,0, in the pres-
ence of pyrazinecarboxylic acid.'"” The use of such
an acid as an effective promoter in iron- and manga-
nese-mediated oxidations was already known in the
literature,” and was found to be essential in this
case too. The best results in cyclohexane oxidation
were obtained at 0.01 and 0.1 mol% of catalyst load-
ing, with 10% yield/490 TON and 15% yield/75 TON,
respectively (entry 5 of Table 1). [(gma’)Fe(Bu,P)]
mediated also benzene hydroxylation to phenol, with
a maximum 20% yield/110 TON. Inhibition of the ox-
idation by radical traps and cyclohexyl hydroperoxide
detection definitely suggested a radical chain oxida-
tion mechanism.

3.2 Other Imine-Based Iron Complexes

Schiff base ligands different from salen have been
also investigated in the preparation of iron oxidation
catalysts, and the results obtained in this field are re-
viewed in the present section.

Britovsek carried out a series of systematic structur-
al modifications of non-heme iron complexes in order
to evaluate their impact on the catalytic activity.!'>l
During this investigation also imine-based complexes
were considered. The tridentate iminopyridine com-
plexes [(*BIP)Fe(OTf),] (see Figure 4) were pre-
pared, characterized and tested as oxidation catalysts
in combination with H,O, as the terminal oxidant.['*’)

These catalysts displayed a sluggish catalytic activi-
ty in cyclohexane oxidation, with low H,O, consump-
tion and low A/K ratios, with values close to those of
Fe(OTf), (compare entries 3 and 4 and 2 of Table 2).
Moreover, cyclohexyl hydroperoxide was detected in
the product mixture (albeit only at a 10:1 substra-
te:oxidant ratio), and comparable results were report-
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ed irrespective of the counter ions used (Cl, OTY).
Taken together, these results suggested a free radical-
based oxidation pathway. Since the saturated aminic
analogous (complex [(L1)Fe(OTf),] in Figure 4) gave
also Fenton-type activity (entry 5 of Table 2), the radi-
cal chain oxidation pathway was ascribed to the
shared tridentate structure of such complexes, which
probably disfavors a metal-based mechanism.!"*!
However, similar results were achieved also with a tet-
radentate iminopyridine iron complex [(L2)Fe(OTf),]
(Figure 4),1”"! although it was found to adopt the octa-
hedral coordination mode with a cis-o topology which
typically favors a metal-based oxidation."”” In the
latter case the H,O, consumption is slightly more effi-
cient (10%) (entry 6 of Table 2), but low A/K values
and the cyclohexyl hydroperoxide presence (again
only at higher oxidant:substrate ratios) in the prod-
ucts are indicative of a radical chain oxidation. The

efficiency of oxidant consumption drops dramatically
(2.6%) upon increasing the H,0O, concentration,
making this catalyst not suitable for efficient C—H ox-
idations.

In 2010 Reedijk and Hage investigated the penta-
coordinate iminopyridine iron complex [(L3)Fe(OT-
f)](OTf) reported in Figure 4. The complex was
found to be very oxygen-sensitive: it is rapidly oxi-
dized to the U-0XO0 Fe(III) dimer
[(L3),Fe,(O)(OTf),](OTf),. Both the monomeric
[(L3)Fe(OTf)](OTf) and the p-oxo dimer were tested
as C—H oxidation catalysts. The mononuclear iron(II)
complex gave an A/K value of 4.5 and a 3°/2° ratio of
4.6 (entry 7 of Table 2) in cyclohexane and adaman-
tane oxidation, respectively, while the dimer gave rise
to a more selective oxidant (entry 8 of Table 2). The
A/K ratio was reported to decrease over time, sug-
gesting initial oxidation of cyclohexane to cyclohexa-
nol followed by subsequent overoxidation to ketone.
The p-oxo dimer displayed a lower catalytic activity
(2.9-4.6 TONs to be compared with 4.8-5.7). Increase
of the oxidant/substrate ratio from 1:100 to 1:10 or
higher values led to catalase-like activity (unproduc-
tive H,O, consumption) for both catalysts.

A high interest lies in the search for catalysts able
to efficiently convert cyclohexane into cyclohexanol
and cyclohexanone, which is the bottleneck of the in-
dustrial adipic acid synthetic process. In this context,
Reedijk and co-workers reported in 2007!'"* that the
simple iminopyridine iron coordination complex
dapab'Fe(BF,), (Figure 5) is highly active in cyclohex-
ane oxidation. 1 mol% of such a complex allows the
full oxidation of cyclohexane into a 1:1 ratio of cyclo-
hexanol, cyclohexanone and traces of other by-prod-
ucts by reaction with H,O, for 12 h at 50°C (entry 1
of Table 3). The reaction resulted to be faster under
an argon atmosphere, with full conversion reached
within 7 h. Cyclohexene oxidation gave mainly the al-
lylic alcohol along with the corresponding unsaturated

Table 2. Oxidation of mechanistic probes mediated by iminopyridine iron complexes.®!

Entry Catalyst Cyclohexane!® AdH Ref.
A/K H,0, Conv. [%] CyOOH 3°/2°
1 [(TPA)Fe(OT),] 12 32 ndld 17 [125]
2 Fe(OTY), 1.6 4 dlal 7 [125]
3 [(M*BIP)Fe(OTf) (CH,CN)]OTf 1.0 5.2 ndle! (129]
4 [(*"BIP) Fe(OTf) (CH;CN)]OTf 1.5 4.9 nd® [129]
5 [(L1)Fe (OTY),] 1.3 3.9 ndte! [128]
6 [(L2)Fe (OTf),] 1.3 10 nde [127]
7 [(L3)Fe(OTH)|OTf 45 44 - 46 (1301
8 [(L3),Fe(p-0)](OTY), 7.2 41 - 9.4 [130]

1000 molar equivalents of cyclohexane.
AdH =adamantane. 10 molar equivalents of substrate.
nd =not detected; d=detected.

= EE
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Reaction conditions: catalyst:H,0O,:substrate 1:10:100, CH;CN, air, room temperature.

Not detected with 10 mol. equiv. of H,O,, but detected with 100 mol. equiv
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ketone, while cyclooctene was selectively epoxidized.
Reaction was inhibited by scavengers of HO" radicals
like DMSO and acetone. This evidence, taken togeth-
er with the presence of unidentified by-products in cy-
clohexane oxidation, pointed to an efficient oxidation
mediated by hydroxyl radicals.

One vyear later,™ the same authors reported

a slightly modified version of the previous dapab
ligand, devoid of the two methoxy groups (ligand
dapb in Figure 5) but with lower oxidation performan-
ces. The new ligand led to a decrease in reaction rate
(full conversion reached only in 22 h) and a lower se-
lectivity (see Table 3). These observations were as-
cribed to the lower stability of the dapb ligand, which
was reported to hydrolyze under the reaction condi-
tions.

Unexpectedly, full conversion of cyclohexane to the
oxidation products was achieved also in the presence
of only the Fe(II) salt without any ligand (50°C and
22 h). A series of Fe(II) salts with different counter-
ions was then investigated (Table 3). Fe(ClO,), gave
the highest selectivity. The iron oxidation state did
not affect the reaction (compare entriesS and 6 of
Table 3), while different counter ions (Cl, BF,) in-
creased the amounts of cyclohexyl hydroperoxide and
other unidentified by-products (see Table 3). The
presence of ligand dapb enhanced the selectivity for
cyclohexanol and cyclohexanone formation. The au-
thors suggested that two competing reaction pathways
are operating, a metal-based one and a free-radical
one mediated by hydroxyl radicals. However, the
dominance of the radical chain, unselective oxidation
pathway poses a severe limit on the use of such cata-
lytic systems in synthetically useful C—H oxidations.

In 2010 the Fe(IIl) complex of a tridentate Schiff
base ligand [(mgmp)Fe(CH;OH)(Cl),] (see Figure 5)
was reported to exhibit a good catalytic activity in hy-
drocarbon oxidation.!'"*! This complex was structurally
and spectroscopically characterized. Total conversion
in cyclohexane oxidation by H,0, was reached in 24 h
at 50°C (entry 7 of Table 3), and the reaction per-
formed comparably under argon. Cyclohexyl hydro-
peroxide was detected in the initial stages of the reac-

Table 3. Cyclohexane oxidation mediated by iminopyridine iron complexes and iron salts.!

Entry Catalyst Cyclohexane Oxidation Yields [% ] Reaction Time Cat. Loading TON Ref.
CyOH CyO CyOOH By-products
1 [(dapab)Fe(BF,),] 49 49 0 <1 12h 1% 98 (133]
2 [(dapb)Fe(BF,),] 32 2 6 19 22h 1% 80 (134
3 Fe(BE,), 29 19 34 19 22h 1% 82 (134]
4 [(dapb)Fe(ClO,),] 37 54 P 9 2h 1% 91 [134]
5 Fe(ClO,), 27 60 - 13 22 h 1% 87 (134]
6 Fe(ClO,); 25 55 - 20 22h 1% 80 (134]
7 [(mgmp)Fe(CH,;OH) (Cl),]* 39 51 <10 24 h 1% 90 (133]
8 [(ABHD)Fe(H,0),] 11 15 <1 6h 1% 50 (136]
9 [(Sae)sCo,Fe,(0)]® 29 2 L <1 6h 0.02 1600 137
10 [(L4)Fe(DMF)(CI),]" 37 (A+K) el <5 5h 0.002 900 1138

[l Reaction conditions: catalyst:H,0,:substrate 1:150:100, CH;CN, air, 50°C, 22 h.
] HNO; was added as a promoter (50 molar equivalents with respect to catalyst).
[l Pyrazinecarboxylic acid was added as a promoter (50 molar equivalents with respect to cyclohexane).

[l Reaction was carried out at 25°C.

[l CyOOH was detected, but Ph;P addition prior to GC analysis quantitatively reduced it to CyOH.
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tion, and then gradually disappeared. Hydroxyl radi-
cal scavengers such as DMSO significantly inhibited
the reaction. Cyclohexene oxidation again gave allylic
alcohol and the corresponding ketone, typical prod-
ucts of a free radical oxidation. All these clues
pointed to a free radical oxidation. However, the
authors reported also the detection of an
[(mgmp)Fe(CH;0H)(CI)(O)] species during the ESI-
MS monitoring of the reaction and proposed such
a high-valent iron species to be the oxidizing inter-
mediate. No further study to confirm this assignment
has been carried out. Likely a radical chain autoxida-
tion pathway was competing with a metal-based oxi-
dant.

In 2012 Pombeiro et al.'* described a similar tri-
dentate hydrazone-based ligand ABHD and the cor-
responding Fe(III) complex [(ABHD)Fe(H,0);] (see
Figure 5). This complex is competent for the room
temperature oxidation of a series of cycloalkanes in
combination with H,O, and HNO;. Yields up to 25%
were reported, depending on catalyst and HNO; con-
centration. Radical traps (such as TEMPO or CBrCl;)
inhibited the reaction, suggesting a mechanism involv-
ing freely diffusing carbon- and oxygen-centered radi-
cals.

Very recently a new Schiff base iron complex was
reported to be highly active in C—H oxidation (ligand
L4 in Figure 5)." The complex was assembled in-
situ, and was found to adopt a slightly distorted octa-
hedral structure, with the distal nitrogen of the piper-
azine ring protonated. Very low catalyst loadings
(0.05-0.2 mol% ) are required to display an impressive
catalytic activity in cyclohexane oxidation by H,O,,
with 37% yield and 900 TON (entry 10 of Table 3).
HNO; (in a minimum acid:catalyst ratio of 50:1) is
necessary to achieve these results. According to the
authors, the role of nitric acid is to induce a catalyst
reorganization in combination with H,O,. By-prod-
ucts generated by a radical chain oxidation were de-
tected in a total yield of 1-5% depending on catalyst
concentration. Moreover, a low selectivity for tertiary
over secondary C—H bonds and no stereospecificity in
1,2-cis-dimethylcyclohexane oxidation were reported.
These observations definitely pointed to oxidation
promoted by hydroxyl radicals.

Similar high activity in hydrocarbon oxidation due
to efficient formation of hydroxyl radicals was ob-
served by Pombeiro and Kokozay with a heterometal-
lic [Co(I1T),Fe(III),(Sae)s] imine-based complex, ob-
tained by self-assembly of Co, Fe(Il) and the triden-
tate H,Sae ligand (see Figure 5) in DMF solution.!'*"!
Its solid state structure showed a hexanuclear array
composed of two trinuclear [Co,Fe(Sae),] fragments
linked by a single oxygen atom, while metal oxidation
states were determined by EPR and Mdssbauer anal-
yses. This structure degrades under the reaction con-
ditions with the formation of the active heterometallic
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[Co,Fe(Sae),] species detected by ESI-MS. A surpris-
ingly high activity in C—H bond oxidation using H,O,
as terminal oxidant and HNO; as a promoter was re-
ported, with cyclohexane oxygenated in 31% yield/
1600 TON and 26% yield/3670 TON depending on
catalyst loading. HNO; was again essential, since no
activity was observed in its absence. Mechanistic in-
vestigations pointed to a Fenton-type oxidation pro-
cess, with highly efficient hydroxyl radical generation.
Interestingly, replacement of H,O, with mCPBA led
to stereospecific oxidations. The latter evidence sug-
gested a shift from a free-radical to a metal-based
mechanism.

In 2011 Bauer studied a series of iminopyridine
iron complexes,'*! formed by reaction of Fe(II) tri-
flate with two molar equivalents of bidentate imino-
pyridine ligands (see Figure 6). The imine ligands
prefer a cis coordination mode, but ortho substituents
on the aniline ring enforce a trans coordination. How-
ever dynamic interconversion of the isomers was ob-
served in CH;CN solution. With high H,O,/cyclohex-
ane ratios (100:1 or 10:1) no products were detected,
while a decrease of this ratio to 0.5:1 or 1:1 allowed
the formation of cyclohexanol and cyclohexanone,
albeit with low conversion (H,O, consumption 3-
16%). Low A/K ratios (0.37-0.61) were reported, and
the reaction did not proceed in the presence of a radi-
cal scavenger (2.4,6-tri-fert-butylphenol), indicating
a radical-chain oxidation mechanism. A tendency to-
wards catalyst degradation under the adopted reac-
tion conditions was definitely observed. In a following
study!"*! the same authors found that the main degra-
dation product is the corresponding amide complex.
Similar A/K values (0.19) were reported with ¢-
BuOOH as the oxidant. Interestingly, benzylic C—H
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Table 4. Diphenylmethane oxidation mediated by iminopyri- =
dine iron complexes and iron salts with +BuOOH at room Rl Y
temperature.!

o}
Entr Catalyst Yield (% Ref. h \2\ e
! d (%) _|F Ny CD3CN 25°C | X o\\/ }

| [(L5),Fe(OTH,]" 74 A o Rl AR \e
2 [(L6),Fe(CH;CN),|(BF,),” 41 (138 N J 0
3 [(L7),Fe,(CH;CN),](BF,)," 73 11381 ..

[l Cat:-BuOOH :substrate =3:400:100, Py, 4 h.
I Cat:+-BuOOH :substrate =0.5:800:100, CH,CN, 6 h.

bonds were oxidized to ketones in moderate-to-excel-
lent yields (22-91%, entry1 of Table4) with ¢
BuOOH. Under the latter conditions, the reaction
was not inhibited by radical scavengers. Substitution
on the aniline ring exerted only a minor influence on
reaction rate and almost no differences in yields.
Opverall, the collected data did not allow extraction of
a clear mechanistic picture of the oxidation process
with ~-BuOOH, while oxidation with H,O, is more in
line with a Fenton-type process.

In 2015 Van Leuween, Claver and Britovsek in-
vestigated a binuclear version (see Figure 6) of the
simple iminopyridine complex described by Bauer!'*’]
as a catalyst in benzylic C—H oxidation reactions. This
complex adopted a cis coordination geometry analo-
gous to [(L5),Fe(OTf),]. Moderate to good yields
were reported (see Table 4), and the highest yields
were again obtained with +-BuOOH as the oxidant,
while H,O, and mCPBA performed poorly. Since the
mononuclear complex [(L6),Fe(CH;CN),|(BF,), was
found to have a comparable activity, cooperativity be-
tween the two iron sites of [(L7),Fe,(CH;CN),](BF,),
was excluded. Oxidation of a series of substituted eth-
ylbenzenes proved the electrophilic nature of the oxi-
dant, with electron-rich substrates giving higher con-
versions than the electron-poor ones. No further
mechanistic investigations of the oxidations promoted
by this complexes have been carried out.

In 2013 Kovacs and co-workers!'*! reported a five
coordinated Fe(II) complex, in which the pentaden-
tate iminopyridine ligand displayed an alkoxide arm.
O, addition to this coordinatively unsaturated com-
plex affords a dihydroxo bridged Fe(III) dimer
(Scheme 12), with an Fe,O, core structure resembling
the one found in the MMO active site. The O-atoms
of the hydroxo bridges derive from O,, while the H-
atoms come from the solvent (acetonitrile), as demon-
strated by isotopic labeling studies. Hydrogen atom
abstraction from inert CH;CN suggested the involve-
ment of a highly oxidizing metastable intermediate,
which eventually formed the bis u-OH dimer. The
same dimer was obtained upon treatment of the ini-
tial complex with a different oxidant (namely PhIO).
The final hydroxo bridged complex was able to oxi-
dize the activated C—H bonds of dihydroanthracene.
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PhIO (2 molar equiv.)
CD;CN

/N
\
> ~

Scheme 12. Reaction of the pentadentate iron complex with
O, to afford the p-oxo dimer able to abstract D-atom from
CD;CN.

We recently reported that the simple imine-based
non-heme Fe(II) complex {[(L8),Fe](OTf), depicted
in Scheme 13} catalyzes aliphatic C—H hydroxylation
with high efficiency.'"*?! Its catalytic activity (yields up
to 47% and TON in the range 25-50) is comparable
to that of several more elaborate amine-based com-
plexes, and higher than that of most imine-based
ones. The main advantage offered by [(L8),Fe](OTf),
is its great ease of preparation, since no previous syn-
thetic steps are required. Conveniently, the precursors
of this complex [2-picolyl aldehyde, 2-picolylamine
and Fe(OTf), in a 2:2:1 molar ratio] can be rapidly
and quantitatively assembled in situ just before sub-
strate  and oxidant (H,0,) addition (see
Scheme 13).'*

A thorough mechanistic investigation has been car-
ried out on this iminopyridine iron catalyst.'*! At
first, some of the experiments described in the first
section of this review have been carried out to estab-
lish if the oxidations catalyzed by [(L8),Fe](OTf),]
are metal-based or follow radical chain reactions. Re-
sults of mechanistic probe oxidations are summarized
in Table 5, and they strongly indicate the involvement
of a selective, metal-based oxidant, as demonstrated
by the high retention of configuration in 1,2-cis-dime-
thylcyclohexane oxidation. Remarkably, isotope label-
ing experiments showed that the O-atom incorporated
in the products largely comes from H,0,, suggesting

B\
2 = 7\
<N_i
y SR/

FeOT, + O —» fFen
HoN =N |
= (OTf),
2 N= \ 7/
\ 7/
[(L8),Fel(OT),
R-OH R-H
Scheme 13.
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Table 5. Mechanistic probe oxidation mediated by catalyst
[(L8),Fe(OTf),] and Fe(OTf),/H,0,.1"

Mechanistic Probe Catalyst

column 1 [(L8),Fe](OTL),'*!  Fe(OT),!'™!

A/K 11.5 1.6

KIE 33 n.d.

30/2¢[°] 13

RC 97 27!

CyOOH! no yes

H,0 O-incorporation <1% n.d.

H,O, O-incorporation  80-96% n.d.

1 Reaction conditions: cat:H,0,:AcOH :substrate =
1:10:50:100.

[l 3°/2° =3 x (1—adamantanol)/(2-adamantanol 4 2-adaman-
tanone).

[l Determined with Fe(ClO,),, see ref.l"”

@ Detected with the Shul'pin test.

again a preponderant metal-based mechanism.!"*! Un-
expectedly, no O-atom incorporation from H,O was
observed (<1%). Moreover, acetic acid exerted only
a negligible effect on catalytic activity. These observa-
tions suggested that the supposed high-valent inter-
mediate has no possibility to coordinate both the hy-
droperoxide and a second ligand (water or acetic
acid) which can favor O—O heterolysis, and to under-
go oxo-hydroxo tautomerism. These considerations
implied a mechanism different from the one operating
in the majority of aminopyridine iron complexes with
two cis labile sites.***!

Scheme 14 shows the proposed mechanism of the
initial steps of [(L8),Fe](OTf), catalytic cycle, up to
the formation of a hydroperoxo complex. The initial,
rate-determining oxidation of the Fe(II) complex to

7 N\
H20,
-N ——>
—
Z Z
HO_ @I |
(0] HNZ Na
o \F( ) e ;J_N“*F('")N
N----3Fe---
=1,
N=
N

Scheme 14. Proposed mechanism for the formation of the
hydroperoxo complex intermediate in the C—H oxidation
pathway mediated by [(L8),Fe](OTf),.
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Fe(III) allows the catalytic cycle to start. Subsequent
detachment of a pyridine arm would allow the coordi-
nation and activation of H,O,, generating the oxidiz-
ing species whose exact nature has still to be clarified.
Catalyst evolution was followed by ESI-MS through-
out the oxidation reaction, and no ligand dissociation
or hydrolysis was observed. Catalyst deactivation due
to oxidation of the picolinic ligand to the correspond-
ing amide was observed during the reaction with
a consequent reduction of the catalytic activity.

Also the recent and seminal work by Xiao and co-
workers on the aminal-based ligand L9 depicted in
Scheme 15 can be included in the present survey,
since aminals are very close relatives of imines. Reac-
tion of Fe(Il) with L9 generates a 1:1 tridentate com-
plex which is able to activate molecular oxygen for
hydrocarbon oxidations."””’ The above complex was
found to catalyze the a-oxidation of ethers to lactones
or esters with O, as the terminal oxidant
(Scheme 15a). The catalyst loading was surprisingly
low, and TONs up to 412 were obtained. Interestingly,
the catalyst can be prepared in situ. O, was the exclu-
sive O-source, and H, is generated as the by-product.
The involvement of free diffusing radicals was ruled
out, since cyclopropyl-based radical clocks do not re-
arrange under the reaction conditions. Inhibition of
the reaction by radical traps is probably caused by co-
ordination of the latter to the iron complex and con-
sequent catalyst poisoning (vide supra). The peroxide
intermediate  depicted between parentheses in

R Fe(OTf), (0.02 mol%) R o
E{; L9 (0.02 mol%) 3
(a) R 0, (1 atm) < via -0
>\ G
_ 60 °C 0
n=1,2 16—48 h n=1,2
R3 Fe(OTf)3 (0.77 mol%)
L9 (0.77 mol%) O
(b) RZ 02 (1 atm) | A R2 . ﬁ
,\1%1 DCE XR1 R3
70°C,6h

Scheme 15. Oxidative transformations catalyzed by an Fe-
aminal complex ([(L9)Fe(OTf),(THF)] or [(L9)Fe(OTf);])
and O,.
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Scheme 15a was found to convert into two molecules
of the ester product and H, in the presence of catalyst _ N N «_CF5

[(L9)Fe(OTf),(THF)]. On these bases a catalytic
cycle has been proposed, in which the complex reacts
with O, to form an iron superoxide intermediate coor-
dinating substrate molecules. Such an intermediate
would evolve into the peroxide (Scheme 15a) and an
iron dihydride species which in turn releases H, and
regenerates the catalyst (Scheme 16).

Hy 2 RS
0™R 0,
L9Fe(™
Rl\o
LoFe™) H .
g0 Loret >~o-R
H R
<\T L9Fell0-0'
©H
R o]
Ha_ R o
3o R
Je)
L9FeV) l
o H ;
o :
H?’ ‘R' )\O—R O’
R' L9Fe('l'> R
Lo ®
R O OR™ LoFe®
*\ L9Fe(_l|—| 4/(
R\
R o’OYO‘R'
R

Scheme 16. Mechanism of ether oxidation by complex
L9Fe(11)."")

Very recently, the Fe(Ill) complex of the same
ligand L9, [(L9)Fe(OTf);], was described as an effi-
cient catalyst for the oxidative cleavage of C=C bonds
with O,."* This attractive transformation is clean and
operationally simple, and was reported to furnish the
aldehyde or ketone products in high yield (60-96%)
from substituted styrenes (Scheme 15b). Again, the
reaction does not involve free diffusing radicals (vide
supra), but is inhibited by radical traps, which poison
the catalyst. Neither a reactive singlet O, is generated
in situ, nor do carbocation intermediates appear along
reaction pathways. A catalytic cycle has been pro-
posed, with initial coordination of the olefin to the
iron center followed by formation of an Fe-superox-
ide intermediate. The peroxide would insert into the
olefin forming a five-coordinated metallacycle, which
collapses into a dioxetane and releases the catalyst.
Dioxetanes are known to eventually rearrange in the
reaction products (Scheme 15b).)
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OH HO

p Hog
5 )

Scheme 17. Ligands employed by Louloudi and co-workers.

L11

A pentadentate imine-based ligand (L10 in
Scheme 17) was used by Louloudi and co-workers in
the preparation of Fe(III) catalysts for oxidation reac-
tions.'**1%l Both H,0, and +-BuOOH were effective
as terminal oxidants. The related (L11)FeCl complex
was found to be more reactive (shorter reaction
times) but more prone to oxidative degradation. Ace-
tonitrile solvent gave the highest activity, while less
polar solvents decreased conversion. (L10)FeCl and
(L11)FeCl catalyzed the conversion of cyclohexene
into a mixture of cyclohexenol, cyclohexenone (main
products) and cyclohexene epoxide with high efficien-
cy (88% conversion). Styrene was converted to the
corresponding epoxide and benzaldehyde, and cyclo-
hexane was oxidized into a mixture of alcohol and
ketone (A/K=1.75). The reactions were carried out
under an argon purge, since the presence of atmos-
pheric O, deeply influenced the oxidation outcomes.
These results pointed to a radical-based oxidation
mechanism. Such a mechanistic pathway was further
confirmed by the detection of cyclohexene-OO-t-Bu
adducts in trace amounts when -BuOOH is used as
the oxidant!"™™! and inhibition of the oxidation by radi-
cal traps for carbon- (CBrCl;) and oxygen-centered
radicals (Ph,NH, DMPO).["" The latter radicals (HO"
and the oxyl radical of cyclohexenol) were trapped as
DMPO adducts (vide supra) and identified by EPR,
following the method described by Beller.*?! Reaction
of the complexes with H,O, was studied by UV-Vis
and EPR spectroscopy and the formation of
(L10)FeOOH and (L11)FeOOH intermediates was
proposed. Such low-spin intermediates have been
found to slowly build up and then decay in the pres-
ence of the substrates.™ On these bases, the authors
proposed that the Fe(IIl) hydroperoxide undergoes
O—O homolysis, generating HO* and LFe(IV)=0,
which in turn initiate the oxidation process. Immobili-
zation of the complexes on SiO, did not alter signifi-
cantly the catalytic activity and selectivity, indicating
that the same oxidation mechanism should be operat-
ing in both systems. However, immobilization of the
catalysts increased their resistance towards oxidative
degradation and allowed an efficient recycle (up to
five times with comparable results).

Attempts aimed at immobilizing imine-based iron
complexes on solid supports have been also carried
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out.'>151 The easy synthetic procedures for imine-
based ligands makes the corresponding complexes
preparation extremely suitable for their grafting on
solid supports. This topic has been recently re-
viewed.!""”! Preference for allylic oxidation over epoxi-
dation of cyclohexene,'*® or A/K ratios close to 11%7)
have been reported in oxidations mediated by such
immobilized catalysts, suggesting a free radical oxida-
tion mechanism.

Sulfur oxidation promoted by imine-based iron
complexes has been also investigated with the main
aim of achieving an enantioselective transformation.
The first report by Bolm and co-workers employed
a simple salicyl aldehyde-chiral amino alcohol triden-
tate imine ligand. The complex was directly assem-
bled in the reaction vessel (see Scheme 18).013%

&

OH
L12
Fe(acac), 2mol% .
s L12 4mol% st/
| XN H,0, 1.2 equiv. | AR
R/ Z CH4CN /P
rt, 16 h R

Scheme 18. Bolm’s catalytic system for enantioselective sul-
foxidation.

Aromatic sulfides were converted to the corre-
sponding sulfoxides with moderate yields (21-44%)
and good enantioselectivities (25-90% ee). Addition
of benzoic acid (1 mol%) exerted a highly beneficial
effect on both yields and enantioselectivity of the
transformation (36-78% yields and 44-96% ee).l>’]
By changing the electronic properties of the carboxyl-
ic acid additive it was found that the electron-rich
para-methoxybenzoic acid gave the best results.">
Further investigations indicated that the active species
would be probably coordinated by two chiral ligand
units, and that the chirality is directly transferred
from such species to the substrates.!'®) This catalytic
system was later applied to the synthesis of several
enantioenriched sulfoxides with relevant biological or
pharmacological properties.!"”!

A related in situ generated catalyst was recently
used in enantioselective sulfoxidations with H,O, (see
Scheme 19), with good yields (up to 86%) and ee (75—
96% ). The ligand loading could be slightly lowered
(3 mol%) with respect to Bolm’s system (4 mol%).
Again, the addition of para-methoxybenzoic acid was
found to exert a beneficial effect on the enantioselec-
tivity of the transformation.
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S

OH HO
L13

Fe(acac); 2 mol%

L13 3 mol% o. )
s H,0, 1.5 equiv. \\S/
I X7 °N  p-MeOCgH,CO,H oS
—_—
/P CH3CN or CHoCl,  YAF
R rt,12h R

Scheme 19. Catalytic system used in enantioselective sulfide
oxidation.

Goldberg investigated imine-based iron complexes
as synthetic models of cysteine dioxygenases
(CDO).I'I This enzyme catalyzes cysteine side chain
oxidation to sulfinic acid (RSO,”) with O,, and the
iron ion in the active site is coordinated by three histi-
dine residues. Tridentate imine Nj ligand (*'BIP) ef-
fectively replicates the Fe(Il) coordination mode in
the enzyme (Scheme 20), and the steric hindrance of
the isopropyl groups prevents the formation of O-
and S-bridged dimers. A thiolate additional ligand
lowers the redox potential of the iron complex, ena-
bling reaction with O,, and provides the sulfur which
is oxidized. Complex [(LN;S)Fe(OTf)], was indeed
found to be highly reactive with atmospheric oxygen,
forming the sulfonic acid in 60% yield (see
Scheme 20a).""! LDI-MS monitoring of the reaction
enabled detection of the intermediate sulfenate-iron
complex, which is the product of the enzyme-cata-
lyzed reaction, but it was not possible to stop the re-
action at this stage. Isotopic analyses indicated that
the oxygen atoms inserted on the sulfur center come
from atmospheric O,, demonstrating the dioxygenase-
type activity of the complex. Iron was essential for
the observed reactivity, as the redox inactive Zn**
complex does not react with O,. The mechanism of
O, activation was also computationally investigated.
The calculations supported an intermediate iron-su-
peroxo complex which undergoes sequential O—O
bond cleavage and O-insertion into the Fe—S
bond.'! The ligand may play a non-innocent role in
this process, providing the electron required for the
superoxide anion formation. Indeed, the one-electron
reduced complex was isolated and characterized.!'®"!
Methylation of the thiolate moiety to the methyl sul-
fide led to the formation of sulfoxide and sulfone in
lieu of sulfonic acid.''*! Substitution of triflate counter
anion with different pyridines impacted the reactivity
only modestly.'®! Later, in 2011,!'”) the authors dem-
onstrated that the oxidation does not require the thio-
late to be covalently anchored on the ligand.
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Scheme 20. Ligand-based S oxidation and Fe oxidation by O,.

Complexes [(*"BIP)Fe(SPh)(Cl)] and
[(*"BIP)Fe(SPh)(OTf)] with the thiolate now bound
as an additional ligand on the iron ion (see
Scheme 20), rapidly reacted with O,. However, they
yielded different oxidation products. The chloro com-
plex gave Fe-oxidation, with the formation of the di-
sulfide and an [(*'BIP)Fe(IV)(O)(Cl)] intermediate
(I, see Scheme 20b, bottom). Intermediate I was char-
acterized by mass spectrometry/isotopic substitution
analysis. This species was able to readily transfer its
O-atom to Ph;P generating Ph;PO, and to exchange
the oxygen with water. A similar pentadentate NS,
ligand has been previously employed by Nam to gen-
erate and characterize an Fe(IV)=0O intermediate,
able to analogously transfer its O-atom.'®! Interest-
ingly, the typical absorption band at ca. 800 nm of the
Fe(IV)=0O unit is shifted at lower wavelengths with
imine-based ligand platforms (660-690 nm).'") On
the other hand, the triflate-complex gave S oxidation,
with the formation of the expected PhSO;H
(Scheme 20b, top). The difference in reactivity be-
tween the two complexes was ascribed to the differ-
ence in coordination modes. [(*'BIP)Fe(SPh)(Cl)] dis-
played the thiolate ligand frans to the available site
for O, binding and activation. Thus, the PhS™ ligand
cannot interact with the Fe-oxygen moiety. Instead, in
the triflate complex, the thiolate ligand is positioned
on the N; BIP plane, in a cis position with respect to
the available site, and engages in S oxidation.

Even previously, in 2006, Kovacs reported the only
iron-sulfenate model complex structurally character-
ized so far.'""” The initial [Fe(IIT)(ADIT),]* is a low-
spin octahedral complex in which the iron is coordi-
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nated by two tridentate N,S ligands, each with a thio-
late, an imino and an amino donor (see Scheme 21).
Reaction with an oxaziridine yielded the S oxidized
iron-sulfenate complex. The oxygen atom of
[Fe(IIT)(ADIT)(ADIT-O)]* could be abstracted by
triethylphosphine with formation of Et;P=0. In addi-
tion, the sulfenate oxygen atom could be reversibly
protonated or coordinated by a Lewis acid (namely

ZnCl,).
(\ >\l/ tBu., N .SO,Ph (\
e(III F iy ‘O
[Fe(lll)(ADIT),]* [Fe(lll)(ADIT)(ADIT-O)J*

Scheme 21. Oxidation of Fe(III)(ADIT), to the sulfenate
complex.

4 Conclusions

In conclusion, we have reviewed the results obtained
with several imine-based iron complexes as oxidation
catalysts. In order to present the topic more clearly,
an initial survey on the most used mechanistic tools
to distinguish a metal-based oxidation from a radical
chain process is presented. Results obtained with
salen-Fe and other imine-based iron complexes show
a vast array of different catalytic performances in oxi-
dation reactions, ranging from negligible to quantita-
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tive conversion of the substrate. Promising results
have been achieved in sulfur oxidation reactions and
in O, activation. However, although thorough mecha-
nistic studies and specific tests have been carried out
only in few cases, a consistent part of the catalysts de-
scribed herein seem to work through a free-radical
based oxidation mechanism. For a few complexes,
such a Fenton-type catalytic activity was found to be
due to ligand degradation and consequent release of
the free iron ion in solution. Simple iron salts were
indeed found to be effective oxidation catalysts by
themselves, but they probably generate oxygen cen-
tered radicals which initiate a non-selective radical
chain oxidation process. In other cases the presence
of more than two labile sites on the iron coordination
sphere was proposed to be responsible for such a radi-
cal-like oxidation.

However, some of the reported imine-based com-
plexes have the potential to be efficiently used in oxi-
dation catalysis, in particular those featuring high sta-
bility under oxidative reaction conditions. When che-
lating ligands are employed, strong iron complexes
are obtained and degradation by hydrolysis is mini-
mized. Such complexes have been found to support
high iron oxidation states, and to enable chirality
transfer to substrates. A tendency to be oxidatively
degraded to the corresponding amides, which usually
form less active oxidation catalysts, is often observed.
A very significant advantage offered by imine-based
iron catalysts is the chance to in situ assemble even
elaborate structures from simple starting materials. In
this respect, simply self-assembled imine-based iron
complexes have been recently reported to catalyze
stereospecific C—H and S oxidation with performan-
ces comparable to those of several aminopyridine cat-
alysts. For the above reasons, we believe that imine-
based ligands can be competitively used in the design
of oxidation catalysts.
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