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Abstract For a long time biomimetic oxidation catalysis was mainly associated with metal 

porphyrin complexes. Phthalocyanine complexes, also belonging to large family of macrocyclic 

complexes have been under-investigated as catalysts until recently. In this review, we present the 

development of phthalocyanine catalytic chemistry at IRCELYON with a topical focus on 

contributions from our group during last 20 years and discuss recent research directions from 

personal perspective. Catalytic chemistry of phthalocyanine complexes is a rapidly growing field 

including not only oxidations but also many other reactions. Recent discovery of remarkable 

catalytic properties of µ-nitrido diiron phthalocyanines will give a new impetus and should even 

accelerate this development. These binuclear N-bridged complexes emerge as promising bio-

inspired catalysts, in particular, for challenging reactions such as a low temperature oxidation of 

methane and oxidative defluorination of heavily fluorinated aromatic compounds. The scope of 

their catalytic applications is constantly increasing. The bimetallic construction is flexible and 

has a significant potential for further development including implementation of different ligands, 

metals and bridging groups. Consequently, the properties of this scaffold can be fine-tuned by 

platform architecture thus providing novel tools for catalysis. 
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1. Introduction 

 Enzymes containing iron porphyrin active sites are involved in essential processes in living 

organisms and catalyze a variety of chemical reactions with extremely high efficiency and 

selectivity. Outstanding catalytic properties of cytochrome P450 in many reactions including 

mild and selective oxidation of strong C-H bonds of alkanes have initiated an extensive research 

on biomimetic oxidation since 1980s with particular emphasis on porphyrin complexes [1]. A 

large variety of synthetic porphyrin complexes have been designed in order to mimic remarkable 

reactivity of cytochrome P450 and to create efficient chemical systems for oxidation and other 

reactions [2-4]. Some other tetrapyrrolic macrocyclic complexes, e.g., phthalocyanines [5] and 

corroles [6], have been investigated in bio-inspired catalysis to a much lesser extent.  

During my postdoctoral stay with Bernard Meunier at Laboratoire de Chimie de 

Coordination in Toulouse we decided to evaluate iron phthalocyanine complexes as catalysts for 

degradation of chlorinated phenols since these complexes are readily available in industrial scale 

and hence more attractive than porphyrin complexes from application perspective. We have 

introduced iron 2,9(10),16(17),23(24)-tetrasulfophthalocyanine (FePcS, the structure is shown in 

Fig. 1) as a very active catalyst for the oxidative degradation of recalcitrant priority pollutants, 

such as 2,4,6-trichlorophenol (TCP) and other chlorinated phenols [7-10] as well as for other 

pollutants [11-13].  
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Fig. 1. Structure of iron 2,9(10),16(17),23(24)-tetrasulfophthalocyanine (FePcS). 

This research direction has been further developed by many researchers toward 

degradation of different pollutants using a variety of phthalocyanine metal complexes [14-26]. 
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Although metal phthalocyanine complexes (MPc) are efficient catalysts for other reactions [27] 

including selective oxidations and bleaching [28] their catalytic chemistry in terms of reactivity 

scope and reaction mechanisms as well as active species involved was largely under-developed 

at that time as compared to porphyrin counterparts. 

In 1998, I have started my independent research at IRCELYON focused to the 

development of novel catalytic methods based on MPc complexes and also to mechanistic 

studies, detection and characterization of active species involved in the catalysis. We have 

prepared the first high-valent iron oxo complex from FePctBu4 and m-chloroperbenzoic acid (m-

CPBA) at -60°C thus confirming that phthalocyanine complexes exhibit mechanistic paradigm 

similar to their porphyrin counterparts [29]. This transient species was characterized by UV-vis, 

cryospray mass spectrometry, EPR, X-ray absorption and high-resolution X-ray emission 

techniques. 

Among catalytic applications, the oxidation of polysaccharides appears to be particularly 

promising. Water soluble and readily available FePcS is an efficient homogeneous catalyst 

operating in less than 0.01 mol% loading for the clean oxidative transformation of starch and 

other polysaccharides to introduce both carboxyl and carbonyl groups to biopolymer backbone 

(typically1-20 of each functionality per 100 anhydroglucose units) [30,31]. Carboxyl groups 

provide desired balance of hydrophilic/hydrophobic properties and possible solubility in water 

whereas carbonyl functions allow further grafting the different molecules to furnish materials 

with special properties. The practical one-pot process in water avoiding large energy 

consumption, separation steps and wastes affords elaborated biopolymers with tailored properties 

which can be useful in different applications, in particular, in cosmetic and paint formulations, 

paper and textile industries. 

Another research project was directed to selective oxidation of aromatics and phenols to 

corresponding quinones using heterogeneous FePc-based catalysts. Aiming to support iron 

phthalocyanine in a priori active mononuclear form, we have treated as-synthesized FePcS 
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composed mainly of µ-oxo dimer by SOCl2 or PCl5 to get FePc(SO2Cl)4 material suitable for 

covalent anchoring to amino-modified mesoporous silicas. When we used a freshly prepared 

FePc(SO2Cl)4 solution in pyridine, a blue solid material was obtained after grafting. The diffuse 

reflectance UV-vis spectrum of supported material showed Q band at 636 nm with a small 

shoulder at 690 nm indicating µ-oxo dimer as a major anchored species and only small amount 

of grafted monomeric FePcS complex (Fig. 2). 
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Fig. 2. Covalent grafting of FePcS onto silicas in monomeric and dimeric forms. 

 

We were aware that such dimeric species have been generally considered by catalytic 

chemists as inactive in catalysis, therefore we tried to support FePcS in monomeric rather than in 

dimeric form. Preliminary incubation of FePc(SO2Cl)4 solution in pyridine for 18 h provided 

mononuclear dipyridine complex which was successfully grafted to amino-modified MCM-41in 

monomeric form as attested by Q band at 682 nm in the UV-vis spectrum. Surprisingly, this 

target monomeric catalyst was rather poor catalyst in the oxidation of 2-methylnaphthalene 

(2MN) and 2,3,6-trimethylphenol (TMP) to corresponding quinones (Fig. 3). 

                              Conversion   Yield
m-FePcS@SiO2           58 %      11 %
d-FePcS@SiO2             90 %      34 %

                              Conversion   Yield
m-FePcS@SiO2           95 %      42 %
d-FePcS@SiO2             96 %      80 %

vitamin K3

precursor of vitamin E  

Fig. 3. Comparison of monomeric m-FePcS@SiO2 and dimeric d-FePcS@SiO2 catalysts in the 

oxidation of 2-methylnaphthalene and 2,3,6-trimethylphenol by tBuOOH. 
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Unexpectedly, the supported catalyst containing principally µ-oxo dimer (FePcS)2O 

exhibited notably higher activity and selectivity providing 2-methyl-naphthaquinone (2MQ) and 

trimethylbenzoquinone (TMQ) with 34 and 80 % yields, respectively (Fig. 3). The d-

FePcS@SiO2 catalyst retained the catalytic activity in TMP oxidation during 3 successive runs, 

but the selectivity has progressively diminished from 80 to 51 %. The UV-vis spectrum of the 

solid recovered after third run showed a sharp band at 688 nm indicating monomeric FePcS as 

principal grafted species. Thus, during catalysis the selective dimeric species were gradually 

transformed to less selective monomeric species thus indicating the instability of µ-oxo diiron 

unit to monomerization.   

The relative stabilization of the dimeric structure of supported phthalocyanine complexes 

has been achieved by covalent linking of two adjacent phthalocyanine molecules through an 

appropriate spacer, N,N’-diethyl-1,3-propanediamine (Fig. 4) [33]. 

Fig. 4. Stabilization of dimeric structure by covalent linking of phthalocyanine moieties with 

N,N’-diethyl-1,3-propanediamine. 

 

Indeed, the yield of TMQ was improved to 88 % thus confirming unexpectedly superior catalytic 

properties of µ-oxo iron dimer in oxidation. The excellent catalytic activity of µ-oxo diiron 

phthalocyanine complexes in the oxidation of aromatic compounds was further confirmed by 

Nemykin and coworkers [34-36]. 

 Unforeseen catalytic activity of µ-oxo diiron phthalocyanine complexes can be 

rationalized as follows. First, the iron center coordinates the peroxide oxidant to form iron-

peroxo complex (Fig. 5). 
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Fig. 5. Proposed mechanisms of the formation of active species from monomeric and dimeric µ-

oxo macrocyclic complexes. 

 

This complex can undergo either homolytic or heterolytic cleavages of the O-O bond depending 

on the macrocycle and peroxide structures, presence and nature of axial ligand, solvent polarity 

[27]. Homolysis of O-O bond in mononuclear (L)FeIII-O-OR to form (L)FeIV=O and •OR is often 

the principal pathway leading to unselective free radical chemistry (Fig. 5A). The heterolytic O-

O cleavage leads to generation of high-valent active oxo species where the iron site(s) increases 

their oxidation state by two redox equivalents. This high oxidation state is stabilized by charge 

delocalization at iron site and macrocyclic ligand in mononuclear (L+·)FeIV=O species and at two 

iron sites and two macrocyclic ligands in corresponding oxo species at µ-oxo diiron platform 

(Fig. 5B). Therefore, a desired higher valent oxo species with stronger oxidizing properties are 

more accessible at dimeric platform. Thus, diiron macrocyclic construction provides better 

possibilities for delocalization of the high positive charge during formation of active oxidizing 

species that can be advantageously used in the oxidation catalysis despite the general belief in 

the catalytic inertness of dimeric macrocyclic complexes. 

Using 18O labeling and kinetic isotope effect studies [37], detailed analyses of the 

reaction products as well as kinetic and spectroscopic studies [38], the mechanism of selective 

oxidation of phenols involving µ-oxo diiron species was proposed (Fig. 6). 



 7

+

FeIII

FeIII

FeIII

FeIII

FeIII

FeIII

FeIII

FeIV

BuO
.

FeIV

FeIV

FeIII

FeV

FeIII

FeIV

.

.
.

FeIII

FeIII

FeIII

FeIII

+ MN
- H+

+ BuOO-

  homolytic
O-O cleavage

   heterolytic
O-O cleavage

      first 
1 e- transfer

    second
1 e- transfer

radical
escape

2

BuOO-

91.6 %8.4 %

FeIII

FeIII

stands for µ-oxo diiron phthalocyanine 
covalently supported onto silica

... ... ...

A B C

D E F G H

-OH-

18

 

Fig. 6. Proposed mechanism of the oxidation of 2-methyl-naphthol by tBuOOH catalyzed by 

supported (FePcS)2O [38]. 

In the first step the coordination of phenol with supported µ-oxo diiron phthalocyanine 

occurs which is in agreement with UV-vis and kinetic data (near-zero order in TMP oxidation). 

Then, the phenolate complex A coordinates tBuOO- to form peroxo-intermediate B followed by 

either homolytic or heterolytic O-O bond cleavage. The homolytic cleavage of O-O bond would 

produce the tBuO. radical. Yet, the low incorporation of 18O in 2MQ in the presence 18O2, the 

increase of the selectivity to 2MQ upon increasing the phenol concentration and the lack of EPR-

detected radicals in the presence of the radical trap 3,5-dibromo-4-nitrosobenzenesulfonic acid 

(DBNBS) strongly suggest that homolytic cleavage of peroxo bond in B to form intermediate C 

hardly contributes to reaction pathway. Heterolysis of O-O bond in B generates FeIIIFeV 

intermediate D existing in FeIVFeIV form E due to delocalisation of the charge on two Fe ions 

resulting in the stabilization of the high-valent species. An intramolecular 1 e- transfer in the 

intermeditate E should lead to the radical species F. The escape of naphthol radical from F can 

be trapped by dioxygen that was observed in 18O2 trapping experiment. Quinone labeled at one 

carbonyl position represents only 8.4 % of products indicating that this pathway should be minor 

one. In addition, naphthol radical should produce binaphthol via bimolecular oxidative coupling 

but we were unable to detect the coupling product(s). The second one-electron transfer in F can 
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lead to cationic species G which can undergo a nucleophilic attack of tBuOO- to produce H 

leading to quinone 2MQ.  

Supported diiron phthalocyanine catalysts have been further developed for synthetically 

useful aromatic oxidation of phenols bearing alcohol and double bonds to functionalized 

quinones [39]. Nevertheless, the intrinsic instability of µ-oxo diiron structural unit was the 

important limitation for further catalytic development. We have hypothesized that other 

binuclear platforms might also be of interest as catalysts and have extended our studies to other 

single-atom bridged complexes. 

2. µ-Nitrido diiron phthalocyanines as novel class of bio-inspired catalysts 

Apart from µ-oxo dimers, single-atom bridged metal complexes include µ-nitrido and µ-carbido 

species. The nature of the bridge determines the iron oxidation state. The neutral µ-oxo, µ-nitrido 

and µ-carbido diiron complexes are Fe(III)-O-Fe(III), Fe(III)-N=Fe(IV) and Fe(IV)=C=Fe(IV) 

entities (Fig. 7). 

FeIII

FeIII

FeIV

FeIII

FeIV

FeIV

µ-oxo                               µ-nitrido                          µ-carbido

= macrocyclic ligand : porphyrin, phthalocyanine, porphyrazine, etc 

Fig. 7. Oxidation state of iron in single-atom bridged diiron porphyrinoid complexes. 

 

The early studies of the single-atom bridged dimers focused to the synthetic 

developments and spectroscopic characterizations of these particular complexes [40-48] were 

nicely reviewed by Ercolani and coworkers [49]. The formally Fe(III)-µN-Fe(IV) complexes 

containing one unpaired electron exhibit typical S = ½ axial EPR spectra with weak or 

undetectable hyperfine splitting from the nitrogen bridge. However, a single doublet signal in 

their Mössbauer spectra indicates two equivalent iron centers in +3.5 oxidation state and µ-

nitrido diiron species should be regarded as Fe(+3.5)-µN-Fe(+3.5) systems [49]. While Fe(III)-
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µO-Fe(III) dimers contain antiferromagnetically coupled high-spin centers, Fe(+3.5)-µN-

Fe(+3.5) and Fe(IV)-µN-Fe(IV) species are low-spin systems [50]. The structures of µ-nitrido 

diiron phthalocyanine and porphyrin complexes are shown in Fig. 8. 

 

Fig. 8. Structures and principal geometrical parameters of µ-nitrido diiron phthalocyanine (left) 

and tetraphenylporphyrin (right) complexes. 

 

Contrary to µ-oxo analogs, µ-nitrido diiron phthalocyanine complexes maintain the 

dimeric structure under acidic conditions and during the formation of high-valent species (vide 

infra). The structure of these bio-inspired complexes combines the features of two of the most 

powerful monooxygenase enzymes: diiron active site like in soluble methane monooxygenase 

and porphyrinoid supporting ligand similarly to iron porphyrin active site in cytochrome P-450. 

Compared to mononuclear counterparts, his binuclear scaffold provides better stabilization of 

high oxidation states of the catalyst developed during catalytic oxidation cycle [27]. 

It is worth noting that before our work µ-nitrido bimetallic complexes have not been 

considered as potential catalysts. We were delighted to observe unprecedented oxidative 

reactivity of µ-nitrido diiron tetra-t-butylphthalocyanine (FePctBu4)2N in very first experiments 

and further development led to the discovery of the remarkable catalytic properties of µ-nitrido 

diiron phthalocyanines in the oxidation of organic compounds, formation of C-C bonds and 

oxidative dehalogenation [51-59]. Detailed spectroscopic characterization of µ-nitrido diiron 

phthalocyanines and porphyrins and their high-valent species responsible for their high reactivity 

as well as comprehensive perspective of the range of catalytic applications can be found in the 

original articles [51-59] and recent reviews [60-62]. Below, we present selected catalytic 
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applications of µ-nitrido diiron phthalocyanines in challenging oxidations of methane, benzene 

and defluorination of poly- and perfluorinated aromatic compounds as well as recent catalytic 

developments. Then we describe related binuclear macrocyclic complexes with different 

bridging groups and their properties. Finally, we discuss future directions and trends for the 

further development of this class of catalysts. 

3.  Selected catalytic application of µ-nitrido diiron complexes 

Strong oxidizing properties of cytochrome P450 with iron porphyrin site and diiron soluble 

methane monooxygenase are associated with their ability to generate high-valent oxo species 

such as Compound I with (porphyrin)+.FeIV=O formulation. Such species with two redox 

equivalents above resting Fe(III) state are powerful oxidants though Compound I is not able to 

oxidize methane. Therefore, the ability to generate high-valent oxo species on µ-nitrido diiron 

platform is the prerequisite for their use in biomimetic oxidation catalysis. The µ-nitrido diiron 

structure is very stable due to the nitrogen bridging group and can stabilize high iron oxidation 

states [49,54,56]. However, the Fe+3.5Fe+3.5 initial oxidation state in µ-nitrido diiron complexes 

appears to be not favorable for the activation of peroxides to form high-valent oxo species. 

Noteworthy, monooxygenase enzymes and regular biomimetic complexes form high-valent 

active oxo species at iron sites in low oxidation states [1].  Thus, the (L)FeII or (L)FeIII sites are 

converted to (L)FeIV=O or (L)FeV=O / (L+.)FeIV=O species with two redox equivalents above the 

initial FeII or FeIII states, respectively (Fig. 9). 
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Fig. 9. Formation of oxo species on the mononuclear and binuclear platforms. Reprinted with 

permission from Acc. Chem. Rev. 49 (2016) 583-593. Copyright 2016 American Chemical 

Society. 

 

The formation of high-valent oxo species appears to be harder starting with Fe+3.5Fe+3.5 entities 

since it is more difficult to remove two electrons from this already oxidized unit. However, if 

such species would be accessible, they might be even more poweful oxidants compared to their 

mononuclear counterparts because of their ultra-high oxidation state with 3 redox equivalents 

above Fe(III)Fe(III) state. We have succeeded to accomplish the formation of these µ-nitrido 

diiron oxo complexes and to characterize them by several spectroscopic techniques 

[51,60,61,63]. Their particular electronic structure differentiates them from corresponding 

mononuclear iron counterparts [64] and confers to them unprecedented catalytic properties 

which will be described below. 

3.1. Oxidation of methane and ethane 

We have demonstrated that a µ-nitrido high-valent diiron oxo complex supported by 

tetraphenylporphyrin ligand obtained using m-chloroperbenzoic acid as active oxygen donor was 

much stronger oxidant in the oxidation of alkanes including methane compared to its 

mononuclear analog [63]. However, from practical and environmental perspectives, H2O2 is the 

preferable oxidant excepting dioxygen. Therefore, the oxidation of methane by H2O2 was probed 

using µ-nitrido diiron phthalocyanines which are more industrially relevant compared to 

porphyrin counterparts. Homogeneous oxidation of methane in MeCN by the (FePctBu4)2N-

H2O2 system afforded formic acid as the principal product along with the minor amounts of 

methanol and formaldehyde [51,52]. However, organic solvent containing C-H bonds can also be 

oxidized in the presence of active species strong enough to oxidize methane. Thus, it cannot be 

excluded that the C1 products could be also obtained from the oxidation of CH3CN and their 

origin should be checked in labeling experiments using deuterated solvents and labeled 13CH4. 
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To discriminate between methane oxidation and possible oxidation of acetonitrile, the oxidation 

was performed in CD3CN. The GC-MS analysis of isotopic composition of formic acid revealed 

the presence of 68 % HCOOH and 32 % DCOOH, thus indicating parallel oxidation of CH4 and 

CD3CN, respectively (Fig. 10).  

(FePctBu4)2N

32 bar, 60°C, 20 h
68%

32%

C H2O2

HCOOH  +  CH3OH

CD3CN
DCOOH  +  CD3OH

 
 

47 %

/ 56% HCOOH

/ CH2(OH)2

50% 13CH3OH/ 50% CH3OH

165.5 ppm

13CH2(OH)2
53 % 81.6 ppm

Labeled products: 13C NMR & GC-MS
49 ppm

/ CH4
13

44% H13COOH

CH4
(FePctBu4)2N/SiO2 - H2O2

32 bars, 60°C, 20 h

 
 
Fig. 10. Homogeneous oxidation of methane by the (FePctBu4)2N-H2O2 system in CD3CN and 

heterogeneous oxidation of 13C-labeled methane by (FePctBu4)2N/SiO2-H2O2 system. Reprinted 

with permission from Acc. Chem. Rev. 49 (2016) 583-593. Copyright 2016 American Chemical 

Society. 

 

Indeed, formic acid principally originates from the methane oxidation with TON = 41 but the 

process is complicated by the oxidation of the solvent. To circumvent this problem, the oxidation 

of methane was run in water using silica-supported catalyst (20 µmol/g (FePctBu4)2N loading, 

185 m2/g). When labelled 13CH4 was employed, the formation of labelled 13CH3OH, 13CH2O and 

H13COOH unambiguously evidenced the occurrence of methane oxidation (Fig. 10). The 

preferential formation of formic acid can be explained by over-oxidation of initially formed 

CH3OH and CH2O in concentrations which are comparable with that of diluted CH4. Notably, 

CH4 can be oxidized by (FePctBu4)2N/SiO2-H2O2 system in pure water at 25°C yet with a modest 

TON of 13. Performing the reaction at 40-60°C led to increase of TON up to 26-29.  

 Considerable enhancement of the catalytic efficiency was achieved upon lowering pH 

[51,52]. The protonation of coordinated peroxo group of (Pc)FeIV(µ-N)FeIII(Pc)-O-OH promotes 
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heterolytic cleavage of O-O bond and formation of the active oxo species (Pc)FeIV(µ-

N)FeIV(Pc+.)=O (Fig. 11). 
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Fig. 11. Proton-assisted formation of active (Pc)FeIV(µ-N)FeIV(Pc+.)=O and efficiency of 

methane oxidation as function of H2SO4 concentration. Reaction conditions: methane (32 bar), 2 

mL of aqueous solution, 0.925 µmol of supported FePctBu4 catalyst, 678 µmol H2O2, reaction 

time – 20 h. Adapted with permission from ref. 60. Copyright (2016) American Chemical 

Society. 

 

The efficiency of the oxidation of methane revealed a bell-shaped dependence on the H2SO4 

concentration with the highest catalytic activity at [H2SO4] = 75 mM (Fig. 11). Methane was 

converted to formic acid with TON up to 223 and 88-97% selectivity at 60°C. Importantly, the 

stability of supported catalyst was strongly improved in 75 mM H2SO4 and (FePctBu4)2N/SiO2 

could be used in three successive methane oxidations to achieve a total TON=492, i.e. 492 

methane molecules was oxidized by each (FePctBu4)2N molecule. Noteworthy, the catalytic 

activity of the (FePctBu4)2N/SiO2-H2O2 system in 75 mM H2SO4 aqueous solution at 25°C 

reached TON = 52 compared with TON = 13 in pure water. 

 The catalyst structure also influences the efficiency of methane oxidation. To gain insight 

into the electronic and structural features governing the formation of high-valent diiron oxo 
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species and their reactivity, two heteroleptic µ-nitrido dimers with distinct iron centers were 

synthesized [64]. One iron phthalocyanine bearing four or eight electron-withdrawing 

alkylsulfonyl groups was combined with more electron-rich iron unsubstituted phthalocyanine. 

This diiron scaffold allows probing the reactivity of two iron sites in the intramolecular fashion 

due to the formation of two isomeric Fe(µN)Fe=O species (Fig. 12). 

m-CPBA
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SO2R

A
SO2R
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.
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Fig. 12. Formation of two isomeric diiron oxo species at heteroleptic (PcSO2R8)Fe(µN)Fe(Pc) 

platform and intramolecular determination of the position of oxo group by CID-MS/MS. 

Reprinted with permission from ref. 61. Copyright (2017) Elsevier. 

 

Indeed, can non-equivalence of iron sites coordinated to ligands with different electronic 

properties cause the difference in the formation of the oxo species? We have studied in details 

the reactions of two heteroleptic complexes, (PcSO2R8)Fe(µN)Fe(Pc) and 

(PcSO2R4)Fe(µN)Fe(Pc), with two oxidants (H2O2 and m-CPBA) by mass spectrometry and 

DFT calculations [64]. These studies revealed the strong influence of the electronic properties of 

the iron center on the formation of Fe(µN)Fe=O species. The complex was rapidly reacted with 

oxidant at low temperature and the reaction mixture was analyzed using cold spray technique. 

Transient diiron oxo species were trapped in the quadrupole part of mass spectrometer and were 

subjected to collision induced dissociation tandem MS-MS fragmentation (CID-MS/MS). 

Dissociation of the Fe(µN)Fe=O molecular ions resulted in the monomeric fragments bearing 

oxo and nitrogen atoms (Fig. 12). Analysis of the fragmentation pattern and DFT calculations 

indicated that in all studied cases oxo group was situated at more electron-rich iron site (pathway 
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A, Fig. 12). Only traces of species bearing oxo group at electron-deficient iron site were 

detected. Using this intramolecular approach we found that the formation of the oxo species 

occurred preferentially at electron-rich iron site of the dimer (Fig. 12) [64].  Furthermore, the 

properties of porphyrinoid ligands not only affects the formation of the oxo species but can also 

control their reactivity. The increase of the electron-donating character of phthalocyanine ligand 

along the series [FePc(SO2
tBu)4]2N < (FePc)2N < [FePc(tBu)4]2N resulted in notable increase of 

the TON values: 32.1 → 102.9 → 223.4, respectively (Fig. 13). 
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Fig. 13. Efficiency of methane oxidation catalyzed by µ-nitrido diiron phthalocyanine complexes 

as function of their electronic properties. Reprinted with permission from ref. 61. Copyright 

(2017) Elsevier. 

 

To understand the origin of the high reactivity of µ-nitrido diiron species in oxidation, a detailed 

and systematic DFT studies were performed [65,66]. This work showed that µ-nitrido diiron 

phthalocyanines and porphyrins are indeed highly active oxidants which reacts with methane 

with very low activation barriers (Fig. 14). 
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Fig. 14. DFT calculated methane hydroxylation pathway by µ-nitrido diiron oxo species (1) and 

by cytochrome P450 Compound I (3). Adapted with permission from ref. 66 

(https://pubs.acs.org/doi/10.1021/acscatal.5b02720). Copyright (2016) American Chemical 

Society. Further permissions related to the material excerpted should be directed to the ACS. 

 

Remarkably, these binuclear oxo species react with a free energy of activation that is ~10 kcal 

mol-1 lower than that found for cythochrome P450 Compound I, which is one of the most 

reactive C-H oxidation species in Nature. The reactivity of the oxidizing species is related to the 

orbital mixing patterns along the Fe-O axis through which µ-N-Fe(IV) unit can donate electronic 

density to oxygen atom. This influences the pKa of the oxo group and, consequently, the strength 

of the O-H bond in FeIV(µN)FeIV-OH complex formed in the rate-determining step of hydrogen 

atom abstraction from methane [66]. The more electron-rich ligand is the higher the basicity of 

the oxo group and hence the more is the driving force of H-atom abstraction. 

 It is of great interest to determine how the nature of metal sites in µ-nitrido binuclear 

fragment might influence on the catalytic properties. De Visser and co-workers have performed 

computational studies on a µ-nitrido bridged diruthenium (IV) porphyrazine oxo species as well 

as its reaction with methane in comparison with corresponding diiron complex [67]. Both 

complexes are in a doublet spin ground state which is well-separated from other spin states and 
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oxo group has significant radical character. Although, the electronic configurations of oxo 

species of µ-nitrido diruthenium(IV) and diiron(IV) complexes are similar, the former reacts 

with methane with H-atom abstraction barrier that is considerably lower in energy (by ~ 5 kcal 

mol-1). The diruthenium(IV)-oxo and diiron(IV)-oxo species exhibit similar spin and charge 

distributions, but the strength of the O-H bond formed is much stronger for Ru complex that 

should result in high reactivity of diruthenium species compared with its diiron counterpart [67]. 

 The high reactivity of the µ-nitrido diiron phthalocyanine - H2O2 system in the oxidation 

of strong C-H bonds and high selectivity to acids was utilized for the direct oxidation of ethane 

to acetic acid [68]. The unsubstituted phthalocyanine complex (FePc)2N supported onto SiO2 

exhibited promising results in the oxidation of ethane by H2O2 in water. Acetic acid was 

obtained with 71 % selectivity and turnover number of 58. 

3.2. µ-N supramolecular conjugates for the oxidation of light alkanes 

Recently, Yamada and Tanaka with coworkers have developed an original supramolecular 

phthalocyanine-porphyrin assembly based on µ-nitrido diiron platform for catalytic oxidation of 

light alkanes (Fig. 15) [69,70]. 

 
 

Fig. 15. Schematic representation of supramolecular concept based on µ-nitrido diiron 

phthalocyanine-porphyrin heteroleptic complexes (Porph)Fe-µN-Fe(Pc)@MTPPS (M = Cu, Ni). 

Reproduced with permission from ref. 70. Copyright (2019) John Wiley and Sons. 
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The µ-nitrido complex was prepared from the metal-free cofacial porphyrin-phthalocyanine 

heterodimer which structure was stabilized by fourfold rotaxane formation. The iron insertion 

followed by the treatment with NaN3 provided the target µ-nitrido complex (Porph)Fe-µN-

Fe(Pc) with a 28 % yield. The sharp signals in 1H NMR spectrum in 0 - 9 ppm region indicated 

diamagnetic Fe(IV)Fe(IV) state. According to the Fe K-edge EXAFS spectrum, the Fe-µN 

length was 1.72 Å which is longer than those of published regular µ-nitrido diiron complexes 

(1.65-1.68 Å) [62] owing to steric repulsion of the peripheral organic moieties. Upon incubation 

of the µ-nitrido dimer with CuIITPPS4- or NiIITPPS4- (TPPS4- = 5,10,15,20-tetrakis(4-

sulfonatophenyl)porphyrin), the 1:1 supramolecular assemblies were formed according to ESI-

TOF mass spectra. Significant broadening and red shift of the Q band of the phthalocyanine 

fragment as well as a strong higher field shift of the pyrrolic N-H proton (from -2.87 to -11.59 

ppm) of the H2TPPS4- confirm the formation of stacked assemblies (Porph)Fe-µN-

Fe(Pc)@CuTPPS and  (Porph)Fe-µN-Fe(Pc)@NiTPPS [69,70].  

The (Porph)Fe-µN-Fe(Pc), (Porph)Fe-µN-Fe(Pc)@CuTPPS and (Porph)Fe-µN-

Fe(Pc)@NiTPPS  were supported onto SiO2 and their catalytic activities were evaluated in the 

oxidation of ethane by H2O2 in water at 60°C.  In line with our previous reports, the oxidation 

was slow in pure water but in the presence of 51 mM CF3COOH an efficient oxidation of ethane 

to C2H5OH and CH3CHO occurred, followed by gradual accumulation of CH3COOH and 

HCOOH. The total turnover numbers (TTN) defined as TTN = ([C2H5OH] + 2[CH3CHO] + 

3[CH3COOH] + 6/2[HCOOH]) / [catalyst] were determined to be 195, 376 and 394 for 

(Porph)Fe-µN-Fe(Pc)-SiO2, (Porph)Fe-µN-Fe(Pc)@CuTPPS-SiO2 and (Porph)Fe-µN-

Fe(Pc)@NiTPPS-SiO2, respectively, compared to TTN = 289 for (FePctBu4)2N-SiO2 [70]. 

Importantly, the TNN increased almost lineary over 24 h and bleaching of the supported catalyst 

was not observed indicating its good stability under reaction conditions. Indeed, the (Porph)Fe-

µN-Fe(Pc)@CuTPPS-SiO2 catalyst retained ~93 % of its catalytic efficiency after 24 h. When 

the oxidation of ethane was performed at 100°C using (Porph)Fe-µN-Fe(Pc)-SiO2, the TTN of 
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1038 was obtained which is comparable with the amount H2O2 used (1070 equiv). This implies 

that over-oxidation of the reactions products to CO2 was almost negligible.  

A distinctive feature of this supramolecular µ-nitrido diiron complex is the Fe(IV)Fe(IV) 

initial state whereas the previous µ-nitrido diiron phthalocyanine complexes active in the 

oxidation were in the initial Fe(III)Fe(IV) oxidation state. The putative high-valent diiron oxo 

species was detected by electrospray-ionization Fourier transform ion cyclotron resonance mass 

spectrometry (ESI-FT-ICR MS) though the position of oxo group (phthalocyanine or porphyrin 

site) could not be determined. Yamada, Tanaka and coworkers have proposed a possible 

mechanism involving both Fe(IV)Fe(IV) and Fe(III)Fe(IV) based catalytic cycles (Fig. 16). 

 
 

Fig. 16. Proposed reaction mechanism of the oxidation of light alkanes by supramolecular µ-

nitrido diiron complex involving Fe(IV)Fe(IV) and Fe(III)Fe(IV) based catalytic cycles. 

Reproduced with permission from ref. 70. Copyright (2019) John Wiley and Sons. 

 

This, the Fe(IV)Fe(IV) platform seems to be prone to further oxidation. The one-electron 

oxidation of µ-nitrido diiron (IV) phthalocyanine by peroxide has been reported [71]. 

The same approach was used for the more challenging oxidation of methane (10 bar) by 

H2O2 in water acidified with CF3COOH (Fig. 17) [69]. 
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Fig. 17.  Supramolecular conjugates for the oxidation of methane. Reproduced from Ref. 69 with 

permission from the Centre National de la Recherche Scientifique (CNRS) and The Royal 

Society of Chemistry. 

 

The principal oxidation product was formic acid and the amount of CH3OH and HCHO were 

much lower than that of HCOOH even at initial step of the reaction. Again, supramolecular 

conjugates (Porph)Fe-µN-Fe(Pc)@CuTPPS-SiO2 and (Porph)Fe-µN-Fe(Pc)@NiTPPS-SiO2 

showed superior TTN of 44 and 47, respectively, compared with TTN = 30 obtained with 

(Porph)Fe-µN-Fe(Pc)-SiO2. A superior catalytic activity of the supramolecular conjugates in the 

oxidation of methane and ethane was proposed to be due to the electronic perturbation through 

 stacking |69]. This elegant work showed a promising strategy for controlling a catalytic 

activity of µ-nitrido diiron scaffold. 

3.3 Oxidation of alkanes 

Catalytic properties of µ-nitrido diiron phthalocyanines are affected by the nature of the oxidant. 

As shown above, when H2O2 oxidant is used, the peroxo intermediate (Pc)FeIV(µ-N)FeIII(Pc)-O-

OH undergoes a heterolytic cleavage of O-O bond to generate (Pc)FeIV(µ-N)FeIV(Pc+.)=O. In the 

case of tBuOOH, the initially formed (Pc)FeIV(µ-N)FeIII(Pc)-O-OtBu analog is subjected to the 
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homolytic O-O bond cleavage affording two one-electron oxidizing species (Pc)FeIV(µ-

N)FeIV(Pc)=O and tBuO• (Fig. 18) [61]. 
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Fig. 18. Formation of µ-nitrido diiron peroxo complexes derived from tBuOOH and H2O2 and 

their evolution to different oxo species through homolytic and heterolytic O-O bond cleavages, 

respectively. 

 

This mechanistic versatility should result in different reactivities depending on the nature of the 

oxidant used. The reactivity of the (FePctBu4)2N in combination with tBuOOH was studied in the 

oxidation of alkanes, olefins, aromatic and alkylaromatic compounds [72].  

 The oxidation of neat cyclohexane by tBuOOH (0.2 M) catalyzed by (FePctBu4)2N (0.1 

mM) occurs with the turnover frequency of 3.9 min-1 to provide cyclohexanol (Cy-OH) and 

cyclohexanone (Cy=O) as principal products in comparable amounts. Along with Cy-OH and 

Cy=O, bicyclohexyl (Cy-Cy) was formed even in the presence of O2 and high concentration of 

tBuOOH [72]. This product derived from coupling of cyclohexyl radicals accounted for 8.0% of 

the reaction products whereas Cy=O and Cy-OH constituted 50.4 and 41.6%, respectively. The 

formation of Cy-OH and Cy=O in a ~ 1:1 ratio usually takes place when Cy-O-O· radicals are 

formed which interact through Russell mechanism to generate Cy-O-O-O-O-Cy intermediate 

which, in turn, affords Cy-OH, Cy=O and O2 upon degradation. The total concentration of 

products reached 79.2 mM after 6 h and 98.4 mM after 24 h and the total TON achieved 1063 

cycles. The product yield on the tBuOOH attained 59%. The formation of Cy-Cy implies that 

considerable amount of cyclohexyl radicals is produced which cannot be totally transformed to 
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Cy-OH and Cy=O through quenching by oxidizing species. Therefore, the product composition 

of cyclohexane oxidation by the (FePctBu4)2N-tBuOOH system is consistent with radical 

oxidation mechanism which involves the tBuO· radical and (Pc)FeIV(µ-N)FeIV=O(Pc) species 

generated via the homolytic cleavage of the O-O bond of (Pc)FeIV(µ-N)FeIII-O-OtBu(Pc). 

 Significant improvement of the efficiency of cyclohexane oxidation was observed using 

0.75 M tBuOOH added in three portions at 0, 3 and 6 h at 50°C. The portion-wise tBuOOH 

addition resulted in higher TON and product yields (Table 1). 

Table 1. Oxidation of neat cyclohexane by (FePctBu4)2N - tBuOOH system. Reprinted with 

permission from ref. 72. Copyright (2017) Elsevier. 

 
Reaction 
time, h 

Concentration, mM Distribution, % 
Cy-OH:Cy=O:Cy-Cy 

Yield on 
tBuOOH, %b 

Total TON 
 Cy-OH Cy=O Cy-Cy 

3 48.3 59.4 2.2 44 : 54 : 2 68 1099 
6 117.8 141.9 5.0 44 : 54 : 2 81 2647 
9 195.5 246.5 14.0 43 : 55 : 2 94 4560 
23 191.2 323.7 14.7 36 : 61 : 3 114 5296 

a Conditions: 2 mL of cyclohexane (9.26 M), [(FePctBu4)2N] = 0.1 mM, tBuOOH was added in three portions at 0, 3 
and 6 h, total [tBuOOH] = 0.75 M, 50°C. b Yield was based on the amount of the oxidant tBuOOH added before 
analysis taking into account that two oxidant equivalents are consumed to produce Cy=O. The yield of 114 % (last 
line) is due to the involvement of O2 in the oxidation reaction. 
 

The distribution of reaction products was quite constant during all the course of the reaction. The 

(FePctBu4)2N complex was rather stable under reaction conditions. According to UV-vis analysis 

of the spent reaction mixture only 10% of the complex was destroyed during reaction. The total 

TON continuously increased with the reaction time to achieve almost 5300 turnovers.  

Significantly, the total concentration of Cy=O and Cy-OH attained more than 0.5 M after 23 h. 

The portion-wise addition of tBuOOH led to decrease of the Cy-Cy content down to 2-3 %. Of 

particular interest is the fact that the oxidation of neat cyclohexane provided a 5.9% conversion. 

The yields of the oxidation products based on the tBuOOH amount progressively increased from 

68% (3 h) to 81% (6 h) and 94% (9 h) to attain 114% after 23 h suggesting the involvement of 

O2 in the reaction. 
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The particular feature of the (FePctBu4)2N – tBuOOH system is the simultaneous 

production of two active species able to cleave C-H bonds to generate radicals which then 

recombine forming coupling products or can be intercepted by O2 to generate peroxo radicals 

which initiate radical oxidation reaction. (Fig. 19).  
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Fig. 19. Proposed mechanism of the oxidation of cyclohexane by (FePctBu4)2N – tBuOOH 

system. Phthalocyanine ligands are omitted for clarity. Species reacting with C-H bonds are 

depicted in red and principal products are in blue. Reprinted with permission from ref. 72. 

Copyright (2017) Elsevier. 

 

Cyclohexyl hydroperoxyde CyOOH, important intermediate product of this radical parhway, can 

also be activated by (FePctBu4)2N to produce (Pc)FeIV(µ-N)FeIII(Pc)-O-OtCy followed by 

generation of (Pc)FeIV(µ-N)FeIV(Pc)=O and CyO· radical which in turn initiate further oxidation 

chains. Several lines of evidence demonstrate that the (FePctBu4)2N - tBuOOH system operates 

via one-electron oxidation pathways involving free radicals [72]. The (FePctBu4)2N – tBuOOH 

system was also efficient in the oxidation of adamantane, cyclohexane and toluene [72]. 

Hydrogen peroxide can be also used for the oxidation of alkanes. The oxidation of 

cyclohexane by (FePctBu4)2N – H2O2 system was strongly enhanced in the presence of 10 mM 

perfluorocarboxylic acids [73]. Acetic and sulfuric acids were less efficient whereas the 
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efficiency of perfluorocarboxylic acids in terms of TON depended on the number of carbon 

atoms: 

CF3COOH (TON = 504) > CF3CF2COOH (478) > CF3(CF2)3COOH (353) > CF3(CF2)6COOH 

(290) ~ CF3(CF2)8COOH (311) > CF3(CF2)10COOH (92) >> no acid (32) 

Evaluation of Al2O3, Fe2O3, SiO2, and ZrO2 supports showed that the (FePctBu4)2N-Al2O3 

catalyst exhibited the highest activity of 109 turnover numbers without any acid additive [74]. 

The strong acidic sites of Al2O3 support were proposed to be responsible for this enhanced 

catalytic activity. 

3.4 Oxidation of benzene: evidence for biomimetic reactivity 

The oxidation of benzene is an important industrial process and hydroxylation of aromatic C-H 

bonds is related to essential biological functions. Several enzymes including cytochromes P-450 

perform the hydroxylation of aromatic compounds through high-valent iron oxo species. The 

principal mechanisms of enzymatic oxidation of benzene were considered by de Visser and 

Shaik [75]. Characteristic features of the biological hydroxylation of arenes are (i) intermediate 

formation of arene epoxide and (ii) substituent migration from the hydroxylation site to the 

adjacent position (NIH shift). Bio-inspired complexes capable of efficiently oxidizing benzene 

are still rare [76]. The oxidation of benzene by (FePctBu4)2N-H2O2 afforded phenol as the 

principal product (TON = 66) as well as smaller amounts of benzene epoxide, sym-oxepin oxide 

and benzoquinone (Fig. 20) [53]. 
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Fig. 20. Mechanistic features of oxidation of benzene catalyzed by (FePctBu4)2N : incorporation 

of 18O from H2
18O2, formation of benzene epoxide and detection of NIH shift. Reprinted with 

permission from ref. 60. Copyright (2016) American Chemical Society. 

 

The formation of benzene epoxide and sym-oxepin oxide is mechanistically important. Benzene 

epoxide is assumed to be in rapid equilibrium with tautomeric oxepin [77] which can be also 

epoxidized to sym-oxepin oxide by P-450 monooxygenase [78]. Thus, the (FePctBu4)2N-H2O2 

system oxidizes benzene to benzene epoxide in the first step followed by its isomerization to 

phenol. The formation of notable amount of sym-oxepin oxide via the epoxidation of oxepin, 

tautomeric form of benzene epoxide, strongly suggests that the oxidation route through the PhH 

epoxidation should be principal one.  

Intermolecular and intramolecular kinetic isotope effects (kH/kD) on phenol formation in 

the competitive oxidation of a 1:1 C6H6 /C6D6 mixture and using benzene-1,3,5-d3 were 

determined at 25°C to be 1.21±0.04 and 1.29±0.03, respectively. These kH/kD values are not 

consistent with the formation of –complex since in this case the inverse kH/kD (<1) are expected 

[75]. A labelling study using H2
18O2 as the oxidant in the presence of unlabeled 16O2 and H2

16O 

revealed the exclusive incorporation of 18O from H2
18O2 to provide Ph18OH [53]. 

The enzymatic formation of arene epoxides is accompanied by the NIH shift when high-

valent iron oxo species are involved. In order to examine a possible NIH shift, we have 

introduced 1,3,5-trideuterobenzene as a mechanistic probe [53]. On the basis of the isotopic 

composition of 1,4-benzoquinone obtained by the further oxidation of phenol one can conclude 
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whether the NIH shift occurs (Fig. 20). If there is no NIH shift, two isotopomeric phenols should 

be obtained affording the only quinone-d2 via further oxidation. In the alternative scenario, 

initially formed benzene epoxide undergoes to H/D shift resulting in two 2,4-cyclohexadien-1-

ones which enolization leads to four phenols including NIH-shifted ones with two adjacent D- or 

H-atoms. Along with quinone-d2, their oxidation provides quinone-d1 and quinone-d3 which can 

only be obtained according to this mechanism. Analysis of the isotopic composition of 1,4-

benzoquinone produced in the oxidation of benzene by (FePctBu4)2N-H2O2 system has shown 

19% quinone-d1 and 6% of quinone-d3 that evidences the NIH-shift. Therefore, exclusive 

incorporation of the H2
18O2 oxygen to phenol, formation of benzene epoxide and NIH shift 

observed in the benzene oxidation by (FePctBu4)2N-H2O2 system are similar to mechanistic 

features of biological oxidation. These results further confirms the involvement of high-valent 

diiron oxo-species in the oxidation reactions catalyzed by µ-nitrido diiron complexes. 

3.5. Oxidative dehalogenation and defluorination 

The incubation of (FePctBu4)2N with tBuOOH in CH2Cl2 or CH2Br2 solvents resulted in their 

dehalogenation to form stable Cl-(Pc)FeIV(µ-N)FeIV(Pc+.)-Cl and Br-(Pc)FeIV(µ-N)FeIV(Pc+.)-Br 

complexes with high isolated yields [54]. The formation of Cl-(Pc)FeIV(µ-N)FeIV(Pc+.)-Cl 

implies the cleavage of the C-Cl bond in CH2Cl2 widely used as the solvent for the oxidation 

reactions. The strong and narrow EPR signal at g = 2.0012 (11 G width) due to the cation-radical 

of phthalocyanine and one doublet signal in Mössbauer spectrum with  = - 0.10 mm.s–1 and 

EQ1 = 1.64 mm.s–1 due to identical Fe(IV) sites imply structures isoelectronic to high-valent 

oxo iron species relevant to biological and biomimetic oxidations. The Fe(IV) state was 

confirmed by intensive pre-edge energy peaks in XANES spectra at 7115.2 eV with typical for 

such a manifold the second lobe at 7113.4 eV. The Fe K-edge EXAFS analysis of X-(Pc)FeIV(µ-

N)FeIV(Pc+.)-X showed a symmetric Fe-N-Fe fragment with a 3.39 Å Fe-Fe distance and the Fe-

Cl and Fe-Br bond lengths of 2.33 and 2.54 Å, respectively [54]. 
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Can this reactivity be extended to fluorinated compounds? Catalytic transformation of C-

F bonds, the strongest organic single bonds, has been a long-standing challenge in chemistry for 

both fundamental and practical reasons. Fluorinated organic compounds are increasingly used in 

many applications due to unique properties of C-F bonds (high thermal and oxidative stability, 

C-F bond strength, low polarity, weak intermolecular interactions). Carbon-fluorine bonds have 

a pivotal role in pharmaceuticals, agrochemicals, materials (liquid crystals, polymers, solvents, 

tracers for positron emission tomography, etc.). For instance, 40 % of agrochemicals and 25 % of 

pharmaceuticals currently used contain C-F bonds. Although a variety of efficient systems for C-

F activation based on electron-rich organometallic complexes, reduction and nucleophilic 

substitution reactions have been developed, the oxidative transformations of poly- and especially 

perfluorinated compounds are practically unknown in chemistry and biology. Moreover, since 

fluorine is the most electronegative element, the reaction of heavily fluorinated compounds with 

strong oxidants (highly electron-deficient species) has been considered as almost impossible.  

Inspired by unusual oxidative dechlorination of CH2Cl2, we screened the reactivity of 

(FePctBu4)2N toward different halogenated compounds. Remarkably, the oxidative 

dehalogenation can be extended to fluorinated aromatics including C6F6 with BDEC-F=154 kcal 

mol-1. Treatment of (FePctBu4)2N with 30 equiv. tBuOOH in C6F6/C6H6 mixture at 60°C for 6 h 

resulted in the formation of the complex [(Pc)F–FeIV(µ-N)FeIV–F(Pc+.)] with 80 % isolated yield 

which was stable under reaction conditions (Fig. 21) [59].  
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Fig. 21. Stoichiometric formation of [(Pc)(F)FeIV(µ-N)FeIV(F)(Pc+.)] and regeneration of the 

starting complex in the presence of H2O2.  Adapted with permission from ref. 60. Copyright 

(2016) American Chemical Society. 

This intermediate involved in stoichiometric defluorination was characterized by ESI-MS, UV-

vis, EPR, 19F NMR, EDX, EXAFS, XANES and XES techniques.  

To convert this stoichiometric chemistry to catalytic defluorination reaction, 

(FePctBu4)2N should be regenerated by reduction of [(Pc)F-FeIV(µ-N)FeIV-F(Pc+.)]. 

Spectrophotometric titration of [(Pc)F-FeIV(µ-N)FeIV-F(Pc+.)] by H2O2 led to the formation of 

(FePctBu4)2N. Thus, H2O2 reacts (i) as the oxidant to generate high-valent diiron oxo species 

capable of defluorinating of perfluorinated aromatics; and (ii) as reductant of [(Pc)F-FeIV(µ-

N)FeIV-F(Pc+.)] to the catalyst resting state to complete the catalytic cycle. The homogeneous 

(FePctBu4)2N-H2O2 system efficiently converts a range of aromatic compounds with various 

fluorination pattern including perfluorinated and polyfluorinated compounds bearing different 

functional groups with high TON (Fig. 22) [59]. 
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Fig. 22. Catalytic defluorination of poly- and perfluorinated aromatics by (FePctBu4)2N-H2O2. 

Conditions: catalyst:substrate:oxidant=1:250:4000, 60°C, 15 h. Homogeneous and 

heterogeneous reactions using carbon-supported catalyst were performed in CD3CN and D2O, 

respectively. TONs were calculated as moles of F─ per mole of catalyst. 

 

Remarkably, (FePctBu4)2N mediates defluorination of C6F6 converting 3.12 from 6 fluorine 

atoms to F- whereas the oxidative metabolism for perfluorinated species via enzymatic pathways 

including cytochrome P450 is unknown. In marked contrast to usual organometallic and 

reductive approaches to C-F bond activation which need the rigorous inert and anhydrous 

conditions, the (FePctBu4)2N-H2O2 system shows a high defluorination efficiency in water (Fig. 

22). Moreover, the defluorination activity in water using supported catalyst was much higher 
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compared to that obtained in MeCN (Fig. 22). Thus, when pentafluorophenol was used as the 

substrate, 4825 C-F bonds per catalyst molecule were cleaved with release of fluoride anion.   

Taking into account that poly- and perhalogenated aromatic compounds are recalcitrant 

contaminants and fluorinated compounds are extremely persistent in the environment owing to 

their very slow biodegradation, the development of practical disposal methods for these 

emerging pollutants is of vital importance. In this context, the supported (FePctBu4)2N-H2O2 

system operating in water appears to be particularly suitable. To confirm the practical aspect of 

this oxidative approach, we have studied in details the transformation of pentafluorophenol. 

Quantitative analysis of the reaction products by GC-MS, 19F NMR and total carbon 

determination showed the formation of hydrofluoric acid and CO2/CO resulting in 89 % 

defluorination and 54 % organic carbon loss (Fig. 23).  

89 % defluorination, 54 % organic carbon loss

Fluorine balance: 97 % 
Carbon balance: 89 %200 µmol

H 114 µmol
862       602      41 
µmol    µmol    µmol 33 µmol 7.4 µmol

5200 
µmol

H2O2 DF CO2

0.1 mol%
supported catalyst

D2O, 60°C, 15 h

96 % conversion

CO

 

Fig. 23. Catalytic mineralization of pentafluorophenol in water using supported onto carbon 

(FePctBu4)2N. 

 

µ-Nitrido diiron complexes also showed promising results in the degradation of 

chlorinated phenols [79]. Homogeneous aqueous oxidation of 2,6-dichlorophenol and 2,4,6-

trichlorophenol by H2O2 was efficiently catalyzed by water-soluble µ-nitrido diiron 

tetrasulfophthalocyanine (FePcS)2N. The same catalytic system was successfully applied for 

example for the degradation of toxic Orange II reagent in water [80]. Therefore, this oxidative 

approach to the degradation of recalcitrant pollutants seems to be particularly sutable from 

practical point of view. Indeed, (i) earth abundant and non-toxic iron-based catalyst is available 

on a large scale and industrially relevant; (ii) the µ-nitrido diiron catalyst can be readily 
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immobilized onto different supports; (iii) environmentally compatible H2O2 oxidant is 

industrially available; (iv) the catalytic system is tolerant to water and air and shows a large 

substrate scope; (v) the process can be carried out in concentrated organic solutions (e.g. for the 

treatment of industrial wastes) or in water including diluted solutions (for treatment of 

contaminated water). For all these reasons we believe that this novel approach might be useful 

for the development of novel remediation processes. 

 The uncommon defluorination of aromatic compounds via oxidation pathway raises 

questions on the mechanistic background of this striking reactivity. How does the extremely 

electron-deficient (Pc)FeIV(µ-N)FeIV(Pc+.)=O species react with the C-F bond formed by the 

most electronegative element? Following mechanistic scenarios have been evaluated: (A) free-

radical Fenton oxidation; (B) electrophilic attack; (C) nucleophilic substitution and (D) initial 

epoxidation of aromatic cycle. 

(A) Benzenes with different fluorination pattern were totally stable under Fenton conditions (Fig. 

22) [59,81]. The substrates having functional groups exhibited conversions at the detection limit. 

These results are not in agreement with involvment of OH· radicals. 

(B) 1,3,5-trichloro-2,4,6-trifluorobenzene afforded phenols obtained preferentially via F rather 

than Cl elimination (97:3 ratio). The oxidation of 1,3,5-trifluorobenzene also led to phenol issued 

principally from F elimination rather than from the C-H oxidation (98:2 ratio) (Fig. 24). 

(FePctBu4)2N - H2O2

(FePctBu4)2N - H2O2

OH

OH

OH

OH

98%

97%

2%

3%

 

Fig. 24. Comparison of reactivity of aromatic C-F, C-Cl and C-H bonds exhibited by 

(FePctBu4)2N-H2O2 system. 
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Despite the strong electrophilic properties of ultra high-valent diiron oxo species, the reactivity 

of aromatic C-F vs C-Cl and C-H bonds observed in intramolecular competition using C6F3Cl3 

and C6F3H3 probes is not compatible with electrophilic attack of oxo species on the C-X bond. 

(C) The conversions of fluorinated benzenes decrease with the increase of the number of fluorine 

groups (Fig. 22). Other reactivity trends also disfavor this mechanism [59]. 

(D) Oxidation of aromatic compounds including halogenated benzenes by cytochrome P450 

Compound I involves the formation of arene epoxides and NIH shift [75]. Similarly, the 

(FePctBu4)2N mediates the oxidation of benzene via benzene epoxide accompanied by NIH shift 

[53]. Thus, the initial epoxidation of fluoroarene can be considered as plausible route.  Although 

identification of fluoroarene epoxides is hampered by low ESI-MS response and their low 

stability at GC-MS conditions, we could detect an epoxide in the oxidation of perfluoro-

naphthalene. Using 1,4-difluorobenzene probe allowed detecting the very rare fluorinated NIH 

shift to confirm the epoxidation pathway as initial step of defluorination reaction [59]. 

To get deeper insight into this unusual reactivity, detailed DFT analysis of the mechanism 

of defluorination of hexafluorobenzene by µ-nitrido diiron oxo species were carried out [82]. 

According to calcilations, the reaction proceeds via a rate-determining aromatic addition of 

diiron oxo species followed by 1,2-fluoride shift to form the ketone intermediate, which can 

further rearrange to the phenol (Fig. 25). 
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Fig. 25. Mechanism of defluorination reaction explored by DFT calculations. Energy values are 

in kcal mol-1. Reproduced with permission from ref. 82. Copyright (2019) John Wiley and Sons. 

 

The defluorination of perfluorinated aromatics via oxidative pathway proceeds through a 

completely different mechanism in comparison to that of aromatic C-H hydroxylation by 

mononuclear high-valent iron oxo species such as Compound I of cytochrome P450 [82]. 

4. Evolution of binuclear platform 

4.1. µ-Oxo complexes 

The progress in the preparation, characterization and applications of µ-oxo dimeric complexes 

with various metals and macrocyclic ligands has been recently reviewed [83]. It is of interest to 

study the role of the single-atom bridging group. To this aim, the structural and electronic 

properties of the three diiron octapropylporphyrazine complexes (FePzPr8)2X (X = C, N, O) with 

Fe(III)-µO-Fe(III), Fe(III)-µN-(Fe(IV) and Fe(IV)-µC-Fe(IV) were investigated in details in 

recent comparative studies (see Fig. 26 for their structures) [84,85].  

R = CH2CH2CH3

III

IV

C

III IV

III IV

 

Fig. 26. Structures of µ-oxo, µ-nitrido and µ-carbido diiron octapropylporphyrazines complexes. 

 

Mössbauer study and DFT calculations indicated the increase of covalency of Fe-X bond in the 

µ-oxo → µ-nitrido → µ-carbido row and their low-spin character, a singlet state for µ-oxo and 

µ-carbido and a doublet state for µ-nitrido [85]. These complexes catalyze cyclopropanation of 

styrene and its derivatives with 0.1 mol% loading and 1.2 equiv ethyl diazoacetate (EDA). The 

µ-oxo diiron complex was shown to be the most efficient to afford 95-100 % and 82-100 % 
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cyclopropanation yields in case of styrenes bearing electron-donating and electron-withdrawing 

substituents, respectively (Table 2). 

Table 2. Catalytic cyclopropanation of aromatic and aliphatic olefins by EDA catalyzed by 

(FePzPr8)2O. Reprinted with permission from ref. 85. Copyright (2020) American Chemical 

Society. 

Entry Substrate 
Cyclopropanation EDA dimerization, 

Yield of cis/trans,b % Yield,a % trans/cis ratio 

1 4-methoxystyrene 100 76:24 6/0 

2 4-methylstyrene 100 77:23 6/0 

3 3-methylstyrene 99 76:24 8/<1 

4 4-fluorostyrene 82 73:27 17/1 

5 4-cyanostyrene 100 68:32 9/<1 

6 pentafluorostyrene 89 80:20 11/1 

7 methylstyrene 100 63:37 7/<1 

8 1,1-diphenylethylene 100 - 5/<1 

9 cyclohexene 0 - 76/3 

10 n-butylvinylether 58 55:45 19/1 

11 
2,3-dimethyl-1,3-

butadienec 
66 71:29 12/<1 

a Yields of cyclopropanation products are based on the initial amount of olefin. b Yields of EDA dimerization 
products are based on the initial amount of EDA.c Yield of the products of double cyclopropanation was 33 %. 
 

The carbene transfer ability is usually attributed to metal carbene species [4]. While 

mononuclear porphyrinoid complexes have been extensively investigated for carbene transfer 

reactions, their binuclear counterparts have not yet been explored as catalysts for these rapidly 

developing field. To gain insight into possible participation of binuclear diiron carbene species 

and to understand the influence of the electronic structure on reactivity, we have performed a 
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detailed DFT study of the model three diiron porpyrazine complexes having no propyl groups  

and bearing carbene ligands. µ-O and µ-N carbene complexes show significant spin density at 

carbon atom of carbene (0.9 e spin density) and therefore can be regarded as radicaloid species. 

While µ-nitrido and µ-carbido carbene complexes have LUMOs localized on * orbitals of the 

distal Pz ligand, LUMO of the µ-O species is the unoccupied  2py orbital of the radical carbon 

atom of carbene species (Fig. 27) [85].  

 

Fig. 27. LUMO of the three (FePz)2X-carbene species calculated with B3LYP/TZ2P, 

eigenvalues in eV. Reprinted with permission from ref. 85. Copyright (2020) American 

Chemical Society. 

This difference in electronic structures can explain the superior activity of µ-O-based species and 

lower reactivity of µ-C and µ-N entities. The former structure should favor the initial radical 

addition to double bond of styrene followed by cyclization leading to cyclopropane ring. Recent 

DFT calculations showed that iron mononuclear porphyrinoid carbene species can adapt 

different electronic configurations that should determine their reactivity [86]. In this connection, 

their binuclear counterparts can provide even a larger range of the structural and electronic 

configurations and novel reactivity patterns and reaction landscapes can be probably discovered. 

Tetracarbene macrocyclic iron complexes recently introduced as potential catalysts for 

oxidation can also form µ-oxo dimeric species (Fig. 28) [87]. 
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Fig. 28. Crystal structure of µ-oxo diiron complex supported by N-heterocyclic tetracarbene 

ligand which shows sluggish oxidizing properties. Ref. 27. Published by The Royal Society of 

Chemistry. 

 
The structure shows a distorted square pyramidal geometry with N-heterocyclic tetracarbene 

ligands (NHC) coordinated in saddle distorted mode with Fe-O distance of 1.732 Å and the Fe-

O-Fe angle of 162.7°. Noteworthy, the µ-oxo diiron(III) species is capable of oxidizing PPh3 and 

even CH3CN though the latter reaction is very slow. Related µ-oxo diiron complex supported by 

another NHC ligand selectively oxidized dihydroantracene to anthracene [88]. 

Two porphyrinoid macrocycles of µ-oxo dimer can be connected by different linkers [89-

95]. Several such constructions with rigid and flexible linkers were prepared and structurally 

characterized (Fig. 29) [96]. 
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Fig. 29. Structurally characterized µ-oxo diiron complexes with linked porphyrin ligands. 

Reprinted with permission from ref. 83. Copyright (2019) Elsevier. 

 

The chemistry of these complexes, structural and spectroscopic properties were described in 

details in the recent review by Rath and co-workers [96]. Herein we briefly discuss the most 

important properties of these diiron(III) high-spin (S = 5/2) systems and further detailed 

information can be found in ref. 96. The dimeric constructions with ethane, ethene and pyrrole 



 37

linkers are quite flexible. The switching between closed and open conformations is triggered by 

the addition of base or acid resulting in the distinctive colour changes. X-ray structures of the µ-

oxo complexes show cofacial arrangement of distorded porphyrin macrocycles with bent Fe-O-

Fe fragments: 147.9, 150.9 and 151.97° for ethane, ethene and pyrrole linked complexes, 

respectively. More rigid aromatic spacers of covalently linked µ-oxo complexes provide less 

bent structures with Fe-O-Fe angles of 165.7 – 174.8° and longer Fe-Fe distances (3.491-3.511 Å 

vs 3.409-3.454 Å) and mean plane separations (up to 4.74 Å vs 4.33 Å) [96]. Two FeIII centers in 

the flexible ethane- and pyrrole-linked µ-oxo species are strongly antiferromagnetically coupled: 

J = - 126.6 cm-1 [91] and J = - 137.7 cm-1 [89], respectively. Therefore, tuning of the structure of 

µ-oxo diiron fragment permits a fine control of the interaction and electronic communication 

between porphyrin moieties of dimer. Furthermore, µ-oxo dimers bearing other porphyrinoid 

ligands, e.g. oxoporphyrin, azaporphyrin, porphyrazine, corrole, porphodimethene, 

dioxoporphodimethene, chlorine, were prepared [96]. Consequently, the properties of µ-oxo 

dimeric species can be also tuned by the appropriate choice of supporting porphyrin-like ligand. 

Such µ-oxo bimetallic Pacman constructions have been used for photochemical generation of 

high-valent oxo species via disproportionation of the M-O-M unit and utilization of dioxygen 

without sacrificial reductants in clean oxidation reactions (Fig. 30) [97]. 
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dibenzofuran
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FeIII

FeIII

 

Fig. 30. Photogeneration of iron oxo species from iron Pacman porphyrins. Reprinted with 

permission from ref. 83. Copyright (2019) Elsevier. 

4.2. µ-hydroxo complexes 

The protonation of covalently linked µ-oxo diiron porphyrin constructions by strong acids with 

weakly coordinated anions (e.g. ClO4
-, PF6

-, SbF6
-, BF4

-) resulted in corresponding µ-hydroxo 
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species [89,96,98]. The protonation makes the Fe-OH-Fe angle more bent and two porphyrin 

moieties become closer to each other. Their increased interaction results in unequally distorted 

porphyrin cores with two different iron spin states in the µ-hydroxo dimer molecule as evidenced 

by Mössbauer studies [99]. The nature and size of anion influence the iron spin state via the 

interaction with OH group and iron centers. The calculations showed that the subtle 

environmental perturbations can affect the spin state of iron atoms [91]. The protonation of µ-

oxo bridge of pyrrole-linked dimer led to decrease of coupling constants to J = - 42.2 cm-1 (with 

HBF4), J = - 42.4 cm-1 (with HPF6) and J = - 44.1 cm-1 (with HSbF6) [89]. The lengthening of 

the Fe-O bond was suggested to be the important factor for the decrease of coupling. On the 

other hand, ethane-bridged µ-hydroxo dimanganese octaethylporphyrin has two equivalent high-

spin Mn(III) sites [90]. Interestingly, molecules of organic solvents, e.g., H2O, C6H6, PhMe, 

THF, etc. can be accommodated in the cavity between porphyrin planes [96]. 

4.3 µ-carbido diiron complexes 

The µ-carbido diiron(IV,IV) porphyrin-like complexes are rare stable species containing two 

iron sites in such a high oxidation state. Their chemistry and spectroscopic characterization have 

been reviewed by Ercolani and coworkers in 2003 [49]. In recent years, after extensive 

development of the catalytic chemistry of µ-nitrido diiron phthalocyanines and related 

complexes [60,61],  the interest to the µ-carbido counterparts has been renewed. Despite their 

high oxidation states, µ-carbido diiron(IV,IV) porphyrinoid complexes were shown to be capable 

of reacting with peroxides to generate Fe(IV)Fe(IV) porphyrinoid cation-radical intermediates 

[100-102]. These high-valent species were proposed to be involved in the oxidation of 

3,5,7,2’,4’-pentahydroxyflavone [103], lycopene [104] and -carotene [105,106]. 

4.4 µ-carbido diruthenium complexes 

The chemistry of µ-carbido diruthenium porphyrin-like complexes has been less documented 

[107]. Recently, the synthetic protocols to µ-carbido diruthenium(IV) phthalocyanine complexes 

have been developed and optimized [108,109]. A series of substituted complexes (Pc*Ru)2(µ-C) 
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with Pc* = tetra-tert-butyl, octa-n-butoxy-, tetra-15-crown-5- and hexa-n-butoxy-mono-(15-

crown-5)-substituted ligands were prepared by two approaches (Fig. 31).  

 

Fig. 31. Two synthetic strategies for the synthesis of µ-carbido diruthenium phthalocyanine 

complexes. Reprinted with permission from ref. 109. Copyright (2019) Wiley and Sons. 

 

Direct metalation of phthalocyanines with Ru3(CO)12 in refluxing o-dichlorobenzene 

unexpectedly led to the formation of (Pc*Ru)2(-C) along with expected monomeric complexes 

[Pc*Ru](CO). Alternatively, (Pc*Ru)2(-C) complexes were obtained by the treatment of 

[Pc*Ru](CO) with chloroform and bases (KOH or NMe4OH) through dichlorocarbene generated 

in situ, which furnished target complexes in high yields. 

 The first catalytic applications of µ-carbido diruthenium(IV,IV) phthalocyanine were 

demonstrated in the carbene insertion into the N-H bonds of aromatic and aliphatic amines and in 

cyclopropanation of olefins with TON of 580-1000 and 680-1000, respectively (Fig. 32). 
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Fig. 32. Carbene transfer reactions from EDA to olefins and amines, catalyzed by 

[RuPc(OBu)8]2C. 

Importantly, 1.2 equiv EDA was used per 1 equiv of substrates and up to quantitative yields of 

the reaction products were obtained [108]. Even very electron-deficient C6F5CH=CH2 was 

cyclopropanated with 68 % yield. Futhermore, the carbene insertion to amine N-H bonds was 

efficient with low catalyst loading and high amine concentration. It is of note, that many metal 

complexes coordinate the amine substrates that prevent catalytic carbene transfer since 

complexes without accessible coordination position cannot efficiently activate the carbene 

precursor. To circumvent this limitation, high catalyst loading and relatively low amine 

concentrations are usually used resulting in low TON. The [RuPc(OBu)8]2C does not suffer from 

this and low catalytic loading can be applied to provide TON up to 1000 [108].  

4.5. Tetracarbenic complexes with µ-P and µ-S2 bridges 

Meyer, Ye and coworkers have recently prepared the first macrocyclic tetracarbene complex 

with two iron sites connected by µ-phosphido bridge using sodium phosphaethynolate Na(PCO) 

as a synthon for P transferring (Fig. 33) [110]. 

 

Fig. 33. Preparation of µ-phosphido diiron macrocyclic tetracarbene complex in Fe(III)Fe(III), 

Fe(III)Fe(IV) and Fe(IV)Fe(IV) oxidation states. Adapted with permission from ref. 110. 

Copyright (2019) Wiley and Sons. 
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This unprecedented complex contains a linear Fe-(µP)-Fe motif (178.3° angle) with a “naked” 

bridged phosphorus which shows +1480 ppm signal in the 31P NMR spectrum. Importantly, this 

binuclear complex features three stable oxidation states, Fe(III)Fe(III), Fe(III)Fe(IV) and 

Fe(IV)Fe(IV), all of them have been isolated and fully characterized by X-ray crystallography, 

57Fe Mössbauer, EPR and UV-vis techniques in combination with DFT calculations [110]. The 

Fe-P bond lengths of µ-phosphido Fe(III)Fe(III) and Fe(IV)Fe(IV) complexes, 1.993/1.999 and 

2.002/2.008 Å, respectively, are significantly longer than those of µ-oxo and µ-nitrido 

complexes.  The Mössbauer parameters of µ-phosphido Fe(III)Fe(III) complex ( = 0.01mm s-1, 

EQ = 1.94 mm s-1) are very close to those of µ-oxo counterpart ( = 0.04mm s-1, EQ = 2.56 

mm s-1) [111]. Noteworthy, the value of the isomeric shift is almost insensitive to the oxidation 

state of diiron site (Fig. 33). Careful electrochemical and spectroscopic studies indicated the 

retention of binuclear Fe-(µP)-Fe structure upon the change of the iron oxidation states. Such 

rich redox properties of the stable µ-phosphido diiron complex suggest a possible evaluation of 

the catalytic properties of this rare scaffold. 

The treatment of the same Fe(III) NHC complex with S8 resulted in the formation of a 

trans-1,2 end-on disulfide-bridged diiron species (Fig. 34).  

 

Fig. 34. Preparation of disulfide-bridged diiron complex with macrocyclic tetracarbene ligands. 

Reprinted with permission from ref. 112. Copyright (2015) American Chemical Society. 
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This complex with strong donating ligands and extremely strong antiferromagnetic coupling 

(-J > 800 cm-1) between two low-spin Fe(III) centers is quite labile in solution which make 

difficult the evaluation of its catalytic properties. 

4.6. Miscellaneous µ-bridging groups 

A stable µ-hyponitrite-bridged diiron porphyrin complex (OEP)FeIII-µONNO-FeIII(OEP) (OEP = 

octaethylporphyrin) was obtained by the treatment of corresponding µ-oxo complex with 

hyponitrous acid H2N2O2 [113]. The distance between the two high-spin Fe centers in Fe-O-

N=N-O-Fe unit (Fe-O = 1.889 Å, O-N = 1.375 Å, N-N = 1.250 Å) is 6.7 Å. Further studies 

showed that the electronic structure of this complex as well as (PPDME)FeIII-µONNO-

FeIII(PPDME) (PPDME = protoporphyrin dimethyl ester) is better described as having two 

intermediate-spin (S = 3/2) Fe sites which are weakly antiferromagnetically coupled across µ-

ONNO bridge [114].  

The stable µ-N2 diosmium salen complexes [(X)(salen)OsII-NN-OsIII(salen)(X)](PF6) and 

[(X)(salen)OsIII-NN-OsIII(salen)(X)](PF6)2  (X = 4-tBupy or 4-MeTz) have also been described 

[115]. 

µ-Fluoro diiron(III) bisporphyrins  exhibit a bent Fe-F-Fe fragment (151.6 - 153.6°) with 

quite long Fe-F bonds (1.931 – 1.944 Å) and weak antiferromagnetic coupling between two 

Fe(III) sites (J = from -33 to -40 cm-1) [116]. In contrast to µ-hydroxo counterparts [96], the 

Fe(III) sites in µ-fluoro species are equivalent. A family of bisporphyrins where two Fe(III) 

centers are bridged by the dianions of hydroquinones has been described [117]. 

 Macrocyclic N-heterocyclic carbene ligands which are strong -donors structurally 

similar to but electronically distinct from porphyrins can also be used to construct µ-nitrido 

dimetal platform. The treatment of Cr(II) complex with Me3SiN3 afforded the first linearly µ-

nitrido bridged Cr(III)Cr(IV) complex with a 50 % yield (Fig. 35) [118].  
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Cr1 - N = 1.889 Å
Cr2 - N = 1.667 Å

 

Fig. 35. µ-Nitrido dichromium (III,IV) complex supported by macrocyclic carbene ligands with 

non-equivalent Cr-µN bonds. 

The X-ray structural data indicated a linear asymmetric CrIII-µN=CrIV fragment with 

nonequivalent metal sites and distorted macrocyclic ligands. Magnetic susceptibility data suggest 

weak ferromagnetic coupling between Cr(III) and Cr(IV) centers [118]. 

4.7. Mixed µ-nitrido porphyrin – non-heme complexes 

A series of heterobimetallic heteroleptic µ-nitrido complexes [(L)(por)M-µN-M’(LOEt)Cl2] 

where por = 5,10,15,20-tetraphenylporphyrin or 5,10,15,20-tetra(p-tolyl)porphyrin; LOEt
- = 

[Co(5—C5H5){P(O)(OEt)2}]-; M = Fe, Ru or Os; M’ = Ru or Os; L = H2O or pyridine have 

been prepared (Fig. 36) [119].  

 
 

Fig. 36. µ-Nitrido heterobimetallic (Fe, Ru, Os) heteroleptic complexes. Reprinted with 

permission from ref. 119. Copyright (2017) American Chemical Society. 

 

The diamagnetism and short (por)M-µN bond lengths (Fe-N = 1.683 Å; Ru-N = 1.743 Å) are in 

agreement with MIV=N=M’IV bonding description. Cyclic voltammetry showed a strong 

dependence of redox potentials on the nature of the metal sites suggesting that appropriate metal 
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combinations might provide a possibility to reach high-valent oxidation states which could be 

suitable for catalysis. 

The versatility of the electrophilic [LOEtRuVI≡N(Cl)2] complex as nitride donor for 

synthesis of µ-nitrido heterometallic complexes was further demonstrated by preparation of 

[R(TPP)Ir-µN-RuCl2(LOEt)] with R = alkyl group [120]. The oxidation of this complex by [N(4-

BrC6H4)3](SbCl6) led to the Ir-C bond cleavage and formation of the chloride complex 

[Cl(TPP)Ir-µN-RuCl2(LOEt)]. The short µN-Ir distances in [R(TPP)Ir-µN-RuCl2(LOEt)] (1.944 Å) 

and [Cl(TPP)Ir-µN-RuCl2(LOEt)] (1.831 Å) indicate multiple bonds and these species can be 

described by the two resonance structures: IrIII-N≡RuVI and IrV=N=RuIV. Although IrIV 

complexes are promising catalysts in several organic reactions, Ir porphyrins in high oxidation 

states (IV or higher) are still rare. These unprecedented high-valent Ir porphyrins connected to 

high-valent Ru via µ-nitrido group would be interesting to evaluate in catalysis. 

The same synthetic strategy was used for the preparation of heteroleptic heterometallic 

phthalocyanine complexes with Ru(IV)µNFe(IV) unit [121]. The treatment of FeIIPc with 

RuVI≡N(LOEt)Cl2 furnished  [Cl2(LOEt)RuIV-µN)-FeIVPc(H2O)] with Ru-N-Fe angle of 176.0° and 

Fe-N and Ru-N distances of 1.677 and 1.689 Å, respectively. The oxidation of [Cl2(LOEt)RuIV-

µN)-FeIVPc(H2O)] with [N(4-BrC6H4)3](SbCl6) and PhICl2 resulted in the formation of 

corresponding Ru(IV)Fe(IV) phthalocyanine cation-radical complexes (Fig. 37).  
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Fig. 37. Structures of the heteroleptic heterometallic phthalocyanine complex with 

Ru(IV)µNFe(IV) unit and its oxidation to the cation-radical species using different oxidants. 

Adapted with permission from ref. 121. Copyright (2018) American Chemical Society. 

 

Noteworthy, the reaction with PhI(CF3COO)2 led to the insertion of hydroxo group into Pc 

moiety (Fig. 37) [121]. The ability of heterometallic RuIV/FeIV µ-nitrido complex to access 

higher oxidation states and the hydroxylation of phthalocyanine cycle suggest possible oxidative 

reactivity of these interesting compounds. 

5. Conclusion 

About 25 years ago we have introduced water-soluble iron phthalocyanine complexes as 

catalysts for oxidative degradation of recalcitrant pollutants [7-11]. Since then, the scope of 

catalytic applications of phthalocyanine complexes has been greatly increased [27].  The recent 

trend is the increasing use of mononuclear phthalocyanine complexes in catalysis for the 

preparation of elaborated organic compounds [122-128]. 

The introduction of binuclear complexes as catalysts has opened a new area and 

significantly enlarged a reaction scope with novel reactivities. We showed that µ-nitrido diiron 

construction is very suitable for obtaining active oxo and peroxo diiron species and their 

involvement in the oxidation reactions was demonstrated [60,61]. The particular electronic 

structures of these µ-nitrido diiron based species confer them unusual reactivity in challenging 

reactions such as the oxidation of methane and oxidative defluorination of heavily fluorinated 

aromatic compounds.  Not surprisingly that the electronic structures of these µ-nitrido bridged 

diiron species have been a subject of extensive computational studies [64-67,82,129-131].  

Along with fundamental studies of single-atom bridged bimetallic porphyrinoid 

complexes, the development of industrially relevant processes can be envisaged. For instance, a 

large scale production and application of fluorinated compounds as well as their extraordinary 

inertness to biodegradation result in their accumulation in environment including ground water. 
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Consequently, the development of disposal methods for these compounds is of great importance, 

since biodegradability of even partially fluorinated xenobiotics is very low and they are also very 

recalcitrant to traditional dépollution methods. µ-Nitrido diiron phthalocyanines are efficient 

practical catalysts for the oxidative degradation of chlorinated phenols and heavily fluorinated 

aromatic compounds in water with hydrogen peroxide, cheap and clean industrial oxidant. N-

Bridged diiron phthalocyanine complexes are stable, non-toxic, non-expensive and available on a 

large scale. They can be readily immobilized onto different supports via covalent anchoring or 

electrostatic interaction. For all these reasons, we believe that the further development of this 

catalytic system might lead to practical industrially relevant method for disposal of these 

recalcitrant pollutants of emerging concern.  

µ-Nitrido diiron phthalocyanine can find other applications. For instance, alkylthio-

tetrasubstituted complexes combined with lutetium bis-phthalocyanine form heterojunctions 

showing a high sensitivity to ammonia, with a very good signal/noise ratio, at ambient 

temperature and atmospheric conditions [132]. 

Further development of the single-atom bridged macrocyclic metal complexes should 

provide new possibilities. Indeed, a great variety of homo- and heterometallic complexes in 

homoleptic or heteroleptic arrangement can be prepared (Fig. 38) and their properties can be 

adjusted using different porphyrin-like macrocycles with electron-withdrawing or electron-

donating groups.  

M1

M1

M1

M2

M1

M1

M1

M2

M1 and M2 = Fe, Mn, Cr, V, Ru, Os, Ir...
X = O, N, C, P...  

Phthalocyanine Macrocyclic carbenic ligandsPorphyrazine Corrolazine Porphyrin Corrole  
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Fig. 38. Flexibility of µ-nitrido binuclear macrocyclic platform: access to homometallic and 

heterometallic complexes in homoleptic or heteroleptic arrangement involving macrocyclic 

ligands. 

 

The development of µ-nitrido diiron complexes via modification of the structure of the 

macrocyclic ligand(s) is a tool which should open new possibilities for catalytic applications. For 

example, phthalocyanine complexes with electron-withdrawing [133] and electron-donating 

substituents [134] as well as the first water-soluble µ-nitrido diiron tetrasulfophthalocyanine 

[135] to provide the possibility to use these promising catalysts in water have been prepared. 

The structural simplicity and flexibility of single-atom bridged porphyrin-like complexes 

make them promising catalysts for a variety of reactions. This bimetallic platform has a 

significant potential for further evolution. Different macrocyclic ligands including 

phthalocyanines, porphyrazines, porphyrins and probably corrolazines, corroles, etc. can be used 

to accommodate homometallic and heterometallic M-X-M units with different transition metals 

and bridging groups. Provided that challenges in the synthesis of these complexes can be 

overcome, a variety of homoleptic and heteroleptic structures may be prepared. The structural 

modification should significantly affect their electronic structure and this strategy can be used to 

tune their catalytic properties to develop tailored catalysts for a variety of reactions. We hope 

that unusual properties of µ-nitrido diiron phthalocyanine and porphyrin complexes will 

stimulate further research to discover new possibilities in the application of this novel tool in 

catalysis. 
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