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Abstract

The activation and use of oxygen for the oxidation and functionalization of organic substrates
is among the most important reactions in a chémisblbox. Nevertheless, despite the vast
literature on catalytic oxidation, the phenomenon of autoxidation, an ever-present background
reaction that occurs in virtually every oxidation process, is often neglected. In contrast,
autoxidation can affect the selectivity a desired product, to those dictated by pure free-
radical chain pathways, thus affecting the activity of any catalyst used to carry out axreactio
This critical review compares catalytic oxidation routes by transition metals versus
autoxidation, particularly focusing on the industrial context, where highly selective and
“greer’ processes are needed. Furthermore, the application of useful tests to discriminate
between different oxygen activation routes, especially in the area of hydrocarbon oxidation
with the aim of an enhanced catalyst design, is described and discussed. In fact, one of the
major targets of selective oxidation is the use of molecular oxygen as ultimate oxidant,
combined with the development of catalysts capable to perform the catalytic cycle in a real
energy and cost effective manner arlarge scale. To achieve this goal, insights from
metallo-proteins that could find application in some areas of industrial catalysis are
presented, as well as considering the physicochemical principles that are at the fundament of

oxidation and autoxidation processes.



1. Introduction

The impact of oxidation processes on everyday life is ubiquitous. Products like alcohols,
ketones and anhydrides are obtained by partial oxidation of hydrocarbons such as butane,
propené, o-xylene® cyclohexané, which in turn can be transformed into a wide range of
commodities like drug precursors, plasticisers, paint additives. These oxidations are currently
carried out using a range of catalysts comprising metals such as: vanadilgidenunf,
antimony! silve or coppet in the form of metal complexes, metal oxides or metal
phosphate$>*? as well as metal nanoparticles, particularly for Pd, Pt antfRuHowever,

while in recent yearg has often been possible to obtain catalysts with enhanced conyersion
on contrary control of the selectivity, i.e. which of a set of several possible products is the
major one, is still elusive and a significant amount of research is nowadays devoted to
achieve this gdd®*®

The reasons for the lack of catalyst selectivity can be various and they comprise the presence
%1’-23

of radical pathway$"*including autoxidation process&€° Further factors may include the

location of the active site in a region of the catalyst that does not allow shape selectivity

12"%0r lack of single site isolatioff. These aspects are not trivial. Oxidation processes

contro
represent one of the key routes for functionalization of organic moleculess kol of
selectivity means that only a fraction of the reagents introduced into the system is converted
to desired products, with clear economic damage. In view of this, the development of new
catalysts, especially heterogeneous, capable of promoting selective oxidation reactions is an
area of strategic industrial importance. In particular, there is a strong demand for: (i) catalysts
capable of energy and cost effective processes with increased selectivity, and (ii) oxidation

routes using air or molecular oxygen as the ultimate oxidght.

At present, a common route to drive selective oxidation by transition netalsnodify the
oxidation state of the catalytically active metal ceftrd8.However, the diradical nature of
molecular oxygen means that it can also react with organic substrates via autoxidation
pathways®3’ As these are not driven by catalysts, autoxidation reactions are difficult to
study unambiguously. In addition, when metal oxides, rather than metal complexes or
nanoparticles, are used to carry out selective oxidafidtthe reaction is further complicated

by the need to identify which oxygen species is responsible for the reaction. That is whether
it originates from the oxidising environment or from the metal oxide, and in the latter case in

which form. Several activated oxygen species can be present over metal oxides such as: O
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(adsorbed or peroxide group), *O(oxide arion) O,* (peroxide anion), and O
(superoxidef®* each of them with its own reactivity, but with a final effect often remaining
unclear. Moreover, if the catalysts consist of metal nanopatrticles, both activity and selectivity
can also be affected by factors like: particle &izenetal-support interactiorf§, and

nanoalloy formatiorf>*°

However, despite the very vast literature on metals, metal oxides and metal nanoférticles,
9 collateral oxygen activation routes like autoxidation, or mechanistic tests to identify the
active oxygen species during a reaction are often neglected, together with the comparison
with metallo-proteins that could be relevant for oxidation reactions. This prompted us to
considera perspective focused on oxygen activation - especially in industrial context - with
the aim to provide insights for: (i) source and nature of reactive oxygen species in the
reaction media,iij effects and consequences of the presence of free-radical intermediates on
the product selectivity and (iii) biologically relevant examples of oxidation as a source of
inspiration in the pursuit of highly selective catalytic processes. This is done by considering
the physicochemical requirements of oxygen activation and the metal centre, the dynamics of

reactant diffusion - especially in liquid phase - as well as reactor design requirements.

2. Reactivity of oxygen

The first aspect that needs to be considered to justify the need of a catalyst, astheell as
existence of autoxidation pathways, is the physicochemical nature of oxygen. Molecular
oxygen in the ground state is a diradical species presenting two unpaired electrons in the
same spin and therefore has a triplet spin state (spectroscopic 32%?)7'?? This has
implications of central importance for oxidation reactions of organic substrates, either those
involving oxygen insertion into a hydrocarbon skeleton or oxidative dehydrogenation by
oxygen species. In fact, organic substrates (hydrocarbons, alcohols, ketons and acids) in the
ground state all hava closed shell electronic structures, and therefore are in a singlet state.
However, chemical reactions involving reactants present in singlet and triplet states to yield
products that are present in singlet state oady,forbidden by Wigner’s spin selection

rule3** To clarify this important aspect, that will be used also in further sectionss let u



consider the generic oxidation of a hydrocarbon, for example an alkane (R-H) byaheans

ground state oxygen,zézg') to generate a ketone (K=0) and water (eq.1, and Table 1).
R-H + O(°2q) — K=0 + H,0 (eq. 1)

Table 1. Spin states for the reaction of a hydrocarbon R-H with greteteltriplet oxygen Q(329'), to generate

a ketone (K=0) and water. For the reaction to occur, i.e. to preserve ithehgptransition state has to be a
combination of the spins of the reactants and the products. Thatafgtbraic sum of the spins of the reactants
has to have at least one term in common with the algebraic sum ofithef ¢he products. As in this case

Skeactants= 1 and $,oqucts= O the only combination is4 0, and therefore the reaction is forbidden by spin.

Reactants Transdtion state Products
R-H + 02(3zq') R-H--O," K=0 + H,0O
Spin Seu=0 Sp=1 Requires: S<=0=0 $:0=0
| Skt Sool = | K=0% Sieol
Multiplicity ~ of 1 3 1 1
spin2S+1
Spin state Singlet  Triplet Singlet  Singlet

Because of the spin selection rules, the transition state-J8;F must have a total spinSs.

H0z; Obtained either from an algefiracombination of &4 and So, (reagents), or from
Sk=0 and $i20 (products) with at least a sum in common. Angular momenta sum vectorially,
and for the reaction above the spins of the reactantssgye $and %, = 0, which combine

to give a total spin of @actants= 1. Whereas the two singlet producie&~= 0 S0 =0 can

sum only to Brogucts= 0. AS Reactants* Sproductsthe reaction is forbidden by spin.

In essence, this means tleatatalyst is needed to carry out oxidation reactions and oxygen
activation, i.e. to change the multiplicity of spin of oxygen, and allow the reaction ta occur
Though spin selection rules are rarely perceived as a potential reason for low catalyst
reactivity, a metal needs to have the right spin to bind and activate oxygen. This also justifies
the well-known fact that, while the oxidation of organic substrates by ground state molecular
oxygen Q(Szg') is a highly exergonic process, kineticallyis very slow in absence of
catalysts® Nevertheless, it should be stressed that triplet oxygen has a crucial role in
autoxidation reaction$as well as combustion processgéjide infra) as this may lead to an

array of products both unselective in terms of branching or oxidation States.

On the other hand, molecular ground state oxygen has also two accessible singlet states at

higher enegy, (Fig. 1) for which the reaction with organic substrates in singlet stauél



be, in principle, allowed by spin selection rules. In these singlet states all of the electrons are
paired, but present in different orbitals:n 2p, andn 2p, (state:'Z4"), or in the same 2p,

or m 2p, orbital (statelAg). Ox('Z4") and Q(*Ag) have energies that are 156.9 kJ Tahd

94.14 kJ mol above the ground state(@zy) respectively”’

o*x o ¥x o*x
¥y + + *2 ¥y + _l_ T*; Tl',*y_H. — %
% ( a o > ( o P ) ( o )
Ty Tz Ty Tz jf Ty Tz j
A R 4
Ox Ox Ox
o*s o*s o*s
i / t _H_

Fig. 1. Electron configuration for: (a) ground state oxyge,m?’xlg'), (b) singlet excited state with spin paired

with one electron in each of the twoorbitals Q(129+), and €) singlet state oxygen with two electrons in one

T orbital Q(lAg). The latter is the speciasually referred as ‘singlet” oxygen.

The state qlAg) is usually referred as singlet oxygen in oxidation reactions and can be
obtained by electronic energy transfer from photo-excited sensitfz8tsowever, while it
finds applications in some elegant organic synthesis like cycloaddition reactions of
furans®®®it is unsuitable for large scale industrial applications. This because it is extremely
reactive and in turn lacks of selectivity, though the formation of'AQ) in TiO,
photocatalytic systerfiScould open up new applications in the area of photodegradation of

organic compound®

3. Catalytic oxygen activation routes
3.1 Oxygen activation by a metal

In view of all these factors, alternative routes for the activation of oxygen capible o
changing its spin state, as well as controlling the reactivity of the resulting activaggehoxy

species, are used. The most common, and exploited way to overcome spin selection rules, is
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the activation of paramagnetic ground state oxygen by means of another paramagnetic centre.
In most cases this is a transition mevhlat an appropriate oxidation stat€*°> The M’
centre donates one electron to a triplet state oxygen to generate oxygen supesfoXate O

0) with the formation of a neutral superoxo metal complex, (eff. 2).
M"+.0-O - M™1-00- (eq. 2)

Because of the spin selection rules, appropriate oxidation states for the metal are those in
which the starting metal centre"Né paramagnetic, i.e. contains unpaired electrons, allowing
reactions with q32g'). For transition metals, among the most common elements used in
catalysis areFe*%", Cif*, Mo*"°*, Co*%*, Nit*?*%" and Mif****"%” Once the superoxide
radical(M™*-0,") is formed,an array of metal-oxygen species can be obtaffiéuluding:

metal peroxo monomer (M*-0,%), and metal peroxide dimer species"{MO,>—M""?),

also known as)-peroxo and p-peroxo complexes respectively (Scheme 1). These cases are
frequent when metals like Mo or V are used for the catalysed oxidation of alkanes in presence
g?,?O

of oxygen donor§?"®as well as the epoxidation of alkenes by Cr, Mo anff Whe peroxo

n+4_

species can further evolve to a single dioxo-m¢hal
(M™?=0) centres (Schemd.?

O,) centre or two oxo-metal

""‘2/0 n+4
~
n+1 — (o]
M—O—O0 —
Mn n+1 n+1 n+2
> M—O—0—M —  » 2 M=—O

Scheme 1. After the initial formation of a metal superoxo speddS**-0,"), this can evolve to a single metal
dioxo species (M*=0,) or to two metal oxo specie®1"™?=0) via n-superoxo andi-peroxo complexes
respectively. Each intermediate however, can be an active complex foridatiax reaction, without

necessarily undergoing the last step.

Whether the oxygen addition to the metal evolves to a single dioxo species or to two oxo
units, the final point of each route (Schenjeslthe donation of four electrons to molecular
oxygen, in a process known as metal centred oxygen transfer réddiiooute that can take
place for metals like: Ti, V, Cr, Mn, Ir, Nb, Ta, Mo, W, Ru and "S.In view of this,



ground state oxygen activation routes could be summarised in terms of electron count
(Scheme 2).

singlet 4

oxygen O

triplet

oxygen 30 — 0 ——— 0, —— > 207

superoxide peroxide oxide

atomic
oxygen

Y

O+0

Scheme 2. Molecular oxygen activation routes in terms of electron count. Ground spé&t tixygen can be
activated bya sequential electron transfer in a sequence that evolves as: triplet oxyggnoxale, peroxide and

oxide species. Activation can also occur without electron transfer by meansgtEft oxygen formation by

irradiation and inter system crossing, or dissociation of molecular oxgggtomic oxygen.

However, n-peroxo species can also be reactive species themselves, without the need to
evolve to oxo-metal species. For exampléghe Sharpless mechanism for the epoxidation of
alkenes'® one of the oxygen atoms of the original molecular oxygen ends up in the oxidation

product, whereas the other oxygen atom forms a single oxo-metal species {Fig. 2).
(o}
T\ |

o) R, R, o
T\ ”/T . >:< LA \(L
o o H H Ri |

L4 L >:<

R2

Fig. 2. Epoxidation reaction of alkenes via Sharpless mechanism. A molybdgeuoxo complex like
MoO(O,)L4L,, where Ly is hexamethylphosphoramide (HMPA) angdit H,O is usedA n-peroxo reagent is
responsible for the epoxidation reaction of the alkene by transfemiagwygen atom to the substrate and

simultaneous formation of a oxo-metal spe¢fegure adapted from Re76).

Among these metal-oxygen species, metal superoxo compleRés- O,™) and metal oxo
speciegM™?=0) are possibly those for which most of the research interest and studies are
focussed. For instance, metal-superoxo species have attracted much attention recently for fine
chemical applications, especially because of the existerfed"e§uperoxo or Clrsuperoxo

intermediates that are believed to play key roles in oxygenation reactions by non-heme iron



enzymes? Remarkably these superoxo complexes are able to carry out oxidation of
industrially relevant substrates like cyclohexene and cyclooctene under mild conditions to

give allylic oxidation products (Fig. 3).

+

0 .. e,H
(TMC)Fe" 2, (TMC)Fe'-00"—_ » (TMC)Fe'"-O0H

(TMc)FeIH_OOH ﬁ» (TMC)Fe'V:O

Fig. 3. Oxygen activation by (TMCJ€' complex and superoxide (TM@Eg€'(O,) formation. The resulting
metal hydroperoxide species, (TME®'-OOH, is active in the hydroxylation reaction of cyclohexene to
cyclohexenol. TMC 4 ,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetrade(fésere adapted from Re?8).

Oxo-metal species (M=0) instead, should be considered as a special case, and particularly for
gas phase reactions involving catalysts based on metal oxides that present high oxygen lattice
mobility. In fact, in this case the oxo-metal species is not the final stage of a catalytic process,
(like in Fig. 2 or Fig. 3 but it can rather be the catalytically active species, in a scheme
known as Mars and van Krevelen mechani&ocusing on the oxidation of a hydrocarbon,

the Mars and van Krevelen mechanism consists of two stages. The first step involvés the C-
bond activation of the hydrocarbon by electron and proton transfer from the hydrocarbon to
the metal oxide. The metal is part of a surface metal oxide layer, indiadlyidation state
M"™(O%). Lattice oxygen transfer takes place and as€cts with the hydrocarbon, in a set

of equilibria also involving Oand G, this leaves an oxygen vacancy and a reduced metal in

oxidation state Ni™V*

(Fig. 4 The second step is the re-oxidation of the catalyst by molecular
oxygen present in the reaction atmosphere. fihisserts G to the metal oxide lattice, and

is often coupled with formation of wat&t.



0 5 0=

RH(O)
O,
RH N / T \ 5
0,255 0,

|4

M(n—1)+£¢_-1-j Mn+ O2— Mn+ 02— Mn+ 02—
02 \02_ 02 02

S
M+ O2- M(n-1)+i_“j M+ Q2 Mr+ O

Fig. 4. Mars and van Krevelen mechanism. Lattice oxygénftom a metal oxide is the active species in the
oxidation of a hydrocarbon RH to a generic oxidation product RH(O). Duhiegprocess the lattice metal
centre is reduced from Mto M™?*. The metal ise-oxidised at the end of the cycle by Present in the
reaction atmosphere..@rm gas phase is re-inserted into the lattice by means of eguilibplving O, and

0.

This reaction scheme occurs in many catalysed oxidations of hydrocarbons by metal oxides,
such as: (i) propene oxidation to acrolein by molybdenum and bismuth Bx{desotal
oxidation of volatile organic compounds like benzene and hexane by cerium Gxiutes,

(iii) oxidative dehydrogenation by vanadium oxid&sThis mechanism is quite important

both in industrial applications and for fundamental studies. In fact, due to the transfer of
lattice components from the metal oxide to the products, this also leads to correlations
between the catalytic activity and thermodynamic parameters characterizing the l&tice, li
the metal-oxygen bond strendthinterestingly, despite the fact that this mechanism is
exclusively regarded to take place for gas/solid reactions, convincing evidende cirat

also operate for liquid/solid reactions has been found when phosphovanadomolybdates
(HsPV2M010040) are used for G4 activation of anthracene and xanthene in the liquid
phase®

From the mechanistic and classification point of view, oxygen activation routdeddato

the formation of metal oxo and dioxo speci8sheme 1) are usually clasbsas heterolytic
oxygen activatioi®®’ That is a two electron process in a reaction pathwhgre ionic
species may be present, but not free-radical species. Conversely, homolytic oxygen activation
routes, mediated by trattion metal ions are also possible, and in this case they are one
electron process This difference is crucial because in this case free-radicals that can initiate
uncontrollable, i.e. unselective chain reactions, are created. This is a frequent case in the

decomposition of peroxide sped®sand autoxidation process&sStrictly speaking @
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iron(lll)-superoxide like the one reported in Fig. 3 is also capable of initiating freedfradica
chain reactions. This route is favoured because the active species, metal superoxide
(M™-0,") is a radical itself and can be reactive without evolution to oxo-metal species.
This is important, because free-radical autoxidation is a largely indiscriminate process that
can give high selectivities only with molecules containing one reactive position and that give
a stable product, e.g. the oxidation of toluene to benzoic’a8imhce the prevalence of one
mechanism (heterolytic or homolytic) over the other has consequences for the selectivity of
an oxidation process, and hence its industrial applicability, these two different activation
routes will be described in detail (sections 3.2 t9.4.3

For completeness it should be said that transition metals can also activate oxygen by means
of a quantum mechanical mechanism known as spin-orbit coupling (30®)s generates

an effect known as spin-inversion, (i.e. a flip in the spin state of an electron from up to down
or vice versa), especially when the metal is heavy and possesses a set of excited states with
unpaired electrons close in energy to the ground ¥tatke combination of these factors,

may allow ‘spin forbidden reactions’®® where the reactants and the products of a given
transition state have different spin-states and therefore would formally be forbidden. The
reaction can takelace by the ‘hopping’ of the transition state between energy surfaces at

different multiplicity by virtue of the spin inversion. One of the most notable examples of
these exceptions to the spin selection rules is the oxidation of methane to methanol by FeO
centres’* This unconventional oxygen activation mechanism will not be at the centre of this
review, though it is important to mention it, to highlight the richness of activation oxygen

routes that transition metals can achieve.

3.2 Heterolytic oxygen activation mechanisms

The distinct feature of heterolytic oxygen activation is to be a process that proceeds without
free-radicals as intermediates. In this mechanism the organic substrate is oxidised in a two
electron process by a metal centre in high oxidation state, &§tdvlead to an oxidised
substrate and a reduced metal centre in oxidation stat&Hi4 reduced form of the metal is

then re-oxidised to M*™ by means of an electron transfer medidlahat can be another
metal, or ideally oxygen (like in the Mars and van Krevelen mechanism). One of the most

notable examples of this route, that highlights the oxidation/reduction cycle of the metal, as
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well as the role of the electron transfer mediator, is the Wacker process for the oxidation of
alkenes to aldehyd@8The system uses Pd@sthe active catakt Pd' oxidisesanalkene to
analdehyde and it is reduced to®PHowever, as Pds notoriously difficult to be re-oxidise
by molecular oxygen to Pdthe re-oxidation is achieved by means of d/Cu couple
(Scheme B

H20

H,C=—CH, XPdX X
H3C‘<
Scheme 3. Wacker process for the oxidation of ethylene to acetaldehyde. Two sonfpleetals are used:

Pd/Pd', which is the real substrate oxidation metal, and@t} as electron transfer mediator. The latter is
needed to re-oxidise Ptb Pd' (scheme adapted from Re&¥6).

1/2 0,

In this scheme R, is the substrate selective redox catalyst, whil€lgis the electron
transfer mediator. A remarkable exception to a scheme like this was identified for a water-
soluble palladium(ll)-bathophenanthroline complex, for the oxidation of alcohols, which
could be easily re-oxidised by molecular oxydé@onsequently, this reactionegnot make

use of an additional metal to restore the active palladium species (Scheme 4).

CH,
<NPd Pd” HO‘(
% R
A
/ \ <N\Pd” R
“oH
8-
05 O,
<N\Pd0 HB
4
N CHs;
N
/Pd” R
N\
CHs N OH
o— '+ 1o
R

Scheme 4. Selective alcohol oxidation by means of palladium(ll)-bathophenanthroline compieter. Unlike

the Wacker process no additional metal as electron transfer mediator is rnéagedter, the catalyst needs to
be assisted by a base)(B order to carry out proton transfer and complete the catalytic (sptieme adapted

from Ref.97).
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The use of water as a solvent and air as the oxidant makes this reaction interesting from both
economic and environmental points of view. However, it should be stressed thah such
scheme requires the use of a base to promote proton transfer and therefore complete the
catalytic cycle. These examples highlight the challenges, yet to be resolved, to identify a
catalyst comprising a single metal (or a combination of metal-oxygerespeit is capable

to complete the catalytic oxidation cycle in all its entirety without the need of a second metal,

a base, or a reducing agent (vide ipfra

The latter is important, as the heterolytic mechanism is also believed toimecuast class

of enzymes, namely monooxygena%e$.In monooxygenases an oxygen transfer from a
metal centre, in high oxidation state, to the substrate occurs. The metal centre is often Fe or
Cu'® and the electron transfer can be achieved by means of a co-factor like fldnéméSc

5)101

:Q:N N/KO

FADH, oo

FADH(f )+ Oo(ff) ——— FADH; ()0,

[e]
14 4} N\f‘\N/H
FADH; (1 )O2” — FADH; ({ o,
N \N/&O
.
FAD

FADHOOH ——>  FAD + Hy0,

FAD 7-T> FADH, 79 o
| o
Nji%\wﬁ
NADPH NADP ;@i
N \N/KO
4

FADHOOH

Scheme 5. Activation of oxygen by reduced flavin (FARQH After binding with oxygen spin inversion occurs,
this initially forms a superoxide species and then an unstable hydrageerintermediate (FADHOOH).
FADHOONH is responsible for the oxygen transfer to an organic substrdtéoamation of flavin in oxidized
form (FAD). Flavin regeneration takes place by means of NADPH as reduatahit is stoichimetrically used

in the catalytic cycle.

In this reaction scheme, an electron is transferred &oeduced flavin molecule to ground
state triplet oxygen to yield a caged radical pair, which after spin inversion leads to flavin
hydroperoxide (Scheme 5). The tlastermediate is unstable in aqueous solution and
heterolytically dissociates to,B, and flavin in oxidised form. As a consequence a reducing

agent - for flavin based enzymes often NADPH (nicotinamide adenine dinucleotide

13



phosphate), - is needed to restore the cofactor to its original reduced form. It cesliimeh
oxygen and repeat the catalytic cyt!eA nice example of this mechanism for an industrially
relevant reaction is the Baeyer-Villinger oxidation of cyclohexanonecaprolactone using

acinetobacter containing flavin (Fig.%>

0,
FADH, —(~—> FADHOOH

FADHOH —e—= FAD
' 7N a
: 0 9 H0

S —

NADP NADPH

Fig. 5. Baeyer-Villinger oxidation of cyclohexanone tecaprolactone using acinetobacter containing flavin.
After oxygen activation by means of flavin (FARHthe intermediate FADHOOH inserts an oxygen aiotm

cyclohexanone. The oxydised flavin (FAD), is then reduced by NAg2# in stoichiometric amount.

The need of a reducing agent to carry out an oxidation reaction may appear counterintuitive,
but this is required if the active metal centre is in reduced state at the beginning of the cycle,
rather than in oxidized state (like in the Mars and van Krevelen mechanism or the Wacker
process). Transition metals combined with flavin also promote very elegant and highly
sdective oxidation process in Nature, but as the reducing agent NADPH is consumed
stoichiometrically, it has not yet been possible to replicate these systems on a largk scale.
similar argument is used for pure heme metallo-porphyrines where the redgeimgis

NADH (nicotinamide adenine dinucleotide) or ascorbic a¥d>There has been extensive
interest in the porphyrin based catalysts for oxidation reactions, in a laboratory context, using
NaBH, or H, as reducing agent§® These include: Mn-porphyrins for the oxidation of
alkenes” Fe- and Zn-porphyrins immobilized in nanotubes for cyclohexane and adeept
oxidation® and grafting of Ru-porphyrin over MCM-48 for the epoxidation of styféhe.
However, because of the need of a reducing agent (NADH, NADPH, NaBH,) to carry

out an oxidation reaction, as well as the general low opeghtstebility displayed by heme
based metal catalyst¥ this route has not found full industrial application. At present notable

exceptions are found only for very high priced fine chemicals such as drug metabolites in th
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hydroxylation of testosterone, diclofenac and phenacgtithus suggesting that more work

in this areas needed.

In fact, a real gal in catalyst design for oxidation of organic substrates (and especially for the
selective oxidation of alkanes), would be to obtain a catalyst thamaaic biological
systems but without the need of a sacrificial reductant. A promising example in this direction
was shown for a di-irion(lll) centre isolated from Pseudomonas sp.'®Xhis is capable

of carrying out hydroxylation of aryl compounds with high activity as well as suggebkan
dioxygen activation may be reversible (Fig. 6). That is the oxidised hydroxylase also

decomposes hydrogen peroxide to liberate dioxygen in the abseeckichg equivalents.

ToMOH 2 HZO peroxide H*
reduced

/
ToMOH
oxidised

Fe'ﬁ \Félll
Y
Fig. 6. Reaction mechanism for the phenol hydroxylation reaction by Fe-Fe ,cepnteged from Pseudomonas
sp. OX1. ToMOH = toluene monooxygenase. Molecular oxygen activationsolsguneans of both Fe centres

of the active site, to forra Fé"-OO-F€" peroxide. This, by oxygen transfer, generates the final hydroxylated
product viaan epoxide intermediatéfigure adapted from Ref12).

0. O

Nevertheless, more research would be needed in this area, not only to improve the stability of
these materials, but also to ensure that peroxides, which can be formed during the oxidation
process underga heterolytic cleavage like in biological systehsThis is needed to avoid
homolytic cleavage, which hasnegative effect on product selectivity by generating free-

radical pathways.
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3.2.1 Oxygen donorsfor catalytic oxygen transfer

An alternative heterolytic oxygen activation route, currently used in several industrial
applications, is catalytic oxygen transt&'® This process makes use of a single oxygen
donor, which consists of peroxides like hydrogen peroxide or alkyl hydroperoxid®s, (H
RO:H). In this process, the peroxide species transfers a single oxygen atom to an organic

substrate, leading to an oxidised substrate artdpaioduct (Scheme 6).

ﬁ Ry Rz
XY Mn+2 L/_
Ry R,
XOoY M"
o

Scheme 6. General catalytic oxygen transfer mechanism by a metal centre and an ¢traygeer donor. In this
scheme XOQOY is a general oxygen donor, which after oxygen trandfez toetal centre leads to the by-product
XY. In the process the metal acts like an oxygen carrier that transfersxpgen atom from a donor to the
organic substratenithis general example an epoxidation reactidtustrated.

This is carried out by means of a catalytic reaction mediated by a transitiont thetal,can

be applied to the difficult activation and functionalization of C-H bonds in hydrocarbons like
alkanes’” The oxygen donor can be either organic or inorganic. The most common organic
donors are: bD,, TBPH, @, N,O and peracids (RCH); whereas inorganic donors include:
HNOs;, NaClO, NaCIQ and KHSQ.*® These can be used for reactions ranging from
hydroxylation, allylic oxidation, epoxidation, to oxidative cleavage. This route is quite
important in an industrial context, and the choice of the oxygen donor is driven by the nature
of the co-product and the weight percentage of the oxygen in the donor $pecidact, due

to the increased demand of green chemical processes, currently preferred done3,are H
and NaClQ as they lead to #D and NaCl aso-products respectivel§?° By using this route

metal centres comprising Cu and Ni anchored to polymers can efficiently catalyse the
conversion of styreniato styrene oxide with high selectivit§: Further examples include the
epoxidation of propene to propene oxide using tungstate phosphate based catalysts like:
CsHsNCreHzg s [POW(WO3)]4,*# (Fig. 7) or biomimetic asymmetric dihydroxylation of

alkenes using catalytic amounts of Qs&nd HO, as the terminal oxidant
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H,0 [-CsHsNC1gH33]3[PO4(WO3)4] N
(insoluble form)
HsC
H20; [n-C5HsNC16H33]3{PO4[W(O2)(O2)14} \v
(soluble form) o

Fig. 7. Catalytic oxygen transfer by means ofG4 as oxygen donor and a tungstate phosphate based catalyst
for the expoxidation reaction of propene. In this particular case iteed (purple) and reduced (green) form
of the catalyst have different solubility in the reaction media (orgaolient), thus making this also a phase

transfer reactioffigure adapted from Re122).

An additional feature in the use o B compared to @that is appreciated in industrial
context, is that kD, is miscible with water and relatively easy to handle. Howeasr
substantial negative aspect;®4 can undergo radical-induced decomposition 1@ ldnd Q

by impurities and traces of metals (see sectiop'4'2

In this context, tert-butyl hydroperoxide (TBPH) is probably the second most common
oxygen donor in transition metal catalysed oxidations employing catalytic oxygen transfer. |
finds applications for the oxidation ofpinene by means of metals salts of Cu, Co, Mn and
Pd® and for the manufacture of oxygenated terpéffedsurther examples include
cyclohexene oxidation to cyclohexane epoxide by Ru clu&feepoxidation of styrene and
stylbene from Mn supported on MCM-4%, asymmetric epoxidation of allylic alcohols &y
centres® When TBPH is used, the by-product of the reaction is tert-butyl alc®BeDH),

which can be recycled by subsequent reaction wigd,Hn acid medid® It is this
recyclability aspect that further drives the choice of oxygen donors for transition metals
catalysed oxidations to inorganic oxidants. For example, species like NaBrO, NaBrO
NaClO and NaCl@are all active towards alcohol oxidation of alcohols, alkenes and phenols
to aldehydes or ketoné&:**

However, despite the large availability of metal species that can catalyse oxidation reactions,
there is a major drawback in the use of oxygen donors Lkis,HBPH (or peroxo species in
general). This is is the competition of homolytic peroxide decomposition routes, which lead
to free-radical oxidation pathways that may severely affect the selectivity to a desired
product'® As a consequencé, would be useful to have a tool to discriminate between: (i)
oxo-metal pathway that will involve the formation of metal oxo (M=O) species in a
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heterolytic oxygen activation route, or (ii) a peroxometal pathway that involves the formation

of M-OOR species and in turn a homolytic oxygen activation route (schehife 8).

Oxometal S

pathway E
LM=0 LM + SO

LM + RO;H — ROH s
M-O,R 4\~—> MOR + SO
Peroxometal
pathway HL

Scheme 8. The reaction of an organic peroxide as oxygen transfer agent to acewtta@ can in principle take
place either via the formation of an oxo-metal species (oxometal pathwaie rmation of a metal alkyl

peroxide intermediate (peroxometal pathway), (scheme adapted frodBRef.

An elegant method to tackle this important mechanistic aspect was developed by Sheldon and
coworkers by means of bulky hydroperoxides in the study of an array of epoxidation
reactions=> The principle of this method is to analyse the relative reactivities of tert-butyl
hydroperoxide (TBHP) versus pinane-hydroperoxide (PHP) in the role of oxygen donors
towards different organic substrates and metals. PHP is a very bulky hydroperoxide that does
not easily adsorb to a metal centfeTherefore, if the rate-limiting step of the oxidation
reaction is the intermolecular oxygen transfer from a peroxometal sgbti€@OR) to the
substrate, the bulky PHP will be substantially unreactive. In contrast, if the process involves
the reaction of an oxo-metal (M=0) species with the substrate as the rate-limiting step, no
substantial difference in activity and selectivity should be observed using either TBPH or
PHP. Exploring an array of catalysts comprising metals like: Cr, Mo, Ru, Se, V, and Zr for
the epoxidation and allylic oxidation of alkenes, it was possible to conclude that Mo and V
were operating via a peroxo metal route, while all the other metals were operating via an oxo-

metal pathway (Fig.)38
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L Lo O
=

V-O,R
OH

PHP

Fig. 8. Catalytic oxygen transfer for the oxidation @fmethyl styrene to 2-phenylpropylene oxide by @sO
salts (left). As the reaction takes place by means of a metal oxo speciesntiiaffected by the use of TBPH
as oxygen donor or the bulky PHP. Catalytic oxygen transfehé&opxidation of cyclohexane to cyclohexene
oxide by means of Vo(acacgomplexes (right). As in this case the reaction occurs via métgladroxide
formation, this step in inhibited in presence of bulky PHP. The us8BHIversus PHP can therefore provide a

tool to discriminate between oxo and peroxo oxygen transfer activatitesro

4. Homolytic oxygen activation mechanism and autoxidation

As mentioned in the previous section, the key point of homolytic oxygen activation is the
presence and active role of free-radicals as reactive intermediaféss can start in two

ways: (i) by thermal homolytic cleavage of an initiator (often an alkyl hydroperoxidé))

by reaction of trace amounts of hydroperoxides with a transition metal. Thermal peroxide
decomposition should always be considered psssible pathway for reaction temperatures

in the range of 130-15% and abové™® Instead, transition metal induced peroxide cleavage
usually involves metals presentiagariable oxidation state, the most common being Mn, Fe,
Co, Ni and CU** If alkyl hydroperoxide (ROOH) species are present in the reactio
mixture, these metals promote the formation of alkoxyl -jR&hd alkylperoxyl (ROQ
radicals, which can further react with the organic substrate in a free-radical chain process in a
process known as autoxidation. Autoxidation, which is still an oxygen activation, is central
because if this takes place no selectivity control is possible by the metal centre, and the

resultant selectivity will be driven by the free-radical chain process'Gnly.
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4.1 Reactivity of oxygen in autoxidation processes

A simplified scheme - yet useful to develop our reasoning - of homolytic oxygen activation

for the autoxidation of hydrocarbons is giieaqg 3-61%

In+ RH—InH + R (eq. 3)
R + O, - RO, (eq. 4)
RO» + RH—> ROH +R- (eq. 5)
RO, + ROx» — non radical products (eq. 6)

This is classically subdivided as initiation (eq. 3), propagation 4egnd eq. 5) and
termination (eq. 6). The initiator specids, of eq. 3, can either be a thermally decomposed
peroxide, or the resultant from the reaction of traces amounts of hydroperoxides in solution
with a transition metal (either in traces or not). It is then in the propagation step (eq. 4) that
ground state oxygenz(ﬁzg'), usually unreactive toward oxidations, enters the mechanism. In
fact, we can re-write eq.4 by considering the formation of intermediate transitionFRstate [
...0;]* and the spin S of reactants and products, (and their multiplicity), by applying the same

reasoning carried out in section 1, (Table 2).

Table 2. Spin states for the reaction of an alkyl radicaiMRh ground state triplet oxygenzézg'), to generate
an alkyl peroxide species ROQOBY applying the same rules described in section 2, in this case thentea
give the series S = 3/2 and 1/2, whereas the product has the onlg tefii?. As the two series have a term in

common, 1/2 the reaction takes place, in this case on a doublet potentiglsaméage.

Reactants Transition state Products
R +0,(%y) » R - OF > R-O,
Spin Sy=12 %=1 Requires: Sree=1/2
| Sk Sol = | e |
Multiplicity ~ of 2 3 2
spin2S+ 1
Spin state Doublet Triplet Doublet

In this case the two reagent molecules have spirsl® and S = 1 for Rand Q(329')
respectively. These can combine to give total spiascsni0f 3/2 and 1/2 whereas the only
product - alkyl peroxide - gives a total spigloquctOf S =1/2 (doublet). It should be noted that

in this case the two series of reagents and product have a term in common, 1/2, therefore the
reaction may now proceed on a doublet potential energy sdffamed it does. In fact, the
reaction of molecular ground state oxygen with a carbon centred radical, is so fast that for
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every practical purposé& can be considered energetically barrier-less, and limited by
diffusion of G in the reaction media onfy®> Finally, by using the same argument on the
multiplicity of spin for eq.5, which is a hydrogen abstraction reaction, this may also proceed
via a doublet potential energy surface, although with an activation energy in the range of 60

kJ mol*.2%®

4.2 Autoxidation promoted by metals

The central aspect of the autoxidation is to have a metal ion that, in combination with a
peroxide species like the same ROOH, acts as an initiator (eq. 3). The reaction is
autocatalytic, in the sense that the alkyl hydroperoxide species ROOH accelerates the
reaction by undergoing homolysis induced by the metal to a chain initiating radicahist is
process that is referred to as autoxidation. The best example of this, is possibly the Haber-
Weiss cyclé” for the decomposition of alkyl peroxides, and considered to be an essential
part of the Co-promoted oxidation of cyclohexabg Co(acac) or Co-naphthenate

complexeséq 7-9)1%

R-OOH + Cd' - ROO + H' + Cd' (eq. 7)
R-OOH + C8 - RO + OH + Cd" (eq. 8)
Net equation:

2 ROOH — ROO + RO +H,0 (eq. 9)

Both the alkyl peroxide (RO{and the alkoxyl (RO radicals can take part in the hydrogen
abstraction reaction and therefore propagate the reaction. The alkoxyl radical is tore rea
with an activation energy in the range of 20 kJ &l A variation to this scheme, with

respect to eq. 7 aret} 8 has also been report&d:

R-OOH + Cd — Ca"-OH + RO (eq. 10)
Cad"-OH + ROOH — Ca' + ROO + H,0 (eq. 11)

Which leads to the same net eq. 9. It is still disputed which steps, between eq. 7 and eq. 8 or
between eq. 10 and eq. 11, are rate detémgii*>* aswell as which of the various cobalt
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species, is the most dominant in solution. A recent study by Hermans and co-workers
comprising both computational and kinetic studies of the autoxidation of cyclohexane by

means of UV-Vis spectroscopy suggested that the dominant speciés'® Co

Additionally, considering a more detailed view of @ the case of alkanes (either linear,
branched or cyclic) this steganlead to the expected partial oxidation products alcohol and

ketone at once:
RO, + RO - ROO-OOR— K=0 + ROH + Q (eq. 12)

where K=O and ROH denotes a ketone and an alcohol respectively. Beside the product
formation, this step is important because for every two oxygen molecules consumed in the
propagation step (eq. 4 and eq. 5 combined), one oxygen molecule is regenerated in the
termination step (eq. 6 or eq.)lthus further contributing to the propagation of the reaction

(eq. 4). In view of this, the metal is capable of accelerating the reaction, and so it is by
definition a catalyst for the hydrocarbon oxidation. However, this acceleration occurs by
increasing the concentration of species (throug®®H or R-O0:) which are chain carriers

in the radical pathway of the reaction and therefore promotes catalytic autoxidation processes
via a free-radical chain mechanism. As a consequence the metal acts more like an initiator
and should be better defined like a promoter of autoxidation pathwayhis is a central

aspect that has implications on both catalyst design and assessment whether an oxidation
process involving metals is truly catalytic or not. In fact, if the metal acts just like an initiator,
no actual selectivity control is possible, as this is under the control of the chain da@iers

and ROQ. Moreover, as the termination/condensation step of a free-radical chain process
always produces oxygen this can further sustain competing autoxidation during the catalytic
process.

As a consequence, autoxidation can easily cause data misinterpretatiofcatatytic
materials that are actually promoters rather than real catayst where selectivity contri
impossible®%134% Therefore, it is essential to carry out accurate control tests for every
oxidation reaction, especially on hydrocarbons as substrates, in order to discriminate between
a real catalytic, i.e. heterolytic process, versus a ubiquitous but often parasitic, homolytic

process.
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4.3 Autoxidation: a closer ook

Autoxidation reactions, however, consist of a substantial number of steps in addition to those
reported in the simplified scheme of eq. 3-6 and eq. 12. In fact, there are at ledsirtieee
aspects that play a crucial role in autoxidation processes, but that are often neglected both in
literature and laboratory practice. These are: (i) abstractianhgfirogen ina-position to
functional group?® (ii) presence of solvent cagdsand (iii) characterization of the reaction

products:>® In view of their importance these aspects are now treated singularly and in detail.
4.3.1 Hydrogen abstraction of H in o to a functional group

Recent kinetics and computatiorsidies by Hermans and co-workers of the liquid phase
autoxidation of hydrocarbofi$®! highlighted that chain carriers like ROQr RO) not

only abstract H atom(s) from the reactant (eq. 5), but they can also abgttoi{s) from
ketones and alcohols, as well as alkyl hydro-peroxide intermediates. In gengral, H
abstraction from partial oxidation products like alcohols and ketones should not be surprising
in view of higher acidity of these Hatoms compared to the initial alkane substrate. Yet this
process is important because it is responsible for the formation of secondary products and
hence lower selectivity. In contrast, the, Hbstraction from an alkyl hydro-peroxide
intermediate is an interesting case and for different reasons. Fitsthyghlights the
importance of solvent cage effects. And secondly, it shows that the product ketone can be
obtained at a much earlier stage than the termination step (eq. 12) during the autoxidation
process. In fact, considering the reactivity of the RQ@dical towards the alkyl-
hydroperoxide, ROOH this leads to eq. 13.

Where the notatioR(-)(-H,,) stands for a substrate that is now a radical species withayt a H
and the two bars | | specify species that are now in a solvent cage. The latter is also an
important aspect, because the two products ROOHR&NEH,)OOH can further react inside

the solvent cage to give the ketone (eq. 14)
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This sequence of reactions shows that the evolution of the classical autoxidation scheme up to
termination is not necessary to obtain the product ketone (K=0O). The formation of this
product can take place much earlieraifree-radical chain process, and be triggered by the

same chain carrier ROO

4.3.2 Solvent cages

A further important phenomenon in autoxidation reactions that is very often neglected in the
literature is that several free-radical reactions do not take place via radical intermediates as
species that are free in solution. These radical intermediates are rather constrained in a
solvent cage®®*®® The term “cage effect” is defined as a phenomenon in which the
probability of recombination of a thermally (or photochemically) generated radical pair is
significantly higher in solution than in the gas ph¥4&his also applies to pairs where only

one partner iaradical as in eq. 13 and eq. 14 (Fiy. 9

Fig. 9. Radical recombination in solvent cage (left) and radical ricombination reactiwedyealklyl peroxide
and alkyl radical (right) to alkoxyl radical and alcohol formation.

This is significant because a vast class of oxidation reactions (regardless the nature of the
substrate, hydrocarbon, alcohol, aldehyde, ketone, etc...) take place in solution, and the cage

effect may have a large impact on the reactivity of the intermediates. Taking into abt®ount
effect, it was possible to postulate that in the case of hydrocarbon autoxidation, not only the

ketone can be obtained before the termination step, but also the aféohol.
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It is also worth noting that, if eq. 15 is operating, the alkyl peroxide ROOH is not a chain
carrier but is stoichiometrically consumed for each new molecule of ketone and alcohol
formed. In view of this, if this route takes place, the concentration of ROOH should exhibit a
maximum as a function of timé° (as a consequence of the ROOH generation in eq. 5 and
eg. 13, and the competitive ROOH consumption in eq. 15). This has been experimentally
observed in the autoxidation of cyclohexane carried out in pure cyclohexane (i.e. solvent
free) or in pure acetonitrile as solvent, (though when acetonitrile was used a smoother
maximum was observed}® In contrast, in the case of cyclohexane oxidation by means of
MnAPO-5 catalysts a continuous increase of ROOH concentration withiioteserved?®’

This suggests that solvent cage effect is not operating in the latter case, and that autoxidation

may be inhibited.

However, as these tests and characterizatiambe difficult to perform, further ‘rules’ can

be used to assess if solvent cages are operating or not., Biobtlsnt cages do not occur in

the gas phase; secondly, the amount of product formed in the cage is independent from the
concentration of the initial peroxide; and finally, the cage products are not retarded or
eliminated by radical scavengéf8 The use of scavengers, in particular, is possibly the most
popular method to assess the presence of cages, and morelgdnenabssible presence of
radical pathways. For instance, to assess whetheaction is radical in nature, scavengers

like dialkyl nitroxides®® galvinoxyl radical’® or benzofuranoné§ can be used, targeted
respectively to carbon centred radicals, oxygen centred radicals, or both simultaneously (Fig.
10).

Fig. 10. Radical scavengers for the identification of radical intermediates or solvent cagakly(a)itroxide

for the trapping of C-centred radicals, (b) galvinoxyl radical for the trgppfnO-centred radicals, and (c)
benzofuranone for the trapping of C- or O-centred radicals. In casasdgb) the scavenging reaction occurs
by direct combination of the radical to the scavenger. In case (c) thenggay takes place by a set of
sequential reactions instead. The carbon or oxygen centred radicRI®O®, RO firstly abstract the H* in the
benzofuranone, with consequent R-H, R-OOH, R-OH and benzofuranoital remimation. The resulting

benzofurarone radical scavenges theRRDO, and RO species in solution.
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The use of radical scavengers to investigate solvent cage effects has been successfully
employed in the study of the thermal decomposition of di-tert-butylperoxy oxalate to di-tert-
butyl peroxide as a reaction necessarily generating radicals. This was carrled usihg
2,6-di-tert-butyl-4-methylphenol (BMPas an oxygen centred radical scavenger. Excess of
BMP did not suppress the product formation, which occurs via alkoxyl radicals, thus showing

the reaction takes place via a solvent cage rdtte.

4.3.3 Characterization of thereaction productsin autoxidation processes

One more major difficulty that needed to be considered in the study of ubiquitous
autoxidation processes is the analysis of the reaction mixture. In fact, as the tempewature of
hydrocarbon substrate is increased above ca’@QBe yields of hydro-peroxides decrease,

as a consequence of thermal decomposition and very complex mixtures containing ketones,
alcohols, acids, and esters are obtaiéddedium chain hydrocarbons can easily lead to
mixtures contaiimg more than thirty different product§. Moreover, as the autoxidation
process is triggered by traces of metals reacting with peroxides, the material that constitutes
the reactor walls can also play a role. Studies on the autoxidation of aldéhgtes/ed that

if the reaction was carried out in polyethylene (and therefore metal free) flasks rather than
glass (which also contains metals) the autoxidation pathway was severely suppreissed.
also shows thehallenges to transfer results from experiments carried out in a laboratory set-

up to an industrial set-up where reactors walls made of metal only, are mostly used.

Oxygen diffusion is also an important aspect to determine the final composition of a reaction
mixture, especially in the case of liquid phase oxidations. Studies carried out by Jensen and
coworkers showed that the occurrence of branching reactions by autoxidation at low
conversions, may increase the oxidation rate, i.e. oxygen consumption, to a point where it is
difficult to maintain molecular oxygen saturation in the ligtfitlif this occurs, the reaction

rate becomes controlled by the rate of oxygen mass transfer rather than the catalytic oxidation
process itself. If a metal is also present, this may render kinetic interpretations of the results
of such experiments meaninglé83’” Therefore, it is e essential that during these tests

oxygen saturation is preserved either by its constant supply under pressure, or accurate

26



mixing of the reaction mixture by an appropriate reactor design, or both. A schematic of the

experimental set-up used by Jensen to minimize these issues is reported in figure 11.

products

Fig. 11. Stirred flow microreactor for the assessment of the oxygen diffusite oxidation of hydrocarbon,

by Jensen and co-workers. The microreactor consists of two §aexspheres: a larger outside sphere (a) and
a smaller, eccentrically located, and perforated inside sphere (b). A liggiidclarbon is delivered to a T joint
(c) immediately above the reactor and mixed with a stream of oxygierduced at the second arm (d). The
oxygen/hydrocarbon mixture is injected into sphere A from gpBethrough the perforations. The perforations
(e) located symmetrically in the base of the inside sphere ensure very effideal mixing" of the oxygen,
hydrocarbon, and reaction products in the reactor. The outlet fromealetor (f) is located at the top of the

outside spherfigure adapted from Rel77).

The cumulative effect of all these aspects shows the complexity of autoxidation reactions,
along with any oxidation reaction that produces alkyl peroxides or alkyl hydroperoxide
species during the process, as this will result in a parallel autoxidation pathway that can mask

the actual catalytic efficiency of a systéffi?>*1°°

4.4 Methane and hydrocarbons partial oxidation

The selective oxidation of C-H bond is possibly one of the long-standing challenges in
chemistry and catalysis because of its relevance both in industry and acH8ehhis.
because of the need to valorise natural gas and new fossil fuel resources, and especially
alkanes:” In this context, the mild oxidation of methane to useful products like methanol or
formaldehyde, rather than full combustion to£kas a very important role. In fact, methane

is the principal constituent of natural gas, and according to the International Energy Agency
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the world’s energy demand from natural gas is expected to increase by -3@% in a 25 years
perspectivé®® On the other hand, the partial oxidation of methane into value-added products
is among the most challenging to carry out, and the main reason for this is the high CH
bond dissociation energyed 439 kJ mof).*® A very large number of studies has been
dedicated to this subjett™® In this review, and with a focus to physicochemical aspects,
among the most notable advances in this area there are yttrium stabilised zirconia'€atalysts
and N-bridged high-valent diiron-oxo spect&s.

In particular, yttrium stabilized zirconia catalysts (YSZ) appear to be promising materials for
the oxidation of methane into methahBI*®possibly operating via Mars and van Krevelen
mechanism. Remarkably, if a dual catalyst bed is used, comprising a phase of;laho®
phase of YSZ, the activation of ground state oxygg(ﬁZ@), to form singlet oxygen QlAg).

was observed at the gas/solid interface of LaMi®is allows to use oxygen in singlet state

in a controlled manner. Conversely the use of N-bridged prophyrin platf8rtosarry out

the methane oxidation under mild conditions was inspired by methane monooxygenase
enzymes® In this case the key feature for molecular oxygen activation is the formation of a
Fe(IV)NFe(Il)OO(R) complex, capable to provide heterolytic cleavage of the O-O'ond,

which is an essential step to avoid runaway autoxidation products.

4.4.1 Cyclohexane oxidation: an exploited case of autoxidation

There are, however, processes where autoxidation is used deliberately. Possibly the most
remarkable example is the oxidation of cyclohexane to cyclohexanol and cyclohexanone as
precursors of nylons6 and nylon-6 respectivelj°'®* This reaction is carried out

192,193 \which

industrially by means of Co(ll)-naphthenate, Co(ll)-(agam) Fe(lll)-(acac,
promote a Haber-Weiss cycle, and in turn autoxidation pathways like those described in
section 4.2. Applied to cyclohexane these lead to a reaction mixture knowslAa®il”
(where K is the ketone cyclohexanone - and A the alcohol - cyclohexanol). If nylon-6 is
desired, the K/A oil is treated afterwards with HN@ convert cyclohexanol to
cyclohexanone and from this adipic acid is obtained. Since inrdidson the ‘catalyst’
Co(Il)-naphthenate, is actually a promoter of a free-radical autoxidation pathway, no

selectivity control is possible bthat dictated by the radical chain process itself. Moreover,
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because of the relatively high temperature required for the reaction, (c&C)4@veral
reaction products can be obtained, (besides cyclohexane and cyclohexane also and adipic
acid, and derivatives from ring opening and reactions-tdrmyl radicals). In view of this,

the conversion of this reaction is deliberately limited at around 4-5% in industrial

§?4,195

processe with the aim to preserve selectivity to alcohol and ketone above 85%, and

minimize by-product formation (Fig. 12).

Sl NoENGNG

Fig. 12. General scheme for cyclohexane autoxidation by means of air and metasaltisyl hydroperoxide
is formed and this leads to cyclohexanol and cyclohexanone as najoicts.

The oxidation of cyclohexane has been the subject of several studies, both in industry and
academia, due to the peculiarity of its autoxidation mechanism and its industrial relevance.

20 and

This includes the use of metal compleX8anetal oxide¥”**®*metal nanoparticles’
investigation of both liquid and gas phase systéfnd-or example, the oxidation of
cyclohexane over Mofin gas phase, investigated by means of EPR spin trapping in aerobic
and anaerobic conditions, showed evidence of a Mars and Van Krevelen medafism.
contrast the use of metal nanoparticle based systems like Au/MgO or Au/ZSM-5 in liquid
phase, showed an enhancement of the autoxidation pathway only, thus suggesting that the
metal in this case is actually a promdt&r>*To date one of the most com@eschemes in

the propagation reaction of the alkyl peroxide radical is the one obtained by Jacobs and co-
workers (Scheme)9lt also considers the formation of ring opening products like formyl
specie¥®® thus showing the variety of combinations that reactions just involving ground state
triplet oxygen can achieve when compared to pure catalytic processes involving heterolytic

oxygen activation.
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C6H1 1-00' + CGH1 1-OOH

|

| CsH11-OOH + CgH1p=0 + OH | ¢age

CeH11-

| CgHﬂ'OOH + C6H11’ + CGH']O:O + 20 | cage

N

CGH11-OOH + C6H11‘ | C6H11-O'+ C6H11-OH
+ CgH10=0 + HO + CgH10=0 + Ho0 | cage
0, CgH14-H

CeH11-OH +CgHj 4
C6H11-OOH + C6H11—00'
+ CeH10=0 + H0 *CHy-(CH,);-COH

Scheme 9. Reaction scheme for the autoxidation of cyclohexanone to cyclohearah cyclohexanol that
considers ring opening products (like formyl radical) and solvergscatject. An array of products is obtained.

Note that the product ketone K=0O will always be in excess to the alcoholxigatton is operating.

The important aspect is that if autoxidation is operating, and if in presence of water, the
amount of ketone will be in excess to the amount of alc8hdlherefore any metal species

that could be capable to invert this trend, i.e. yields more alcohol and less ketone, would be
diagnostic of a real catalytic process taking place, possibly at the catalystesifrfa

heterogeneous system is used.

5. Concluding remarks

Molecular oxygen is possibly one of the most extraordinary molecules one can think of,
despite its apparent simplicity. This immediately leads to a complex treatment in order to
explain both its peculiar reactivity and activation, as well as lack of reactivity ordieary

conditions. Transition metals are possibly the best option to activate oxygen in a controlled

manner and chemists have used them since the very beginning of the systematic study of
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oxidation reactions. Nevertheless, virtually any oxidation reaction can produce trace amounts
of peroxides, and the combined effect of a metal or temperature can trigger autoxidation
pathways that are difficult to control adn hamper the selectivity control of virtually any
catalyst present in the reaction mixture. In view of this, we believe that autoxidation
pathways should never be neglected in oxidation studies in order to ascertain the real nature
of the catalytic process, as well as to provide insights in how to improve catalytic systems.
Biological systems like metallo-proteins are proven to be capable to control these reactions
under mild conditions, though via pathways that are still not fully understood. However, their
full application in an industrial context is still precluded by their limited operational
resistance. Nevertheless, a real advance in the design of more selective catalytic oxidation
systems will come from catalysts that mimic biological systems but without the need of a
sacrificial reductant, base or additional metal as an electron transfer reagent. This will
facilitate true heterolytic and selective oxygen activation pathways versus hanaoiyti

unselective activation routes.
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