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Since the serendipitous discovery of phthalocyanines (Pcs), at the beginning of the 20th century, growing attention
has been devoted to the ubiquitous catalytic properties and applications of Pcs and Pcs coordinated with metal
ions, Metallophthalocyanines (MPcs). In fact, these old synthetic dyes have been very attractive in the view of
academic research, but mainly for catalytic industrial purposes as these dyes are easily accessible on a large
scale, are robust under harsh reaction conditions, show high activity, and can be recovered and recycled. The
success and diversity of MPcs as catalysts over different substrates are mostly attributed to their high structural

flexibility in terms of metals and electronic properties of the phthalocyanine ligands.

phthalocyanines metallophthalocyanines catalysis

| 1. General Introduction

After the casual discovery of phthalocyanines (Pcs) at the beginning of the 20th century [l these macrocycles
have been the subject of deep studies, mainly focused on their valuable dye properties [2. Along the first decades
of 20th century, the importance of the coordination of Pcs with metal ions in their synthesis, and in the tuning of
their chemical and dyeing properties was explored and emphasized B4, In more recent years, the role of Pcs and
their metal complexes (MPcs) as industrial dyes and pigments, was accompanied by an intensive search aiming to
develop new fields of application B, In particular, a growing attention is focused on the redox catalytic properties
of MPcs . Although non-natural, Pcs show a noticeable resemblance to the structurally related macrocycle

porphyrin, and also to other non-natural macrocycles such as porphyrazines and tetrabenzoporphyrins (Figure 1).
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Figure 1. Chemical structures of tetrapyrrolic macrocycles: phthalocyanine, tetrabenzoporphyrin, porphyrazine,

and porphyrin core.

Like porphyrinoids, Pcs are aromatic macrocycles obeying the Huckel's rule (with 18 delocalized Tt electrons).
However, the UV-Vis spectral patterns clearly reveal sharp differences that are reflected in the general chemical
properties. Rather than from the benzocondensation, such differences mainly arise from the tetra-aza substitution
of the four methinic bridges joining the pyrrolic-type rings in porphyrins. The four additional nitrogen atoms exert an
electron-withdrawing effect, but also bear filled non-bonding orbitals, which are responsible for n- T transitions,
increasing the width of the main absorption bands [&. In fact, the Q bands of Pcs arise from ay, to €y transitions,

whereas in porphyrins the corresponding bands are due to a,, to ey transitions B}

Pcs show a high appetency to form the corresponding dianions upon deprotonation under suitable conditions,

affording in the presence of the adequate metal ions the corresponding metal complexes MPcs (Eigure 2).
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Figure 2. Chemical structures of metallophthalocyanine complexes (MPcs) with different metals.
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| 2. Metallophthalocyanines as Redox Catalysts: An Overview

As noted above, the first noteworthy property of MPcs was their chemical “inertness”, which made and make them
very attractive as stable and durable industrial dyes. However, their rich redox chemistry has only been explored in
the last few decades 19,

In fact, MPcs are protected by their structure against the main threats jeopardizing redox-active metalloporphyrins,
and that is the outstanding limitation towards an extensive use of the latter as industrial catalysts. First, the
methinic bridges joining the pyrrole-type rings in porphyrins are the preferential targets of oxidative attack, leading
initially to oxophlorins and later to macrocycle breaking and therefore to catalyst destruction 2. Such methinic
bridges are replaced in MPcs by aza bridges, which obviously are generally inert towards oxidative attacks.
Second, the four condensed benzene rings protect the pyrrolic 3-positions against any unwanted substitution
reaction and prevent any possibility of pyrrole ring cleavage. However, MPcs are not totally indestructible, and
some reports exist, describing their degradation under relatively mild reaction conditions [1213I14] Nevertheless, in

certain cases, the degradation products still show catalytic activity 151,

The Pc anions (Pc?) forming the various MPcs can be oxidized by one- or two-electron processes, leading,
respectively, to radical anions Pc™™ or to a neutral species Pc. Conversely, reduction by one to four electrons
affords, respectively, Pc3~, Pc*", Pc®, and Pc®. Obviously, Pc3~ and Pc®™ have a radical character. Most of these
oxidized or reduced species could be formed by means of electrochemical methods % and some are not found
along the “normal” MPc chemistry. The central metal ion may be not involved in redox processes, as it can be
anticipated for the majority of the main groups elements and for some transition metals such as Ni(ll). However, in
the case of most transition metals—they can show a rich redox chemistry while bound to the Pc ligand, which in
turn is subject to its own redox changes.

A judicious choice of the peripheral substituents 8! in MPcs easily affords very soluble compounds, either in
organic solvents or in water, suitable for electrochemical studies, or for several applications as redox catalysts.
Moreover, the axial coordination to the central metal ions in the Pc inner core is responsible by further changes in
their electrochemistry as well as in their redox properties, thus opening the way to a huge number of different
redox-active species, that in principle could find application as redox catalysts. In this regard, MPcs show a large
versatility, being able to work as photocatalysts, as electrocatalysts, and as “classical” catalysts, by activating

oxidizing species such as O,, H,0O,, t-BuOOH, KHSOs5, and so on. MPc-mediated electrocatalysis and
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photocatalysis are out of the scope of the present minireview, whereas oxidative catalysis with oxygen will be

reviewed and discussed.

Stillman and Nyokong 27 have reviewed some general (and in particular spectroscopic) properties of nearly all
phthalocyanine complexes with metals and also nonmetals, with additional focus on their redox properties, when
the central metal is directly involved. Generally speaking, some MPcs, such as MnPcs, FePcs, or CoPcs, could
directly interact, in their lower oxidation states, with dioxygen, forming adducts, more or less resembling the
corresponding ferrohemoprotein-dioxygen adducts, such as oxyhemoglobins, oxymyoglobins, and also the
ferroheme-containing cytochromes P-450 intermediate adducts with dioxygen. Some of these such adducts, which
could be to a certain extent reversible, have been individualized; others should be transient species, more or less
rapidly evolving to more stable products, where the oxidation state of the central metal ion has become higher.
Comparative studies dealing with the ease of formation of such dioxygen adducts, and their tendency to undergo
electroreduction, are those of Wang et al. (18 and of Shi and Zhang 22 that used Density Functional Theory to
predict the electrocatalytic ability of some FePc and CoPc complexes in solution. Although specifically aimed to
electrocatalysis, these studies are a suitable theoretical base to infer information about the catalytic redox

properties of those phthalocyanines metal complexes and to extend the conclusions to similar ones.

As noted above, such adducts could arise from direct reaction of the corresponding MPcs, containing a proper
divalent metal cation, with dioxygen. However, their similarity with ferroheme-dioxygen adducts is substantially low,
as they are in fact superoxide complexes of the MPcs, where the oxidation number of the metal ions has increased
to +3. Therefore, depending on the specific metal, on the peripheral substituents on the Pc macrocycle, and on the
particular experimental conditions, they can act as one-electron oxidizers (where the oxidation number of the metal
ion reverts to +2, whereas the superoxide more or less rapidly is degraded to H,O,). Alternatively, “direct”

oxygenation of certain substrates could take place (vide infra).

MnPc and its substituted derivatives 29 can contain either Mn(ll) and Mn(lll); the very complex redox equilibria
between the two oxidation states are highly sensitive to the presence of even traces of water. Additionally,
reactions of Mn(ll) derivatives with dioxygen (O,) are very sensitive to the experimental conditions. In absolutely
dry solvents such as pyridine, Mn(Il)Pc readily forms a monomeric adduct O,-MnPc which has the electronic
arrangement O, -Mn(llI)Pc** corresponding to a superoxide adduct of Mn(lll)Pc, which is the formal analogue of
peroxidase Compound Il (Figure 3) [2l. By contrast, when water traces are present, the reaction between

dioxygen and Mn(Il)Pc leads to a p-oxo dimer PcMn(II)—O—Mn(lll)Pc (Figure 3). With time, the p-oxo dimer could

also arise from the degradation of the Mn(lll)-containing superoxide complex. Therefore, the superoxide adduct
could well be the first, transitory reaction product, turning to further products under the influence of water traces.
MnPcs, where eight electron-withdrawing substituents are present at the benzene rings, can exist as both stable
Mn(Il) and Mn(lll) oxidation states, with no appreciable attitude to directly react with dioxygen. This feature opens

the way to further studies, where the Mn(Il)/Mn(lll) complex couples could well exert interesting redox activities.
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Figure 3. Electronic arrangements of Mn(ll)Pc after reaction with dioxygen: (a) in the absence of water and (b) in

the presence of water traces.

The experimental conditions have a great influence on the equilibria between Mn(Il) and Mn(lll) Pcs, as well as on
their oxygenated derivatives; under certain conditions, the oxygenation to afford Mn(ll)PcO, is reversible 22, The
peculiar catalytic properties of such superoxide adducts have been reported many years ago, as it catalyzes the di-
oxygenation (with concomitant ring cleavage) of some indole derivatives (23, Interestingly, the reaction is rather
specific: 3-methyl-, 2,3-dimethyl-indole, and tryptophan are substrates, whereas plain indole, 1-methyl-, 2-methyl-,
1,2-dimethyl-, and 1,3-dimethyl-indole are not. In conclusion, a substituent must be present at the 3-position,
whereas the 1-position must be unsubstituted, and the 2-position has not influence towards the susceptibility of the
compound to the catalytic di-oxygenation reaction. When it happens, the di-oxygenation invariably affects the 2,3-
bond, and in the case of the simplest substrate, 3-methyl-indole, the reaction product is 2-formamido-
acetophenone. Although no detailed mechanism was proposed for the reaction, there is evidence that at the end of
each catalytic cycle Mn(Il)Pc must be obtained, which in turn reacts again with dioxygen to produce the reactive

superoxide adduct.

The behaviour of the MnPcs to cycle between the two oxidation states of the central metal ion opened the way to a
number of studies about the redox catalytic properties of the manganese complexes of variously substituted—and
very often water-soluble—phthalocyanines. Moxon and colleagues 24! studied in detail the dioxygen adduct of
symmetrical tetrasulfonated-Mn(Il)Pc, and some of its changes upon pH variations. First of all, the solid adduct
contains manganese(lll) and superoxide. This arrangement changes upon dissolving the adduct in water, where it
changes to a Mn(ll) complex, binding dioxygen in a manner formally resembling oxymyoglobin and oxyhemoglobin.
When pH is raised to >11, an intramolecular redox reaction takes place, and the Mn(lll) adduct of superoxide is
formed. At pH values > 14, the complex is reversibly destroyed with dioxygen evolution, but the process can be
reversed by lowering the pH, for example to ~3, where the Mn(ll) is formed again, for which the authors have also
claimed an H,O,-forming oxidase activity. These results form the background for further studies on the suitability of

MnPcs as redox catalysts which be discussed in detalil.

Adducts arising from Fe(ll)Pcs and O, must exist as reactive intermediates, very quickly evolving to stable
products, namely the p-oxo dimer of the type PcFe(lll)-O-Fe(lll)Pc. In relation to such a reactivity of the primary
adduct, different FePcs under different experimental conditions could participate as catalysts in a wide variety of
aerobic oxidation or oxygenation reactions. Many years ago, Ercolani and colleagues 23, working on unsubstituted
Fe(Il)Pc, found that the putative O,-Fe(ll)Pc complex, under suitable experimental conditions (toluene solution,

high oxygen pressure), was able to catalyze the oxygenation of triphenylphosphine to the corresponding P-oxide.
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During the reaction, the insoluble Fe(lll)-containing p-oxo dimer slowly precipitated, with concomitant exhaustion of
the catalysis. In the presence of two equivalents of pyridine, which promoted the formation of the soluble and
catalytically very active Fe(Il)(Py),Pc complex, the efficiency increased, and for this reaction the authors proposed
the formation of the transient ferryl species O=Fe(IV)(Py)Pc. However, also this complex slightly decomposed with
formation of the p-oxo dimer, but the excess of pyridine prevented the formation of the latter and consequent
catalyst inactivation. Interestingly, under the same experimental conditions, both Mn(Il)Pc and Co(ll)Pc were found

to be quite inactive, despite their ability to form dioxygen adducts.

Additionally, rather complicated is the chemistry of the CoPcs with O,, which in some cases requires the presence
of H,0, to afford the adduct formation 28]; the formation of a transient O,™-Co(lll)Pc adduct has been suggested
for other “autoxidation” reactions 24; the behavior of non-supported Co(ll)Pcs to readily form Co(lll) p-peroxo
dimers is a well-established fact, which can be prevented by proper axial coordination [28. As a consequence of a
mono-axial coordination, the O,-CoPc adducts become more efficient as oxidants. Of particular interest is the
catalytic activity of Co(ll)Pcs in aerobic oxidation of thiols to the corresponding disulfides, whose mechanism has
been fully elucidated by Pan and coworkers (see Figure 16, as an example) 2. The Co(ll)Pc catalyst forms a
ternary, bis-axial (octahedral) complex with the thiolate ion and dioxygen (the latter in the superoxide form,
whereas the cobalt ion is in its +3 oxidation state). Then, a one-electron transfer to the cobalt(lll) ion takes place,
affording a thiyl radical RS® whereas the metal is reduced back to Co(ll). This causes the release of superoxide
anion, which in turns reacts very rapidly with another thiolate ion, leading finally to disulfide and H,O, as the

reaction products.

As noted above, another crucial feature of MPcs containing redox-active metal ions such as Fe, Co, Mn, Ru, and
others, is their ability, in particular when in their +3 oxidation state, to react with peroxo compounds or other oxygen
donors such as iodosobenzene and iodibenzene derivatives 9. More frequently, H,O, and its alky or acyl
derivatives have been explored for their ability to form peroxo complexes or hypervalent derivatives of MPcs
(Eigure 4). In principle, some compounds should be formed upon reaction of a suitable M(llIl)Pc with a generic
hydroperoxide R—O—OH: (1) a Compound zero analogue, RO—O-M(lIl)Pc; (2) a Compound | analogue O=M(V)Pc
< 1 O=M(IV)Pc*™* « u O°-M(IV)Pc; (3) a Compound Il analogue O=M(IV)Pc < p O°-M(lIl)Pc. As noted above, the
electron-withdrawing effect of the phthalocyanine ring is, generally speaking, stronger than that observed for its
porphyrin counterpart, and as a consequence the above reported compounds are more reactive but also more
unstable 9. This explains why until now only a few examples have been isolated and characterized, such as the
inert O=V(IV)Pc [BlB2 gnd O=Nb(IV)Pc 33, contrarily to that observed in the case of the corresponding
metalloporphyrin compounds [B4IBSIB6IB7SEIA  Apart from the formal resemblance between the porphyrin and Pc
series, some substantial differences can be observed between the two families of redox-active metal complexes [,
In fact, several different mechanisms can operate, as a function of the particular MPc catalyst, of the chosen
oxidant, and of the particular substrate to be oxidized. The system Fe(lll)Pc-BuOOH could operate with a one-
electron mechanism—starting from the homolytic scission of the peroxo bridge O—O—when oxidizing phenols to
guinones, although it oxidizes to quinones some other substrates such as anthracene and xanthene with a two-
electron mechanism (as a consequence of a heterolytic scission releasing OH™ and affording a very reactive

hypervalent intermediate), as shown by the absence of oxidative coupling products, that are typical for one-electron
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(radical) mechanisms. On the other hand, the significant incorporation of 180 from 180, along the oxidation of
alkynes is a convincing proof of the radical mechanism. The reasons for such varying behavior of this and other
MPc catalysts is still unknown. The propensity of Fe(lll)Pc complexes to remain in the +3 oxidation state of the
Compound 0 analogues has been assessed and discussed many years ago 4% and confirmed more recently .
In fact, the anionic form of such complexes,"O-O-Fe(lll)Pc, is an effective nucleophile acting as an epoxidizing
agent towards electron-deficient double bonds, incorporated into an aromatic ring, for example in

polychlorophenols 22,

Figure 4. Complexes or hypervalent derivatives of MPcs formed upon reaction of a suitable M(lll)Pc with a generic
hydroperoxide R—-O—OH.

An outstanding feature of some MPcs is their high tendency to form p-bridged dimers, where the two metal ions
are linked together by —O— (oxo), —N= (nitrido) or also =C= (carbido) bridges 3. Among these, diiron-oxo-bridged
phthalocyanines have been deeply studied, mainly due to the easily preparation [, as well as other binuclear
complexes, containing different metal ions such as Ru, Cr, Mn, in different combinations (homo- or hetero-metallic)
eventually hosted in the same Pc or in different Pcs (homo- or hetero-leptic complexes) 4l In fact, when such a
complex is treated with a peroxo compound, a Compound 0 analogue, involving only one Fe(lll), is formed. This
evolves preferentially to a Compound | analogue, as the formal positive charge arising on the involved Fe ion is
efficiently delocalized, through the p-oxo bridge, on the other Fe ion. In this way, a O=Fe(IV)Pc—O-Fe(IV)Pc is
formed, lacking both the radical cation character and the positive charge, inherent to the Compound | analogue
arising from the monometallic counterpart 1. As a consequence, the hypervalent oxo compound deriving from the
binuclear complex represents the optimal balance between stability against auto-destruction and effectiveness of
oxidation catalysis. In other words, the two-electron oxidation mechanism arising from the heterolytic cleavage of
the —O—O- peroxo bridge in the binuclear complex affords selective oxidation pathways for many to-be-oxidized
substrates, in contrast with the mononuclear counterpart, where the homolytic cleavage leads to radical
mechanism with concomitant oxidant wasting and catalyst consumption. Unluckily, along the catalysis the binuclear
complex could gradually decompose into the mononuclear species, therefore lowering the overall catalytic
efficiency #143 The immobilization of the binuclear complexes on to suitable insoluble supports could obviate to

this drawback, when a reaction medium is chosen, unable to dissolve the formed mononuclear species.

The things go quite differently in the case of binuclear complexes where the two metal ions are linked by a nitrido
bridge. In fact, these compounds, whose importance in catalysis of recalcitrant substrates oxidations is steadily
increasing, show some useful features such as their noticeable operational stability along the catalytic cycle, and
high effectiveness as oxidants for their hypervalent oxygenated derivatives (Figure 5). In fact, a nitrido-diiron-
phthalocyanine in its resting state is a mixed-valence compound showing a formal oxidation number of +3.5,
PcFe(ll)-N=Fe(IV)Pc < p PcFe(IV)=N-Fe(lll)Pc. Upon reaction with H,O,, a ultra-high valent peroxo species
arises: O=Fe(IV)Pc-N=Fe(IV)Pc « p O=Fe(IV)Pc*-N=Fe(IV)Pc, passing through a peroxo complex, formally
analogous to Compound 0, such as the ultra-high valent complex is the formal analogue of Compound | 11, With

time, the unprecedented, exceptional oxidizing catalytic power of p-nitrido-bridged diiron complexes has been
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further explored, and such compounds are among the most promising oxidation and oxygenation catalysts for
many practical applications, such as organic synthetic chemistry and degradation of recalcitrant pollutants.
Outstanding examples are the controlled oxidation of methane at nearly ambient temperature and neutral pH 48
and the oxidative hydroxylation and dehalogenation of perfluoroaromatics 2, for which the reaction mechanism
has been elucidated 48],

(@
Il -
P Fe(lll)Pc
lile(!‘u’} & | (1) H,0, Fle(I‘u'}Pc He{l‘u’}Fc
N -— N N - N
I Il
Fe(lll)Pc Fe(lV)Pc Ille(IV}F'c Ille(IV}Pc

Figure 5. Nitrido-diiron-phthalocyanine with mixed valence state and ultra-high valent peroxo species formed after

reaction with oxygen peroxide.
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