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Abstract

This review covers recent advances in the preparation, characterization and application
of p-oxo dimeric complexes with different metals and non-metal and macrocyclic ligands
achieved during last ten years. Binuclear iron, manganese, ruthenium, chromium,
molybdenum, rhenium, aluminium, silicon, phosphorus and boron oxygen-bridged complexes
supported by phthalocyanine, porphyrin, porphyrazine, corrole, tetrabenzotriazacorrole,
subphthalocyanine and subporphyrin ligands have been prepared and characterized
demonstrating a great versatility of p-oxo binuclear macrocyclic platform which can
accommodate a myriad of homoleptic and heteroleptic combinations with the same or
different metal sites. They exhibit interesting structural and electronic properties allowing

their increasing use in catalysis, optoelectronic, medical and other applications.
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1. Introduction

Metal sites of phthalocyanine, porphyrin and relatecrocycles can be connected by
H-0x0, u-nitrido and p-carbido bridges to form ateresting class of binuclear single-atom
bridged macrocyclic complexes. The synthesis, ctaraation, properties and applications
of these complexes have been reviewed [1-3]. Whmenonuclear porphyrin [4],
phthalocyanine [5,6], corrole [7] and porphyrazif® complexes have been widely
recognized as catalysts for a variety of reactioh®ir single-atom bridged binuclear
counterparts have been considered as catalyticaiy for a long time. Only in 1999 we have
found that supported p-oxo diiron phthalocyaninégiently catalyzed the oxidation of
aromatic compounds to quinones [9]. Moreover, tloatalytic properties are often superior
than those of their mononuclear counterparts [$@]nificantly, a dimeric structure of pu-oxo
diiron complexes plays an essential role in thatalytic activity in oxidation reactions [11-
14]. When the active oxidizing species is formeug xidation state of iron site(s) is

increased by two redox equivalents (Fig. 1).
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Fig. 1. Formation of active oxo species startirafriron monomeric and dimeric p-

oxo porphyrin-like complexes. Oval stands for magodic ligand.

Binuclear construction should better stabilize tHiggh oxidation state via
delocalization of the charge at two iron sites amd macrocyclic ligands than mononuclear
complex with one iron site and one macrocyclic figaHence, heterolytic cleavage of O-O
bond of peroxo complex to generate Compound le @iko species should be more favorable
in the case binuclear platforms. In addition, moaad binuclear oxo species can exhibit

different reactivity. For this reason, binucleangle-atom bridged complexes can be



considered as promising oxidation catalysts. LdteEmnykin and co-workers confirmed the
catalytic activity of p-oxo complexes in homogeneaxidation of arenes and alkylaromatic
compounds using hypervalent iodine oxidants [15,18]turn, binuclear non-heme iron,
manganese and copper complexes connected by praged have been widely used as
catalysts for C-H bonds oxidative functionalizat[a].

The interest to single-atom bridged porphyrinoignptexes has been renewed after
discovery of the remarkable catalytic propertiesuaiitrido diiron phthalocyanines [18-25].
The rich catalytic chemistry of these complexes bean recently reviewed [26,27]. Recent
studies suggest that p-carbido diiron complexeshEalso used as catalysts for oxidation
[28-30]. p-Carbido ruthenium phthalocyanine was vahoto be efficient in the
cyclopropanation of olefins and carbene insertida the N-H bonds of amines [31].

Significant progress has been also achieved inqueimeric porphyrinoid complexes
since their chemistry has been reviewed [1,3,BRBis review highlights recent advances in
synthesis and investigation of p-oxo binuclear pgrimoid complexes achieved during last
ten years. This flexible platform provides an umigoossibility to combine very different
macrocyclic ligands in homoleptic or heteroleptizaagements which involve different

metals and non-metals to form homo- and heterotieetaimplexes (Fig. 2).
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Fig. 2. General structures of homo- and heterofietabmplexes in homo- and
heteroleptic ligand environment. p-Oxo dimers offfedent elements supported by
macrocyclic ligands described in this review.



Extensive studies from many groups demonstrategthat utility of these versatile

complexes in very different areas, starting fronalyais to optoelectronic applications.

2. u-Oxo binuclear complexes

Two macrocyclic complexes involving different matals well as silicon, phosphorus
and boron (contracted porphyrinoids) and differerd@crocycles are connected by p-oxo
bridging group.The formed dimeric structure can be supported eithe non-covalent
interactions or through covalent linkage of two pdorinoids by linkers of different length
and flexibility to improve the stability of p-oxoonstruction or/and to provide a desirable
conformation. The structural and physical propert&f p-oxo macrocyclic complexes

according to macrocyclic ligand and metalic or moetallic centre are described below.

2.1. Phthalocyanines

2.1.1. Iron

Early works reported the preparation of two fornfigieoxo diiron phthalocyanines
having different X-ray powder patterns, IR, Modsstragpectral properties and magnetic
behaviour [1]. Both unsubstituted and substitutéth@locyanine ligands can be used to
access to these unexpected isomeric complexes.fildtep-oxo dimer, p-oxo(l), was
prepared from FePc in organic solvents (DMF, DMAIFT dioxane, DMSQO). The second p-
oxo dimer, p-0xo(2), was obtained using 96%6&,, 1-chloronaphthalene or in the presence
of 2-propaneamine. p-Oxo(2) can also be preparedigsolving p-oxo(1) in 96% 50,
followed by reprecipitation in cold water. Both peo complexes showed high thermal
stability, very similar reflectance spectra andntiteal UV-vis spectra in 96% 430, or in
pyridine. The preparation and properties of thesemounds have been discussed in details in
the excellent review by Ercolani and co-workers [I[hree structures of the p-oxo diiron
species were suggested which adopted either ditfgggometrical organization with parallel
or bent phthalocyanine planes or different oxidastate (F&-O-Fé'" or Fé'-O-F¢') [33-36].
This point was a subject of a long discussion andllf/, on the basis of solid experimental
data, two structures have been assigned as phyaaioe dimers with bent and linear'F©-
Fe" fragments for p-oxo(1) and p-oxo(2), respectiveljhich exhibit quite different IR

spectra, magnetic moments, antiferoomagnetic cogalind Mdssbauer parameters (Fig. 3).
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Fig. 3. Schematic representation of two p-oxo diiroomplexes with unsubstituted
phthalocyanine ligands and their principal propexti

To provide structural flexibility, elaborated supralecular heteroleptic p-oxo diiron
complex with porphyrin and phthalocyanine ligandskéd by a highly flexible fourfold

rotaxane was prepared by Tanaka and co-workers4F[§7].
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porphyrin macrocycles. Reprinted with permissiamirref. [37]. Copyright 2017 Wiley and
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In the first step, conjugate$ and 2 between non-metalated phthalocyanine and
porphyrin units were self-assembled due to the cwralent interaction between crown
moieties of phthalocyanine and positively chargedr®nium groups of porphyrin. These
structures were stabilized using phosphoramideriazdle stoppers. The conjugaewas
metalated with FeGlin the presence of DBU at 110°C to provide binacke(ll) complex6
which was converted to diamagnetic p-oxo diiron(¢kdmplex7 by aerobic oxidation via the
formation of p-peroxo complex followed by its retlon with excess Fe@lThe FEFF fitting
analysis of the Fe K-edge extended X-ray absordiion structure (EXAFS) data provided
Fe-O and Fe-Fe distances of 1.81 and 3.47 A, résphc These longer distances with
respect to regular p-oxo dimeric complexes indicdtactural adaptability of this scaffold
which can be useful for electrochemical catalytygen reduction [37]. Prepared by the
same group related CuPor-CuPc [38] and CuPor-ZB8BL dssemblies were just cofacially
stacked with no p-oxo bridge resulting in a longeetal-metal distance of 7 A which
indicates significant structural adaptability oistbonstruction.

pn-Oxo dimer of iron phthalocyanine bearing 5-oxgdthylisophthalate groups in
non-peripheral positions was synthetized in 16.¥iétd [40]. Successful preparation of p-
oxo dimer despite significant sterical demand ety bulky substituents also indicates the
flexibility of the p-oxo construction. Spectroelexthemical study indicated a decomposition
of the complex during the electrolysis at 0.75 \CE} suggesting the formation of oxidizing

species under these conditions.

2.1.2. Chromium

Chromium phthalocyanine complexes exhibit multipletal and ring oxidation states
[41]. Treatment of C'Pc with 0.5 equiv of PhIO or air generated'{Ec)hO with axially
coordinated THF molecules. The two Pc ligands dmghtty distorted from planarity
accommodating a nearly linear Cr-O-Cr fragment (@7@ngle) with Cr-O distances of 1.749
and 1.752 A comparable with M-O distances in Fe &hdcounterparts [41]. The cyclic
voltammogram of (CtPc)O displays two reversible oxidation peaksEat of 0.945 and
1.25 V (vs Ag/AgCl) tentatively assigned to stepvisxidation of the Pc ligands. The CV
showed several irreversible waves in the reduqgiar due to decomposition of (trc)O.
The complex was also moisture-sensitive and geséR¢CY OH upon exposition of its THF
solution to air. Attempts to chemically oxidize {&c),0O with AgSbk in THF led to
polymerization of THF suggesting that its oxidizea@rm might exhibit some oxidizing

properties.



2.1.3. Manganese

The [MnPc(CN)}O complex was prepared by electrocrystallizatiachméque in air
[42]. A tetraphenylphosponium [MnPc(Clsolution in MeCN was subjected to a constant 1
HA current applied between two platinum electroie-3 weeks at 20°C. Platelike crystals
were formed on the Pt anode. The twist angle bettlee Pc planes was determined to be 37°
and the Mn-Mn distance was ~3.5 A which is typit@l Mn-O-Mn unit. However, X-ray
analysis indicated structural disorder with noniealent Mn-O (1.761 and 1.747 A for Min
O and Mn-O, respectively) and Mn-CN distances (2.15 an® R8or Mn;-CN and Mn-
CN, respectively) originated from the stacking leé {MnPc(CN)}O molecules in the crystal
(Fig. 5) [42].

— s [111]
Fig. 5. Non-symmetrical molecular structure of [M®N)],O. Stacking of molecules

along the [111] axis and view from tHeaxis. Adapted with permission from ref. [42].

Copyright 2016 American Chemical Society.

The IR spectrum of [MnPc(CNJD exhibited two bands of=N stretching vibrations
at 2170 and 2186 cinconfirming the non-equivalence of MEN and Mn-CN fragments. It
was proposed that due to structural disorder theavid Mn atoms were in the different spin
states (1 = 0 and §n1 = 1) thus explaining the effective magnetic monw8.16s.

pn-Oxo dimanganese phthalocyanine bearing thiazalestsuents exhibited quite
different redox behavior compared to mononuclearnterpart [43]. Due to the thiazole



groups this p-oxo dimer was electropolymerized o working electrode which catalyzed

oxygen evolution reaction.

2.1.4. Aluminum

The use of phthalocyanine functionalized with croether units gives a possibility to
change conformation of dimeric complex via non-demtiinteractions of the crown moieties
with cations. The formation of p-oxo dimer of Altree15-crown-5-phthalocyanine in the
presence of polar organic solvents was investightetV-vis and'H NMR spectroscopy
[44]. Interestingly, a p-fluoro dimer of the Al ava-substituted phthalocyanine was also
detected in the presence of the excess @qNBuSuch bridged dimeric AlPc can be used as
precursors for the organized polymeric materiatd ffossess semiconducting and nonlinear
optical properties. The alkali-metal-induced asdergtof crown-Pc in solution can be used
to access to dimeric structures [45]. Gorbunova @mevorkers have recently published the
first X-ray structure of such assembly. Cation-iceld dimerization of crown-substituted
phthalocyanine [(HO)AI(15C5%c] upon addition of an excess of potassium ordiubi
nicotinate solutions in MeOH was evidenced by thee Ishift of the Q band in the UV-vis
spectra from 690 to 639 nm [46]. In the presenceldf equiv of RbNic the narrow high-field
shifted singlet signal of aromatic protons at @& was observed. The-CH; signal of the
crown ether moieties split into two signals for exod endo protons indicating the dimer
formation. The structure of the supramolecular d§obis(tetra-15-crown-5-
phthalocyaninato)(nicotinato)-aluminum(lil)]tetratiidium) bis(nicotinate) was determined
by XRD using synchrotron radiation (Fig. 6) [46].



Fig. 6. X-ray structure of the [(u-oxo0)bis(tetra-drmwn-5-
phthalocyaninato)(nicotinato)-aluminum(lil)]tetrafidium) bis(nicotinate): a) side view; b)
top view. Reprinted with permission from ref. [4&opyright 2018 American Chemical

Society.

The Al-O length of the symmetrical linear Al-O-Atagment is 1.881 A. Interestingly,
each Al center also bears axial nicotinate at 1A%listance which leads to its almost ig N
plane location with out-of-plane displacement objy0.031 A. This is in sharp contrast to
published five-coordinated AlPc(L) and (AIR©)with the Al center 0.390-0.459 A out of the
phthalocyanine plane [47,48]. The longer Al-pO bg¢hd®81 A) is another difference from
reported five-coordinated (PcAQ (1.679 A) [48] and (PorphAKD (1.675 A) [49] structures
with longer interplanar distances of 4.276 and #.&2respectively. Due to the accomodation
of the large Rbcations between crown ether moieties, the parphéhalocyanine rings are
exlipsed with an interplanar distance of 3.697 Aalitis significantly shorter (~0.55 A) than
the corresponding distances in regular five-coaidid pu-oxo Al counterparts. Thus, such a
short distance between aromatic phthalocyanineesystinduced by additional bonding of
four RI" cations with crown ether moieties should favedt interaction and might result in

particular properties of these interesting consimns. The structural parameters of regular pu-



oxo digallium(lll) phthalocyanine and perfluorophtbcyanine complexes were determined
by DFT calculations [50].

2.1.5. Silicon

p-Oxo silicon-based phthalocyanine polymeric anidosheric materials have been
intensively studied because of their unique sendootor behavior due to the cofacial
T—conjugation of macrocycles with an interplanar atise of ~3.3 A. In this context, the
structures and the properties of p-oxo silicon dgmntinue to attract much attention to get
deeper insight to the interaction between aromsystems playing a crucial role in the
conductivity of the polymers [51]. While p-oxo holeptic complexes have been
comprehensively investigated, the importance aéfodeptic p-oxo disilicon counterparts was
only recently recognized and these compounds hagarbto attract considerable attention
since recent synthetic developments. Thermal casatem of silicon phthalocyanine with
peripheral butoxy groups and silicon naphthaloayar§SiNc) in quinoline at 180°C furnished
a heteroleptic p-oxo dimer PcSi-O-SiNc with 20-2gBlds [49]. The replacement of axial
hydroxyl ligands with triphenylsilyloxy groups alled to avoiding the severe aggregation of
phthalocyanine cycles. Interestingly, the positdrprincipal Q band at 682 nm is similar to
that of mononuclear SiPc but no strong absorptias sbserved in the Q band region of SiNc
(790 nm). This behavior is unusual because therptisn spectra of other heteroleptic p-oxo
species show a sum of the contributions from bodmameric macrocycles. Crystal structure
of PcSi-O-SiNc showed an interplanar distance 8f8between the SiPc and SiNc moieties
with the torsion angle of 18° between them. Howgewariable temperaturéH NMR
indicatedC4, symmetric conformation with torsion angles of 04%° in CDC} or a fast
rotation within the NMR time scale and the presentehermally equilibrated rotational
isomers in toluene.

A versatile strategy to achieve multichromophoreucttires with complementary
absorption properties based on the using of dihgditcon 1,4,8,11,15,18,22,25-
octakis(hexyl)phthalocyanine [SiPcf;3)s](OH), was proposed by Cook and co-workers
[52]. Unlike unsubstituted and 2,3,9,10,16,17,23@8stituted counterparts, it does not form
a stable p-oxo dimer owing to sterically demanditiyl chains. In contrast, it can react with
unsubstituted dihydroxysilicon phthalocyanine PGS}, and dihydroxygermanium
octaethylporphyrin GeOEP(OKo form heteroleptic p-oxo dimers PcSi-O-SiPg{¢)s and
OEPGe-O-SiPc(gH13)s, respectively. Using this approach, a variety afltthromophore
arrays absorbing across the complete UV-visibldore@nd into the near-IR have been

10



prepared [52]. The staggering angles between adjgugthalocyanines in oxygen-bridged
silicon phthalocyanine oligomers were not distrdzuitandomly but they were organized in
two clusters with 16° and 41° [53].

Dihydroxysilicon 1,4,8,11,15,18,22,25-octakis(hggythalocyanine reacted at one
face to furnish  CI-Si(Pc)-O-(Pc)Si-Cl  [54].  Similgr dihydroxygermanium
octaethylporphyrin was used to obtain a stable pido¥ked dimeric complex. Interestingly,
heteroleptic dimer prepared from dihydroxysilicon ,4,8,11,15,18,22,25-
octakis(hexyl)phthalocyanine and dihydroxysilicomtaethylporphyrin was unstable and
could not be isolated. This synthetic strategy alas applied to non-peripherally substituted
dihydroxysilicon phthalocyanine and dihydroxygerioam octaethylporphyrin to construct -

oxo heterodiads and triads in controlled mannag. (F) [55].
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Fig. 7. Heteroleptic p-oxo dimer and trimer struetiprepared in [55] from silicon

phthalocyanine and germanium octaethylporphyrihayon subphthalocyanine.

Dihydroxysilicon phthalocyanine has also linkedctdorosubphthalocyanine to form
Si-O-B dyad and triad [55J4-Oxo silicon tetrasubstituted phthalocyanines ingaSGHis
and SGuHys groups exhibited decreased fluorescence quantwhd wnd lifetime values
compared with the parent (PcS)) [56]. These p-oxo species provided more efficie

generation with respect to corresponding mononuanoplexes.

2.2. Porphyrins

2.2.1. Iron

pH-Oxo diiron porphyrin complexes have been exteigivnvestigated and early
structural and spectroscopic data can be founckiaildd review by Ercolani and coworkers
[1]. Recent review from Rath group summarizes $tmatly characterized p-oxo diiron

complexes supported by porphyrin-like macrocyclesxoporphyrin, azaporphyrin,
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porphyrazine, corrole, porphodimethene, dioxopodiiethene and chlorine) as well as
linked and non-linked porphyrin units [57].

Binuclear arrangement brings about particular prigee of p-oxo dimeric complexes.
Due to strong interaction of iron sites with thédgmg oxygen atom, the Fe-O distances are
generally shorter in p-oxo dimers compared withnire axial ligand distances in
corresponding mononuclear complexes leading to mioiense pre-edge peak of p-oxo
dimers (FeTPBD and (FePPIXP in Fe K-edge XANES spectra [58].

The (u-oxo)bisinesetetrakisp-bromophenylporphyrinato)iron(lll)] complex was
prepared under solvothermal conditions by inculmattb a monomer solution in DMF at
120°C for 24 h [59]. Upon p-oxo dimer formationet8oret band was blue-shifted from 418
nm for the monomer to 408 nm for the dimer indicgtit-Ttinteraction between the two
porphyrin planes. Two equivalent Fe-O bonds (1 &Bform Fe-O-Fe fragment with angle of
174.4° and iron atoms displaced out of thg @érphyrin plane by 0.494 A. The Fe-O-Fe
stretching vibration in the IR spectrum was obseme881 crit.

The (u-oxo)bisjnesetetrakisp-carboxyphenylporphyrinato)iron(lll)] complex was
used for the synthesis of coordination networkguedxo dimer molecules connected via
carboxyl groups [60]. Two practically parallel pbygpin planes (angle between the planes =
0.31°) were found to be in staggered configuratidtih dihedral angle of 33.6°. The almost
linear Fe-O-Fe fragment (179.78°) contains two eajent Fe-O bonds of 1.7597 A. This
dimer forms a 2D layer structure due to hydrogendimy of carboxyl groups and interaction

between porphyrin planes of neighboring layers withdistance of 3.70 A. (Fig. 8).

Fig. 8. Stacking 2D structure formed by (u-oxo)imspetetrakisf-
carboxyphenylporphyrinato)iron(lll)] complex. Rempwed with permission from ref. [60].
Copyright (2015) Royal Society of Chemistry.
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The Méssbauer parametedd< 0.27 mm & andAEg = 0.62 mm 3) as well as the
temperature dependence of magnetic susceptibilitythe dimer indicate a strong
antiferromagnetic coupling of the high-spin Fe(Hijes withJ = -132 cnf.

The (p-oxo)bisinesetetrakis(pentafluorophenylporphyrinato)iron(lll)] complex,
(FeTRPP)YO, was obtained after refluxing a mixture of fressé porphyrin with Fegin dry
DMF in the presence of Py followed by incubatiortied reaction mixture under air for 18 h
[61]. An essentially linear Fe-O-Fe fragment (178i4 formed by the equivalent Fe-O bonds
(1.773 A). Electrospray mass-spectrometry is a eni@nt tool in the characterization of p-
0xo binuclear complexes given the right choice lé solvent [62]. Using of MeOH or
CH.CI; allows detecting the strong molecular peak of p-species whereas the presence of
acid additives results in their monomerization.

The X-ray structure of p-oxo diiron octaethylporghy(FeOEP)O with two parallel
porphyrin rings (Fe-O-Fe angle = 180°) and typi€a-O distances of 1.774 A was
determined by Saffari and co-workers [63]. Thiglinic crystalline form differs from two
crystalline forms published by Scheidt et al. [6While previous triclinic and monoclinic
forms were in staggered conformations with twigglas of 17.0° and 16.8°, respectively, [64]
this (FeOEP)O crystals are in almost eclipsed configurationigtwangle = 1.2°) [63]. Balch
and coworkers have prepared black crystals of (FR3§Eco-crystallized with fullerene and
benzene [65]. While in the triclinic and monoclimolyforms of (FeEOERD the Fe-O-Fe
fragments are close to linear with the angles & 16° and 176.2°, respectively, in thep€
(FeOEP)O - CgHg hybrid material the Fe-O-Fe angles are remarkdlelyt (150.18° and
151.89°) due to rare incorporation of benzene nukeinto the opening between the two
porphyrin planes (Fig. 9).

13



Fig. 9. Two distinct entities in the asymmetrictunfi G50 - (FEOEP)O - CsHe (a) and
the molecular packing in the crystal structure @, - (FEOEP)O - CsHs (b). Adapted with
permission from Crystal Growth & Design 3 (2003)16897. Copyright (2003) American

Chemical Society.

Interestingly, there is no—Tt contact between th@orphyrin system and the benzene
molecule. In addition, no close contact betweernrdiyen atoms of §Hg and the p-oxo atom
was observed.

pu-Oxo diiron complexes of 2,3,7,8,12,18-hexamefl8;it 7-dibutyl-5-
monoazaporphine  (FeMA) and  3,7,13,17-hexamethyl-2,8,12,18-tetrabutybb,1
diazaporphine (FeDARD were prepared and the X-ray structure of (FeD@Pyas
determined [66]. The Fel and Fe2 atoms were disgldom the mean \coordinating plane
by 0.572 and 0.565 A with Fe1-O and Fe2-O distamndek777 and 1.776 A, respectively.
Non-coplanar arrangement of two macrocyclic ligawith tilt angle of 26.3° resulted in Fel-
O-Fe2 angle of 152.1° allowing for the close apploaf wedged benzene molecule to p-oxo
atom at 2.584 A distance (Fig. 10).

14



Fig. 10. Molecular packing of (FeEDAR) - (C6H6) View along [110] axis. Alkyl
groups are omitted for clarity. Reprinted from r6] with permission. Copyright (2011)
John Wiley and Sons.

The detailed kinetic analysis showed that the Btalof pu-oxo bridge in the presence
of acids depended on its accessibility. The stghili dimer with flexible alkyl substituents in
B—pyrrolic positions was notably lower than in theseeof shieldingmese or 3—phenyl
groups.

Interestingly, several lines of evidence showed ttdoroquine (CQ), archetypal
antimalarial drug, induced the formation of p-oxamer of Fe protoporphyrin IX,
(FePPIX}O, which lacked the characteristic IR Fe-O-Fe \ibraaround 880 cih[67]. The
mechanism of the interaction of CQ with Fe(lll)mporphyrin IX has attracted a significant
attention because CQ inhibits the hemozoin formapooduced within malaria parasite in
order to avoid intoxication. The interaction of FREX),O with CQ was probed using
molecular dynamic simulations [68]. Two models ¢ {(FePPIX)O — CQ conjugate were
studied: (i)testacked model with CQ placed at the external paiphiace of (FePPIGO
and (ii) docked model with CQ intercalated betwd#entwo porphyrin planes of (FePPEX).
The feasibility of these models was investigateditiyng calculated model structures to the
experimental EXAFS data obtained in frozen aquesolistion which were different from that
of dried (FePPIXO solid [69]. The docked model with CQ intercalaiedide of p-oxo
dimer cavity fitted better with experimental EXABPectrum. Noteworthy, the EXAFS fit
showed a much longer Fe-O distance (1.87 A) conupaith typical Fe-O bond lengths in p-
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oxo dimers (1.76 + 0.01 A). For this reason, thgrasetric Fe-O-Fe stretching was detected
at 744 crit using*0 isomer shift (to 704 ¢t instead of ~880 cthtypically observed in p-
oxo diiron complexes. Magnetic data also stronglpp®rt the presence of p-oxo dimeric
fragment with elongated Fe-O bond. The magnetic emdrof 2.25 + 0.02 g1 determined for
(FePPIX)O — CQ at 30°C corresponded to an exchange couptingtant) = -86 + 2 crit
which was notably weaker than that for typical po-akiron species, but still significantly

stronger than that of p-hydroxo diiron complexe3][6

2.2.2. Manganese

Coordination chemistry of porphyrin, phthalocyanered related macrocycles at the
solid/vacuum interface is a rapidly growing resbaacea [70]. These flat structurally rigid
molecules tend to strongly adsorb onto the surfaceparallel fashion forming two-
dimentional coordination network. Due to the infiae of surface (the concept “surface trans
effect”) and the absence of solvent, the propedfesdsorbed complexes significantly differ
from those in homogeneous solutions. De Feytercardorkers have published a prominent
example of the preparation of p-oxo dimer at theosaale [71]. Applying a pulse voltage
with the STM tip (STM — scanning tunneling micropgd to monolayer of TPPMnCl onto
highly oriented pyrolytic graphite induced a localemical reaction with ©resulting in the
formation of (TPPMmnO grafted at the graphite surface. It was propaisatinitially formed
TPPMH"-0-O species looses oxygen atom to generate TPRMnwhich is capable of
reacting with another TPPMn molecule at the surfageroduce (TPPMaD.

2.2.3. Ruthenium

Ruthenium(lV) p-oxo porphyrin complexes [RTPP)(X)LO (X = OCH;, m
chlorobenzoate) were prepared form [RUPP)(CO)(MeOH) andn-CPBA [72]. The'H
NMR spectra showed typical pattern of a p-oxo ptemylporphyrin complex with aromatic
protons split into five signals. The [RGTPP)(OCH)]:O complex reacted with azides RN
having good leaving group for electrophilic suhgtdn (R = PRC, M&;Si) to generate a new
n-oxo complex [RY(TPP)(N)].O characterized by X-ray diffraction analysis. Talightly
distorted porphyrin planes are almost parallel asheother and staggered by ~28° due to
steric hindrance produced by phenyl substituentgctwihilted by 50-65° with respect to
porphyrin planes. The Ru-O distances are 1.7961af@B A while each azide group has two
main bent orientations with Ru-N-N angles of 1268 121.2° and Ru-N length of 2.05 A.

16



This study provides a rare example of the X-rayuditre of p-oxo dimer with two

supplementary axial ligands [72].

2.2.4. Molybdenum, Rhenium

p-Oxo dimeric complex of TPPMeO was obtained by passing the monomer
solution through the basic A3 column (CHCl,/ethyl acetate eluent) followed by the
evaporation of solvents [73]. The terminal Mo=0O @dength and the bridging Mo-O bond
distances were 1.720 and 1.939 A, respectively.IRhebrations of the terminal Mo=0 and
bridging Mo-O fragments were observed at 904 an@ &, respectively. However, the
[TPPM0’=0],0 complex is unstable in the solution easily forgiinmonomeric oxo-hydroxo
molybdenum porphyrin complex. Similarly, (O=Ré°P}O obtained with a 75 % yield
exhibited the IR vibrations of the terminal Re=Qldmidging Re-O-Re fragments at 961 and
723, 854 cnt, respectively [74]. No data on the reactivity bése unusual p-oxo dimeric
species bearing oxo groups are available thoughoitld be interesting to explore the

possibility of the transfer of oxygen atom to orgasubstrates.

2.3. Porphyrazines
2.3.1. Iron
In comparison wih porphyrin and phthalocyaninexp-compexes, ther por phyrazine

counter parts have been less investigated thougéralespecies wih different substiution
pattern have recently been published. p-Oxo dicompex supported by fluorinated
por phyrazine ligands was pepared by heating hisglieiorophenyl)maleontrie wih
Fe(COy} in boling 1-bromonaphthalene followed by the tmeant with BuyNOH (Fig. 11)
[75].
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Fig. 11. Structures of p-oxo diron(lll) por phyragicomp exes.

A series of p-bridged diiron complexes supportecdbtapropylporphyrazine ligands
[FePz(n-GH7)g)2X (X = O, N, C) was prepared and structurally cletegezed [76]. In contrast
to p-oxo diiron(lll) complex, the BFe=C=F&" and F&'-N=F¢" species crystallized with one
CsHs molecule per two dimers arranged cofacially war interaction due to their higher
Lewis acidity. The Fe-X-Fe angle increases in thges p-oxo - p-nitrido - p-carbido from
158.5° to 168.5° and 175.1°, respectively, accgrtinthe Fe-X bond order. Nevertheless, the
Fe-X bond lengths don’t follow this tendency: Fe=Q1.75/1.76 A > Fe-C = 1.67/1.67 A >
Fe-O = 1.65/1.66 A. According to DFT calculationsiexpectedly long Fe-C bond was
explained by backedonation from pu-C group to the Fe-C antibondingtatbThe positions
of the pre-edge maxima in the XANES spectra aragreement with the expected order
7115.6 (u-C) > 7113.8 (u-N) > 71129 (u-O) eV. Ug-swpectra suggest the stronger
interaction of the two porphyrazine ligands in pgbido and p-nitrido complexes in
agreement with their shorter distances between ougcles. Nevertheless, the nature of the
bridging group does not influence the relative wa¢ion of the porphyrazine macrocycle in
the dimeric molecules. Staggering angles of 24622 and 24.2° were found in p-oxo, u-
nitrido and p-carbido diiron porphyrazine complexespectively [76].

p-Oxo diiron(ll) (ethylthio)porphyrazine complek¢Pz(SGHs)g],O can be prepared
by passing mononuclear precursor through the columth basic A}Os [77]. The IR
spectrum of [FePz(SBs)s],O showed new features in region 800-9007cdue to the
expected Fe-O-Fe stretching as well as at 69528811104 cil which were absent in the IR
spectrum of monomeric precursor. The electrochdnpicaperties of [FePz(S€is)s] .0 were
quite different from those of porphyrin and phtl@anine counterparts. The cyclic
voltammogram exhibited two oxidation steps ak E 0.37 and 0.62 V (vs SCE) and four
reduction events ati = -0.26, -0.48, -0.92 and -1.30 V. This redox béhar is very
different from those of (TPPF£) and (PcFep but the electronic and structural origin of this

difference is not yet understood [77].

2.4. Corroles
2.4.1. Iron
Corrole complexes attract a significant attentioe ¢b their distinctive structural and

electronic properties [78]. Several p-oxo corradenplexes have been reported. Diamagnetic
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p-oxo diiron complex supported by corrole ligandsiting GFs substitients was published by

Gross and co-workers (Fig. 12) [79].
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Fig. 12. Structures of p-oxo diron 5,10,15-tris{faluorophenyl)corrole,
(FEPFPC)O, p-oxo diiron 3,17-dinitro-5,10,15-triphenylcoep [FeTPC(NQ)].O, and u-
oxo diiron 13,16-diso-butyl-10,19-diphenyl-5,5,12,17-tetramethylisocderqFelC)O.

Since corroles are trianionic tetradentate ligatids,iron sites in their p-oxo dimers
are formally in Fe(lV) oxidation state. The eleciim structure of four p-oxo diiromese
tris(para-X-phenyl)corrole complexes (X = H, OGHCH;, CF;) was determined by UV-vis
and Raman studies and supported by DFT calculaf8fljsThe iron sites in these complexes
were proposed to be intermediate-spin Fe(lll) cedpto corrole radicals rather than
previously proposed Fe(IV) sites in (FEPC)O formulation.

The coordination of the iron atom in p-oxo diiron,13-dinitro-5,10,15-
triphenylcorrole [FeTPC(N®].0 is square pyramidal with out-of-plane iron withal of
0.383 and 0.385 A with short Fe-O lengths (1.708 713 A) [81]. The Fe-O-Fe angle is
170.89° leading to small dihedral angle between tMp plane (7.38°). Two corrole
macrocycles are rotated 60.0° from the eclipsedocoration.

The most important structural data of availableraer p-oxo dimers are listed in
Table 1.

Table 1. Structural parameters of p-oxo metal corrole cexgd. Bond lengths are

given in A.
Complex M-O-M | M-Opyigge M out-of- Interplane | M-Npyroe | Staggering
(ref) angle plane distance distance angle
.| 1.709 0.383 1.898 — R
[FETPC(NQ)].0 [81] 170.89 1713 0385 4.19 1922 60
o 1.709 0.421 1.884 -

(FeEPFPC)O [79] 158 1726 0.426 4.28 1.929 n.d.
(FelC)0 [82] 172.6°| 1.761 0.615 4.75 2éo(§)112- n.d.
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_ .| 1615 0.402 1.841 - .
(SIPFPC)O [83] 164.4° | oo 0.407 4.04 1 856 90.3
| 1735 0.425 1.900 -
(GeTPC)O-1 [84] 149.0°| o) 0.449 4.36 1924 n.d.
J| 1718 0.441 1.881 -
(GeTPC)O-2 [84] 147.3°| 10 0.441 4.37 1930 n.d.

[TPC(NG,)] - 3,17-dinitro-5,10,15-triphenylcorrole; TPC rphenylcorrole

pn-Oxo diiron complex was also prepared using isaterplatform by the treatment
with aqueous NaOH solution (Fig. 10) [82]. Thisraglyrrolic ligand has two internal N-H
groups and quite different HOMO and LUMO energyelevcompared to corrole counterpart.
Although the nitrogemm—donor strength is weaker and metal-nitrogebonding is different,
the coordination geometry of iron is similar to rode and porphyrin complexes. The lengths
of Fe-O bonds are 1.761, 1.754 and 1.705 A and~&i®-Fe angles are 172.6, 172.2 and
170.1° for isocorrole, porphyrin and corrole p-adiners, respectively. However, the iron
withdrawal from N isocorrole plane is significantly greater for isaole p-oxo dimer (0.615

A) with respect to porphyrin and corrole analogg8@ and 0.407 A, respectively) [82].

2.4.2. Silicon

While a number of p-oxo disilicon phthalocyanines/én been studied due to their
promising optoelectronic properties arising froneatlonic interaction between the two
macrocycles [51-56], the access to their corrobdags was not developed until recently. The
first Si(IV) corrole complexes prepared fromroésetriarylcorroles and SiGlwere converted
to p-oxo dimeric complexes by treatment with meésaffonyl chloride in Py at 100° [83].
The F NMR signals of theortho- and metafluorine atoms of (SiPFP@)D split indicating
non-equivalence of upper and lower F with respeatdrrole plane. Comparison with other
known p-oxo corrole complexes (FePFRZ]79] and two forms of (GeTP&) [84] (TPC =
triphenylcorrole) shows a shorter Si-O distancesl@15 and 1.616 A with respect to
1.709/1.726 A, 1.735/1.751 A and 1.718/1.773 Apeesively (Table 1). This provides a
stronger orbital overlap in (SIiPFRPQ). The Si-O-Si angle of 164.44° is bigger than
corresponding angles in Fe-O-Fe (158.0°) and Gee(4@9.0° and 147.3°) units. The mean
distances between two corrole planes are 4.04 ASiFPC)O, 4.28 A for (FePFP@) and
4.36/4.37 A for (GeTPGD. In contrast to Fe and Ge p-oxo dimers, the t®regcles in
(SIPFPC)O are twisted by 90.3°. This twisted conformatidmowd be the most stable

according to DFT calculations.
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2.5. Tetrabenzotriazacorroles

2.5.1. Phosphorus

A p-oxo dimer of phosphorus(V) tetrabenzotriazolaswprepared in a low yield
according to the synthetic route depicted in Sch&igs].

OsiPh; OPh

“&’ f@ -

o@ 55 fai» H’%ff .&ﬁw

NH N= ZOq iv PBr: Pl HOP

N OHN Py, eﬂ ,1h PhMe dark oPh

Mow > oph reflux, 3n o OSPh O”‘ e
Y =60%
Y =55%
Ph

Pho osiPhy OPh
Y=3%

Scheme 1. Preparation of p-oxo dimeric phosphonugvabenzotriazacorrole.

The 'H and **P NMR spectra of this p-oxo dimer showed one sesighals of
tetrabenzotriazacorrole cycle shifted to higheldfi@ith respect to monomer precursor even
at low temperature. The absorption band of the pi-oemplex in CHG solution are
broadened and blue-shifted from 451 and 662 nnmfmmomer to 425 and 635 nm for dimer,
respectively. The energy difference between opgchidimeric structures was less than 4 kcal
mol™ resulting in a rapid rotation of two macrocycldésueoxo dimer which is in agreement
with NMR data.

2.6. Contracted porphyrinoids

Recent interest in subphthalocyanines and subpdnghigas been stimulated by their
unusual properties arising from their smaller magetic Te-conjugation system [86]n
contrast to the planar tetrapyrrolic phthalocyanmmecrocycle, the three isoindole fragments
of subPc form a non-planar bowl shape providingrtparticular properties. For instance,
subphthalocyanines exhibit intense fluorescenceuanidual nonlinear optical properties. For
a long time, the access to (subP€Bpnd its substituted derivatives was based ors¢ife
condensation of subPcB-OH or its reaction with subEl to furnish p-oxo dimer in
milligram amounts [87,88]. Bender and co-worker8] [ parallel with Yamasaki and Mori
[90] have recently developed a gram scale synthafstsomoleptic and heteroleptic p-oxo
subphthalocyanines. After thorough evaluation dfedént routes, it was concluded that the
reaction of equimolar amounts of subPcB-OH and sBbBr in CH.CICH,CI in the presence

of K3PQO, was the most efficient and reproducible procedorsynthesize (subPcE) in
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gram amounts [89]. After Soxhlet extraction, Kaufmacolumn chromatography and train
sublimation, ~30% vyields of pure, doubly sublimatgebxo dimer were obtained. This
synthetic methodology was successfully applied tfe preparation of three heteroleptic

derivatives (Scheme 2).

K3POs

CH,CICH:CI

reflux

R1 = Rz = F, F12subPcB-OBsubPc
R1 = H, Rz = Cl, ClesubPcB-OBsubPc
R1 = R2 = Cl. Ch2subPcB-OBsubPc

Scheme 2. Preparation of heteroleptic p-oxo dirigmibPcB-O-BsubPc, gubPcB-
O-BsubPc and GisubPcB-O-BsubPc.

The optical absorption with considerable blue-shiftl fluorescent properties of these
pu-oxo dimers differ significantly from those of rtdgr subPcB complexes. The crystal
structures of non-solvated (subPgB)and its two solvated forms were investigatedreag
details [91]. Depending on the crystal composititire B-O-B angles of 130.6, 132.8 and
133.6° were observed. The crystals obtained byirsatibn were highly symmetric and of
unusually high density for subphthalocyanine denea of any type allowing forrert
intermolecular interaction which makes it very attive as functional material.

pH-Oxo subporphyrin  species are much less investigatompared to their
subphthalocyanine congeners [92,93]. To accessopr@sephenyl subporphyrin complexes
Kobayashi and coworkers heated axially hydroxylssited subporphyrin in vacuum in the

presence of BN (Scheme 3).

Ar = CeHs, yield - 55%

Ar = p-OMeCsHg, yield - 6%
Ar = p-CF3CeHa, yield - 90%
Ar = 3-pyridyl, yield - 84%




Scheme 3. Preparation of p-oxo dimeric subporplyrin

Substitution pattern at meso-aryl subporphyrin geoinfluenced the yields of p-oxo
dimers. The higher yields (up to 90%) were obtaifredh subporphyrins bearing electron-
withdrawing groups due to increased Lewis aciditghe boron atom. The single-crystal X-
ray diffraction analysis of phenyl substituted peodimer showed a bent B-O-B fragment
with an angle of 139.6° with two ligands twisted 833° owing to steric hindrance ofese
phenyl groups.

Similarly, a heterotrimer of silicon phthalocyaninbearing two mesearyl
subporphyrin unit, (subporphyrin)B-O-Si(Pc)-O-B(pobphyrin) was prepared at 120°C and
characterized by MALDI-TOF mass afid NMR spectra. However, this trimer suffered from
low stability during isolation giving rise p-oxo teeodimer and mononuclear complexes. A
p-oxo-connected (SubPc)B-O-P(tetrabenzotriazaa)HOB(SubPc) was prepared from
subphthalocyanine with axial chlorine and phospb@ry tetrabenzotriazacorrole by the
treatment with AgOTf in PhMe for 1 h at room tenatere followed by reflux in the
presence of NERr, for 3 h [94]. This trimer absorbs light across #@dire UV-vis region.
Another stable p-oxo heterodimer was  synthesizedom fr dihydroxylisicon
1,4,8,11,15,18,22,25-octakis(hexyl)phthalocyaniné ehloroboron subphthalocyanine [54].

2.7. p-Oxo dimers supported by covalently linked merocycles
The p-oxo bridged binuclear complexes where tw@lpgnin moieties are connected
by different linkers have received much attentionrécent years [95-101]. Several such

constructions with flexible and rigid linkers westucturally characterized (Fig. 13).
Spacer groups

[It(@@ {{

Porphyrin Flexible structures
macrocycles

o

Rigid structures
Fig. 13. Structurally characterized p-oxo diironmgdexes with linked porphyrin
ligands [57].
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The different aspects of the chemistry of thesestrantions were described in details
in the recent review by Rath and co-workers [57¢éréHwe highlight the most important
features of these diiron(lll) high-spi® € 5/2) systems and further information can be tbun
in ref. 57. Ethane, ethene and pyrrole linkers pi®the dimeric structures with a significant
flexibility. The conformational switching betweetosed and open forms is readily triggered
by the addition of base or acid accompanied by dfgtinctive colour changes. X-ray
structures of these p-oxo species exhibit cofari@ngement of porphyrin macrocycles with
considerably bent Fe-O-Fe fragments: 147.9, 150@ 851.97° for ethane, ethene and
pyrrole bridged complexes, respectively. The porpphynacrocycles are more distorted
compared to unlinked counterparts with short FeliBances (3.409, 3.453 and 3.454 A) and
mean plane separations (4.33, 4.51 and 4.54 Ajoioethane, ethene and pyrrole bridged
complexes, respectively. More rigid aromatic spsicgrcovalently linked p-oxo dimers (Fig.
10) lead to less bent structures with Fe-O-Fe angfel65.7 — 174.8° and longer Fe-Fe
distances (3.491-3.511 A) and mean plane sepasatignto 4.74 A) [57]. Two iron(lll) sites
in the ethane- and pyrrole-bridged p-oxo compleaes strongly antiferromagnetically
coupled:J = - 126.6 crit [98] andJ = - 137.7 crit [101], respectively. Thus, the structural
tuning of p-oxo diiron structure allows for precisentrol of the interaction and electronic
communication between porphyrin cycles. Intere$yinghe protonation of linked p-oxo
diiron porphyrin complexes by strong acids with Wgaoordinated anions (e.g. C{OBF,,
PR, Sbk) in CH.Cl, provides access to corresponding p-hydroxo spg¢6i€401]. Upon
protonation, the Fe-OH-Fe angle becomes more bedttao porphyrin planes further
approach each other. Their increased interactiadsléo unequally distorted porphyrin cores
resulting in two different iron spin states in fexo dimer molecule [102]. The nature and
size of anion also affects on the iron spin stake th the interaction with the hydroxyl group
and iron sites. The calculations indicated thattlsubnvironmental perturbations strongly
influence the spin state of iron atoms [98]. Pratn of p-oxo group of pyrrole bridged
dimer resulted in decrease of coupling constaniste 42.2 crit (with HBF,), J = - 44.1 cm
! (with HSbR) and (with HPE) [101]. These coupling constants are greater thase for -
hydroxo complexes of ethane-bridged complexks: - 36, 36.5 and 37.6 chfor the
complexes protonated by HRFHSbR and HPE, respectively [101]. The increase of the Fe-
O bond length was proposed to be the key factoihidecrease df whereas Fe-O-Fe angle
and the presence of proton play only a secondadey[96]. In sharp contrast, ethane-bridged

p-hydroxo dimanganese octaethylporphyrin bears égaivalent high-spin Mn(lll) sites
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[100]. Small molecules of organic solvents suchHa®, GHs, PhMe, THF, etc. can be

accommodated in the cavity between porphyrin pl§eés

3. Photocatalytic generation of high-valent metal xo species starting from p-oxo dimers
p-Oxo bimetallic complexes can be used for phototubal generation of
mononuclear high-valent oxo species via photodigprtmonation of the M-O-M fragment

upon direct excitation into the oxygen-to-iron af@transfer (Fig. 14).

Uy
L»

(07]

Fig. 14. Schematic representation of the cataphictooxidation cycle involving p-oxo diiron

complexes.

Although the quantum yields are not high becausth®frecombination of Fe(IV)=0
and Fe(ll) to reform the parent p-oxo diiron conxplthis route can allow using.@s the
clean oxidant without added reductants to devellgarc oxidation catalytic processes.
Different metals (Fe, Mn, Ru) in combination witaveral porphyrinoid ligands have been
used to perform this chemistry. Covalent linkingnodicrocycles resulted in the improvement
of the catalytic properties. Nocera and co-workbesve developed this approach using
different Pacman iron porphyrins [103-105]. Photalosorption by the diiron(lll) p-oxo
chromophore resulted in the Fe-O-Fe photocleavaferm PF& =0 and PF& pair (Fig. 15).

@ hv
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dibenzofuran [0}

xanthene o
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octaethylporphyrin
tris-nentafluorophenviporohvrin

Fig. 15. Photogeneration of iron oxo species frmn Pacman porphyrins.

25



The Pacman construction shows a significant vertitexibility: while iron-iron
distance in p-oxo form is about 3.5 A, it increates 7.5 A in the relaxed pocket which
makes possible the approach of substrate to oxoiespeElectron-withdrawing groups at
macrocycles increase oxidizing properties of phetegated PF&=0 species. Pacman diiron
porphyrin with pentafluorophenyl substituents oatat aerobic photooxidation of olefins
with high turnover numbers (Fig. 16) [104].

z cho © CHg CHO
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Fig. 16. Aerobic photooxidation of olefins mediatéy p-oxo Pacman diiron

porphyrin with pentafluorophenyl groups. The pradammounts are in TONSs.

The product distribution of cyclohexene and styreriglation was typical for radical
processes. Noteworthygis-cyclooctene andcis/transstylbenes did not react under
photocatalytic conditions owing to the inability btilky substrates to access the sterically
hindered cleft of the Pacman architecture [104m@arison of catalytic activity of covalently
linked and unlinked p-oxo diiron species in the toaidation of dimethylsulfide showed
9635 and 688 turnovers, respectively, indicatirtggher efficiency of the Pacman complex.
These findings demonstrated a beneficial effe¢hefcovalently linked p-oxo diiron scaffold.
The scope of this approach was extended to thdiagpbotooxidation of hydrocarbons with
activated C-H bonds (Table 2) [105].

Table 2. Aerobic photooxidation of hydrocarbongha presence of pu-oxo diiron fluorinated

Pacman porphyrin. Conditions:= 425 nm, 1 atm @ 25°C, 18 h [105].

(BDEScl_JHk,)SII(r:ZtI;amoI) Product Turnover number
Fluorene (80) fluorenone 287
Dihydroanthracene (84.5) anthracene 235
Diphenylmethane (84.8) benzophenone 160
Cumene (90) acetophenone 143

26



cumyl alcohol 116

Toluene (90) benzaldehyde 76

p-Oxo diiron (IV) complex (FePFP&) with corrole macrocycle which stabilizes
higher metal oxidation states provided a rare act®sa putative Fe=O species rather than to
FV=0 entity generated from p-oxo diiron(Ill) porphyrcomplexes. Photoactivation of
(FePFPCYO by laser irradiation withh = 355 nm generated #8FPC and oxo species
formulated as PFPCFEeO on the basis of its higher reactivity in the dation of
ethylbenzene with respect to PR and (P)FéY=0 and k/kp value of 3.6 [106].
PFPCFE=0 reacted withcis-cyclohexene, dihydroantracene, cumene, ethylbenzemd
toluene with the second-order rate constants imathge of 4 x 15— 5.4 x 16 M s*. Radical
scavenger Nert-butyl-phenylnitrone had small effect on the forimoatof cis-cyclooctene
oxide [107]. [F&'(TPP)LO and RU(TMP)O, showed lower catalytic acitivities under the
same conditionscis-Cyclooctene was photooxidized tis-cyclooctene oxide with TON ~
200 after 48 h of irradiation with 400-500 nm lightthe presence of air [107]. The oxidation
of norbornene afforded the corresponding epoxidé WON = 72 after 24 h of photolysis
whereas allylic oxidation products 2-cyclohexenud 2-cyclohexenone were obtained in the
oxidation of cyclohexene with TON of 230 and 10%pectively, along with minor amount of
the epoxide (TON = 40). Activated hydrocarbons sashPhCH, PhCH,, PhEt and xanthene
were oxidized to the corresponding alcohols andrket with TON ~ 80 — 1200 [107]. This
system was also active in the aerobic oxidatioseabndary benzylic alcohols.

In the case of heteroleptic p-oxo dimer complexhwito non-equivalent iron sites
two isomeric high-valent oxo species can be formdechixted p-oxo bridged heme/non-heme
diiron complex was prepared by Karlin and co-woskand photooxidation of different
substrates was studied [108]. Low temperature igahabsorption spectroscopy investigation
indicated the formation of ferrous porphyrin andghalent oxo species at non-heme iron
(Fig. 17).
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Fig. 17. Photogeneration of non-hemé'E® from heteroleptic p-oxo complex and

its reactivity.

This species carried out the oxidation of tetrabfuhan and toluene solvents in
anaerobic single-turnover conditions with 15 and @3yields of y-butyrolactone and
benzaldehyde, respectively. When photolysis wasopeed under aerobic conditions, the
oxygen transfer to BR provided TON = 28 before degradation of the campliThe
photolysis of the heteroleptic p-oxo diiron compiexchlorobenzene or 1,2-dichlorobenzene
led to C-Cl cleavage reactions to form monochlgshbinyls or trichlorobiphenyls,
respectively. The non-heme "0 is most likely responsible for the C-H bond etege and
subsequent radical chemistry.

Although Mn-O-Mn bonds are relatively weak in dingemacrocyclic complexes and
can be dissociated in polar solvents, p-oxo dimaeg@ complexes are quite stable in non-
polar solvents, e.g. benzene or cyclohexane [ID$. to decrease of the electron density at
metal sites, F and GFelectron-withdrawing substituents on the porphyore favor the
formation of p-oxo dimers. Visible light photolysisf (TPPMn}O and related (4-F-
TPPMnyO and (4-CETPPMnyO complexes produced (Porphyrin)MaO and
(Porphyrin)Mrl' species. The latter is rapidly oxidized to 'Mporphyrin in the presence of
0,. Otherwise, (Porphyrin)Mhcan be stabilized in the presence of Py orsPBMming
(Porphyrin)Mr'(Py) or (Porphyrin)MA(PPh) complexes, respectively. Upon addition of
cyclohexene or styrene the (Porphyrinf{4rO species were transformed to 'Mporphyrin
complexes indicating the oxidation of the olefirmwever, the product composition has not
been published.

In search of photocatalysts capable of performingrendemanding oxidation of
alkanes, several pu-oxo diruthenium(lV) porphyrimmgbexes have been evaluated [110]. The
UV-vis spectra showed that photocatalytic cleavafgTPPRU'(OH)].0 and TPPRY —
pyridinium N-oxide adduct provided the same oxocig® TPPRV=O [111]. Laser flash
photolysis studies allowed for determination ofsetorder rate constants: = 6.6 x 16 m?

s* (diphenylmethanol)k, = 2.5 x 16 M s? (styrene)k, = 1.8 x 18 M™ s* (cyclohexene).
Among complexes with different substitution pattgiRu" (p-CFs-TPP)OH}O exhibited the
highest turnover numbers in the oxidation of hydrbons (Fig. 18, Table 3).
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Substrate
homolysis
—_—
420 nm
\ Product(s)

R = CgHs, [RUV(TPP)OH],0
R = p-CF3-CgHa, [RUV(p-CF5-TPP)OH],0
R = p-MeO-C¢H,, [RuV(p-MeO-TPP)OH],O

Fig. 18. Photocatalytic oxidation of substratesthie presence of p-oxo diruthenium(lV)

porphyrin complexes.

Table 3. Photocatalytic oxidation of olefins andnbgdic compounds in the presence of
[RuV (p-CRs-TPP)OH}0.

Entry Substrate Products Turnover number

1 Norbornene Norbornene oxide 200
2-Cyclohexenol 160
2 Cyclohexene 2-Cyclohexenone 350
Cyclohexene oxide 30

3 Triphenylmethane Triphenylmethanol 1120
Benzophenone 140
5 Ethylbenzene 1-Phenylethanol 380
Acetophenone 180

6 Xanthene 9-Xanthone 2900

i 1-Phenylethanol Acetophenone 3300

8 9-Xanthenol 9-Xanthone 3900

The catalytic efficiency expressed in turnover nemsbcorrelates with the order of
substrate reactivity, i.e. with bond dissociatioemrgies of C-H bonds. Kinetic isotope effect
ka/kp = 4.8 £ 0.2 (25°C) measured in the competitivedation of ethylbenzenkr and
ethylbenzeneah, was in agreement with the involvement of oxo spe¢ill]. p-Oxo dimeric
species can dissociate not necessarily under prad@tion but also under catalysis
conditions. For instance, the formation of (RyFe"-O-Fd"(PcRe) was proposed in
FePchg-catalyzed Wacker-type aerobic oxidation of theingeto ketones which underwent

monomerization upon interaction with triethylsilgid 2].
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To summarize, photolyses of [(Corrole)f@] [(Porphyrin)Mn}O and
[(Porphyrin)Ru}O complexes indicated the similar reaction manifoldll cases. The formed
0X0 species are capable of oxidizing benzylic adt®holefins and activated hydrocarbons.
The Pacman architecture of p-oxo complexes leadwote efficient oxidation, but the overall
efficiency depends on the ratio between the reagtide with substrate and the life time of
oxo species which is formed witlg,en = 20 ps and undergoes re-clamping to p-0xo species

4. Catalysis

4.1. Oxidation

Single atom bridged binuclear macrocyclic completxage been regarded as inactive
species in catalysis for a long time, but incregsiomber of their catalytic applications as
well as some mechanistic considerations indicade tjreat interest for catalysis [32]. Since
the activity of mononuclear porphyrin [4] and pHtdwyanine [114,115] complexes in
oxidation has been associated with high-valent ora species their binuclear counterparts
have been a subject of extensive research. Higintgl-nitrido diiron oxo species with
phthalocyanine [116], porphyrin [19,117] and ponaane [118] ligands have been prepared
and spectroscopically characterized. As for higlemadiiron oxo species on p-oxo platform,
their involvement in the oxidation of the aromat@mpounds was initially proposed on the
basis of reactivity studies [10-12,119]. Recent{Pche)FeY-O-F&"(Pchg)=0 species
formed from (Pcks)Fe"-O-Fé'" (Pche) and HO, was detected by ESI-MS technique [120].
These studies provide a basis for the utilizatibp-@xo binuclear complexes in the catalytic
oxidation.

Heteroleptic p-oxo heme-#eO-CU'(L) complexes have been developed by Karlin
and coworkers as models of cytochrome c oxidasd][1Phis terminal enzyme of the
respiratory chain, catalyzing the reduction eft®H,O, is also involved in both endogeneous
generation and metabolism of redox-active signafimgecule NO [122]. The structures of

selected complexes are shown in Fig. 19.
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Fig. 19. Structures of (Porphyrinate}F©-Cu'(L) complexes. L = tmpa, tris(2-
pyridylmethylamine); MePY2, bis(2-pyridyl-ethyl)nigtiamine. Porphyrinate =gF
tetrakis(2,6-difluorophenyl)-porphyrinate; TMPP,  trékis(4-methoxyphenyl)-
porphyrinate. Reprinted with permission from Achie@. Res. 48 (2015) 2462-2474.
Copyright (2015) American Chemical Society.

The geometry of Fe-O-Cu core depends on the naitir€u(ll) site. While the
involvement of tetradentate ligand for the Cu ceted to near-linear Fe-O-Cu fragment, the
complex bearing Cu(ll) site with tridentate ligagxhibited a bent Fe-O-Cu unit with an angle
of 142.5°. In turn, the electronic properties ofgdtyrin ligand determine the geometry of the
heteroleptic binuclear complex. The cupric cenfe( BMPP)Fé"-O-Cu'(tmpa)] containing
electron-donating porphyrin ligand adopts a nepésfect trigonal bipyramidal geometry €
0.9) whereas its counterpart §JFe"-O-CU'(tmpa)] bearing electron-deficient porphyrin
exhibits a distorted square pyramidal coordinafoa 0.3) (Fig. 19). The bridging oxo group
is very basic and can be protonated leading to ihgndf Fé'"-(OH)-CU' moiety and the
elongation of Fe-O and Cu-O bonds. When Cu(ll) siteoordinated with tridentate ligand,
the p-oxo ligand becomes (i) more basic and (iiyeraccessible to favour the reaction with
NO (Fig. 20).
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“intermediate”

mono-NO adduct bis-NO adduct
A = 443, 564 and 604 nm A 124, 533, 574 and 619 nm (Caled.) A = 433, 545 and 582 nm \.ae = 408 and 536 nm
CSI-MS m/z = 1217.2847
Bieen0 = 2340, 8 peno = 1920, g3 oo = 2066
Ao =18.9G, a0 =774 G

Fig. 20. Proposed mechanism of the oxidation oftbl@itrite mediated by p-oxo hemelfe
O-Cu'(L) complexes. Reprinted with permission from AGhem. Res. 48 (2015) 2462-2474.
Copyright (2015) American Chemical Society.

The first NO molecule attacks the p-oxo group feka by the addition of the second
NO to ferrous porphyrin center. This bis-NO intedia¢e undergoes dissociation to release
observed mononuclear cupric-nitrite and nitrosytdas heme complexes.

The (FeTBEPPYO complex was applied in the oxidative desulfuimaprocess for the
oxidation of dibenzothiophene and its derivativesisidered as the most refractory sulfur
compounds in fuels [61]. The model oil solutionoictane contained 500 ppm of sulfur from
each substrate, namely, dibenzothiophene (DBT)eriztithiophene (1-BT) and 4,6-
dimethyldibenzothiophene (4,6-DMDBT). This solutias treated by #D, in the presence
of 1 umol (FeTEPP)O and extracting solvent (MeCN, DMF, MeOH, 1-busyl-
methylimidazolium hexafluorophosphate and tetrafbborate ionic liquids) at room

temperature (Fig. 21).

1 umol (FeTFsPP)20

O O O 0 50 pmol Hz02 Sulfones + Sulfoxides
+ + —_— u ulfoxi
/ 7\ 7\ 0.75 mL n-octane

0.75 mL extracting solvent
S S H;C S CH; 9

room t
500 ppm S 500 ppm S 500 ppm S

Fig. 21. Oxidation of model oil containing 500 ppof sulphur from each
benzothiophene derivative by (F&PPYO — HO, system.

The sulfur compounds were extracted from oil by plodar solvent containing the

catalyst and oxidant. Their oxidation to sulfones sulfoxides led to continuous transfer of
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sulfur compounds from the oil phase to extractiolyent resulting in the oil desulfurization.

The catalytic efficiency followed the order 1-BTDBT > 4,6-DMDBT whereas MeOH and

MeCN were the optimal extracting solvents. Alteiviy, the polar oxidized products can be
also removed from fuels by absorption.

Interestingly, p-oxo diiron tetrasulfophthalocyamirfFePcS)O exhibited superior
catalytic activity in the oxidative degradation ©fange Il by'BUOOH in neutral aqueous
solution in comparison with its p-nitrido countemp&l23]. However, the stability of
(FePcS)O under catalytic conditions was very poor. In casit to very stable (FePcH)
complex, (FePc3D could not be used in the successive oxidation®©inge Il. The
significantly higher stability of (FePc®) compared to (FePc&) was also observed under
strong acidic and strong basic solutions [124].sEhkinuclear species were reduced upon the
reaction with sodium dithionite, thiourea dioxidmdium hydroxymethanesulfinate and L-
cystein.

Another fluorinated p-oxo dimer was reported by Meimand co-workers [75]. p-Oxo
diron(lll) octakis (perfluorophenyl Y etraaza por piywvas shown to be an efficient catalyst for
the oxidation of aromatic compounds and aliphatidd ®onds by hypervalent iodine
compounds (PhlO, oligomeric iodosylbenzene sul pBhO}S0O;) and KHSQ. Peracetic
acid has provided moderate product yields wherleasatalyst was inactive in the presence
of H,O,. High yields of quinones were obtained in the akioh of aromatic compounds using
1-2 mol % catalyst loading (Table 4).

Table 4. Oxidation of aromat ic and al iphatic hydrocarbopqfe TAP(GFs)s].O — Ph1O in
CH.Cl ;at roomtemperature [75].

Catalyst .
Substrate Product (s), yields
Entry amount
(reactiontime)
o}
2 mol %
1 I QLD o
(2h)
o}
o}
1 mol % tBu tBu
z sseat
(0.1h)
o}
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o)
2 mol %
: Q)
(1h)
o)
o)

0
1 mol % CH; CH, CH;,
: (1
(0.3h)
50% O 0 41%
o o

2 mol %
> 2h) OOQ Q.Q 100%

e @ @\ @O
6 oH
(1h) 670 16%

o}
5 mol % CHs
7 PhCH3 PhCHO PhCH,OF
(0.5h) 26 % 21 %

O51 %

Importantly,a high yield (51 %) of 2-methylnaphtiaanone (vitamin K) was obtained in
the demanding oxidation of 2-methylnaphthalene. tAeo interesting feature of
[FETAP(GFs)g]2O complex is a rare selectivity in the oxidation ofluene: 2-
methylbenzoquinone was obtained wih a 51 % yieltengas usual oxidation products
Ph CHO and PhCDH were minor oxidation products. Noteworthy, cgsaloading of 10-30
mol % of the related (FeMBu,).0 compex should be used compared with 1-2 mol % of
[Fe TAP(GsFs)g]20 to provide simiar yields of products. Further mp(FePtBu,),0 did not
catalyze the oxidation of phenantrene, adamantadé@uene. In addtion to increase of the
catalytic activiy, the fluorinated aromatic sutisents confer to [FeTAPEEs)s.O a
resistance to oxidatve degradation allowing 8 eguog ive oxidations ofert-butylanthracene
using (PhIO3SGO; oxidant [75]. The selective oxidation of anthraeén anthraguinone was
carried out in the presence of 10 mol % of (FBRg),O and either 7.5 equiv. polymeric
(PhlO), or 2.5 equiv. oligomeric (Phlg§0; [125]. The (FePBu,);O compex in
combination wih (BUN)HSOs was more efficient than wih PhlO [126]. The oxida of
benzene, toluene, ethylbenzene, indane, 1,2,3rda@ronaphthalene, 9,10-
dihydroantracene, 2-methylnaphthal enge2-butylanthracene and anthracene furnished the

correspondingo-quinones wih 74-100% yields wihin 5-30 min inetjpresence of 6 equiv
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(BusN)HSG;. Adamantane was also oxidized wih 71% conversioa mixture of alcohols
and ketones.

p-Oxo diiron tetraphenylporphyrin derivatives meeth a free-radical aerobic
oxidation of cyclooctane, cyclohexane and cyclopeetto corresponding ketones and
alcohols at 120°C [127]. Noteworthy, both electmithdrawing (GFs > p-CF; > p-Cl) and
electron-donating ptCH; > p-OCH; > H) substituents at tetraphenylporphyrin ligand
increased the catalytic activity.

Heterogeneous 2D coordination network material &mmby (p-oxo)bishese
tetrakisp-carboxyphenylporphyrinato)iron(lll)] complex (Fig) exhibited moderate catalytic
activity in the oxidation of benzyl alcohol (TON24), 1-phenylethanol (TON = 25), hexanol-
1 (TON = 5) and octanol-1 (TON = 3) witBuOOH [60]. FePcS inserted into nanocages of
the metal organic framework MIL-100 mainly in p-okarm showed a superior catalytic
efficiency in the oxidation of 2,3,6-trimethylphdrend 8-hydroquinoline to corresponding

quinines compared with homogeneous mononuclearS-ER28].

4.2. Nitrene transfer reactions

Ruthenium(lV) p-oxo porphyrin complex [RGTPP)(OCH)].O prepared form
[Ru'(TPP)(CO)(MeOH) anan-CPBA in MeOH promoted benzylic and allylic amirmets as
well as aziridination of aromatic olefins using-BjS(trifluoromethyl)phenyl azide angttert-

butylphenyl azide as nitrene sources (Fig. 22).[72]

R R’
Ru(TPP) OCH3)].0 H
neat substrate or PhH
CFs reflux, 0.5-5.5 h
CF.

7 examples Fa
Yields on azide: 44-90%

[RU(TPP)(OCH2)1.0 NHA
S —_—
+ A=Ns  pppreflux, 0.75-15 h

catalystazide:substrate = 1:50:250

3

3 examples
Ar = 3,5(CF3)CgHa, 4(Bu)CeHa, 4(OCH3)CeHa vields on azide: 20-65%

[RU(TPP)(OCH3>]QO ©/\>
PhH, reflux, 0.1 h

catalyst:azide:substrate = 1:100:250 vield on azide:99%

Fig. 22. Nitrene transfer reactions mediated by{RUPP)(OCH)].O [72].
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In the presence of 1-10 mol% catalyst with respeditmiting azide reagent, moderate
to excellent yields of amination and aziridinatipnoducts were obtained. Tosyl azide,
adamantyl azide and benzyl azide were not suitbdriehis reaction. Since the observed
catalytic activity of [RY(TPP)(OCH)].O were similar to that of RGTPP)(CO), it was
proposed that p-oxo dimer could be pre-catalyst bisdmido complex RYU(TPP)(NAr)
could be responsible for the catalytic activity.tehestingly, related [RU(TPP)(m-
chlorobenzoate)D complex did not react with 3s(trifluoromethyl)phenyl azide even

under radiation.
4 .3. Miscellaneous reactions

The (TPPFe as well as (salenk€) complexes mediated the hydrophosphination of
styrenes and acrylates with HBRImd BPPh (Fig. 23) [129].

PPh,
@/\ @/\/
PPn R R PPh
H.PPh N HPPh: O/\/ 2
2 - > N

|
|
R 5 mol% N~ 0.5 mol% =
(TPPFe),0
PPh (TPPFe),0 o TPPre)C o\ pPh,
< | A rt,24 h \j)/\ , It \{\/
N 1
Z 2 R' R
6 examples R =H, Me, OMe, Cl, 13 examples
Yields: 63-96 % Br, CF3, Ph Yields: 73-99 %
. R'=Me. Bu

Fig. 23. Hydrophosphination of olefins with HRPand HPPh catalyzed by (TPPRE)
[129].

This 100 % atom efficient and mild procedure (rodnsolvent-free, non-toxic metal
catalyst, no wastes) involves the addition of Pd#tds across a double bonds and provides
access to important tertiary phosphines includimgymmetrically substituted derivatives.

The (FePFPGD complex in the presence of @PEN=PPB)CI carried out
copolymerization of cyclohexene epoxide, propylexéle and glycidyl phenyl ether with

CO, without the concomitant formation of olefin carlades (Fig. 24) [130].
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o

Fig. 24. Copolymerization of epoxides with €@atalyzed by (FePFPL). Conditions:
[epoxide] : [(FEPFPGY] : [(PhsP=N=PPBE)CI] = 4000 : 1 : 1Pco.= 2 MPa, 60°C [130].

The propylene oxide copolymer containing minor antoef carbonate linkages (17
%) was obtained with high turnover frequency of 0ol of epoxide incorporated into the
copolymer- (mol of catalyst} - h*. Mononuclear iron corrole complex showed lower

catalytic activity [130].

5. Other applications

5.1. Optoelectronic applications

Incorporation of metal phthalocyanines in emergiptpelectrical applications in solar energy
conversion and nonlinear optic systems attract maiténtion [131,132]. In this context,
binuclear porphyrinoid complexes are particulanieresting since the optical and electronic
properties can be advantageously modified [133]er@his a growing interest in the
application of p-oxo porphyrinoid complexes in agéxtronic devises. For example, the
(GaP&Bu,),0 complex showed two-fold increase of saturatioergy density and more
intense photoluminescence emission in the red megampared to mononuclear GiRe
[134]. Basova and coworkers studied the formatibrthe thin ordered films of (GaP£€)
[135], (AIPc)O [136] and (AIPBu,),0 [137] onto indium tin oxide, quartz slides, pbési

Si wafers and KBr. The mononuclear GaPc complexpaeded onto indium tin oxide by
physical vapor deposition was transformed to omlé&aPc)O films in the presence of water
upon annealing at ~300°C. X-ray photoelectron aath& spectroscopies showed that as-
deposited GaPc molecules exhibit the tilt anglés/éen phthalocyanine plane and surface of
53 + 5° whereas ordered (Gaje)molecules are oriented with the average tilt e @b + 5°,

i.e. practically perpendicular to surface. The acetdeposited AIPc complex undergoes

transformation to corresponding p-oxo species efkds]. The well-organized (AlPBu,),0
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films with elongated crystallites having preferahtrientation were obtained upon heating of
as-deposited AIPBu, films in magnetic field whereas annealing with magnetic field
applied did not provided any effect on the morpgglof the films. Magnetic field parallel to
the support surface improves the azimuthal order cofstalline domains with the
(AIPc'Bug),O molecules oriented perpendicularly to surface smthat their dipole moments
oppose the direction of the magnetic field [137td€¥ed films are of great importance for
photovoltaic and chemical detection applicationsisTapproach is especially useful for the
complexes bearing sterically demanding substitusints as tert-butyl groups.

The thin films of [(HO)SiPBuy.O onto a ferromagnetic rare earth garnet
Bio.gDy2FesAlo 7012 were used for the switching of magneto-opticalnalg of a
ferromagnetic substrate by a selective laser iatamh of a grafted p-oxo disilicon
phthalocyanine [138]. The photothermal energy fiem$rom [(HO)SiPBu4,0 film to
inorganic magnetic substrate was further invesigigl39]. The generation of heat in active
organic layers which dissipates toward inorganjgpsut leads to performance degradation of
optoelectronic devises, e.g. organic light emitiiingdes (OLED) and organic solar cells. This
work has provided a more detailed understandintpisfproblem dealing with photothermal
energy transfer in organic-inorganic hybrid matsria

Since boron subphthalocyanines are materials oficpkar interest for organic
photovoltaic devices, their p-oxo derivatives astwact much attention due to their unusual
properties [140]. Evaluation of the pairing of (RalB»O with established electron donating
and electron accepting materials indicated thatai$ better suitable as an electron donating
material in simple bilayer structures. Its photeam efficiency was comparable with that of
highly optimized (subPcB)CI structures with potahtio improve the performance of the
latter.

Complexes with metals possessing a magnetic mocaenshow interesting conductor
properties due to a strong interaction betweenPhe—electrons and the metal d-electrons
[42]. [MnPc(CN)EO was shown to be a single-component molecular wttod with
semiconductor behavior. Due to strongd interaction [MnPc(CN}O exhibits the
magnetiresistance effect which can be used fodéivelopment of single-component crystals.
The [(-BrTPP)Fe)O complex has good third-order nonlinear opticaL@Y properties
showing one order of magnitude larger two-protoeaaption cross-section value compared
to the monomer owing to the more extended conjagelectronic structure [59].

p-Oxo bridged iron 5,10,15,20-tetrakis(N-methypidiniumyl)porphyrin was used
to assemble gold nanoparticles into networks, whieecomplex provides a molecular bridge
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that couples the particules to form a ~1.5 nm sdjmar gap between them [141]. Linear
extinction, surface-enchanced Raman Scattering trgseopy and TEM showed that
plasmonic nanoparticle networks were formed bytedstatic interaction and that the Fe-O-

Fe fragment was orthogonal to the inter-particlis.ax

5.2. Medical applications
Sessler and co-workers have published the binugleato bismuth(lll) texaphyrin complex
(Fig. 25) [142].

Fig. 25. Structure of p-oxo dimeric Bi(lll) texapfy.

The isotope$™®Bi and***Bi with limited half-lives of 60.55 min and 45.65m respectively,
are potentially useful ag—core emitters in the treatment of tumors but figdsuitable
ligands is a challenging task. In contrast to pgripts showing selective localization in
tumors but suffering from slow insertion kineticadastability problems, this pentaaza
expended porphyrinoid with ~20% larger cavity thha tetrapyrrolic congeners allows for
fast Bi(lll) insertion. Single-crystal structure pfoxo dimer show 2.194 A Bi-O length with
linear Bi-O-Bi unit and out-of-plane distance oétBi(lll) center of ~0.3 A. This dimer is the
first structurally characterized binuclear macrdicygi-oxo bismuth complex and the first
stacked expanded porphyrin system prepared froexaphyrin and a non-transition metal
[142]. The corresponding monomeric complex obtained bytris@ment with CECOOH in
DMSO exhibited cytotoxic activity in the A2780 oiem cancer cell line [142].

pn-Oxo diiron(lV) cationicmes@4-N-methylpyridyl)corrole interacts with DNA in a
difunctional binding mode via non-classical intdatian and outside groove binding with H-
aggregation with a higher binding constant than omoiclear analog, but shows a lower
efficiency in the cleavage of supercoiled plasmidADin the presence of 4@, or 'BUOOH
(Fig. 26) [143].
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Fig. 26. Structure of p-oxo diiron(I\pes@4-N-methylpyridyl)corrole.

5.3. Miscellaneous

The ability of p-oxo diiron porphyrins to undergisgbciation and reversible dimerization of
mononuclear complexes upon changes in acido-basiditions, solvent nature or the action
of redox additives can be used for creating respgengolymer materials [144,145]. Two
FeTPP moieties were connected by polystyrene gregloflene oxide chains. The action of
various stimuli resulted in the reversible formatiof large macrocycles with p-oxo diiron
porphyrin polyethylene oxide repetitive units witintra- or intermolecular coupling
depending on the concentration. This modificatibthe chain architecture can be useful for
design of polymer systems with switchable propsrtie

The heterostructural ,@(FeTPPYO material was prepared by adsorption of (FeJ®P)
onto graphitic carbon nitride due te-Tt and iron-nitrogen interactions [146]. This compesi
material showed a significant enhancement in plaédgtic H production under solar light.
The high efficiency of the water reduction was expéd by the action of (FeTR®) not only
as photosensitizer, but also as a charge promotareent the recombination of the excited

electrons and holes of the ghG.

6. Conclusion

H-Oxo binuclear porphyrinoid complexes continueattract much attention due to their
particular properties. This review provides a sumyn@n recent progress in their synthesis
and applications. Selected examples discussed aboswate a great versatility of p-oxo

platform which can accommodate different metals mod-metals, e.g. Fe, Mn, Ru, Cr, Mo,
Re, Al, Si, P, B in homo- or heterometallic arramgats. Moreover, porphyrin,

phthalocyanine, porphyrazine, corrole, tetrabemazdcorrole and their analogs can support
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p-oxo structure affording various homoleptic andehaeptic constructions. In addition to
tetrapyrrolic macrocycles, p-oxo dimers of contedctind even expanded analogs can be
prepared. The two macrocycles of p-oxo complexas lsa additionally connected via
different covalent linkages [57,95-105] or via naowalent interactions [37,46] to tune their
structural and electronic properties. The synthesesstudies of various dimeric complexes
based on different macrocycles via different lirdsgconfirm the interest to binuclear
constructions [147-151]. The important recent tresnihe use of p-oxo bimetallic scaffold for
the construction of structurally organized solidtenals [42,60,65]. The wealth of p-oxo
binuclear structures with very different propertgeeglains their increasing utilization in very
different areas: catalysis, sensors, optoelectandl medical applications. Further studies and
deeper understanding of their properties are likelyncover many additional applications of
p-oxo binuclear complexes. Continued synthetic adea should provide a great variety of
novel p-oxo binuclear porphyrinoid complexes witkieds properties opening the way for

novel applications in catalysis and material saenc
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