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Abstract—We make a brief overview of the results of studies into the reactivity of iridium and rhenium com-
plexes in various oxidation states with substituted, expanded, N-fused, and N-confused porphyrins, corroles,
as well as heteroatomic macrocycles under chemical and electrochemical oxidation conditions. The charac-
teristic spectral features of the species are analyzed, as well as the key factors responsible for the stabilization
of the charge of the complexing ion and the charge location during the oxidation of compounds on the aro-
matic part of the molecule, the central metal atom, or the axial ligand. Iridium and rhenium in the oxidation
state of +1 to +7 form stable complexes with porphyrins and their analogues, which are of particular interest
due to their unusual properties and a potential for use in various fields of science and technology, including
advanced materials and catalysts. The high reactivity in redox processes with a reaction center on the macro-
cycle or on the central ion is the main feature of iridium and rhenium porphyrin complexes. The high stability
not only of molecular species, but also of charged radical species of complexes is of great interest for further
progress in the study of the mechanisms of their chemical and photophysical transformations, understanding
of which is necessary for the development of applied chemistry of porphyrin complexes of iridium, rhenium,

and their analogues.
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INTRODUCTION

Iridium and rhenium are among the rarest ele-
ments due to their negligible natural abundance.
However, the variety of formal oxidation states (from
+1 to +5 in Ir, from +1 to +7 in Re), combined with
the ability of aromatic tetrapyrrole ligands to stabilize
unusual metal oxidation states, provides porphyrin
complexes of iridium (IrP) and rhenium (ReP) with
unique properties promising for use in radiopharma-
cology in diagnosing and treating diseases and in the
design and use of luminescent materials and catalysts
[1—-10]. It is due to the combination of rich redox
properties and coordination unsaturation that tetrapy-
rrole complexes of iridium and rhenium are consid-
ered suitable synthetic models for studying one-elec-
tron and two-electron oxidative processes during oxy-
gen transfer in catalytic cycles of natural enzymes,
along with complexes such as iron and manganese
porphyrins [11—14]. The prospects of using IrP and
ReP as catalysts for reactions of organic compounds
[15—30], water oxidation [31, 32], and oxygen reduc-
tion [33] are also discussed. Evidence has been pub-
lished for the use of those complexes as electron
donors in systems with photoinduced electron trans-
port, where their short-lived radical-cation forms are
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realized [34—37], and as biocompatible and biode-
gradable oxygen probes [38].

THEORETICAL PART

The subject matter of this work is the generalization
and analysis of the related literature and our own data
on the preparation and properties of oxidized forms,
including radical species, of iridium and rhenium
complexes in various oxidation states with substituted,
expanded, N-fused, N-confused porphyrins, corroles,
as well as heteroatomic macrocycles. The specificity of
properties of oxidized and radical species of IrP and
ReP complexes dictates the applicability of certain
physical and physicochemical methods in their char-
acterization. The electronic absorption spectra (EAS)
of oxidized IrP and ReP forms are of the same type for
the reasons described in the next section, and are quite
characteristic (Fig. 1).

Electronic paramagnetic resonance (EPR) is infor-
mative only for a certain distribution of the unpaired
electron spin over the atoms of the macrocycle, and is
inapplicable to weak bonding between radical and
metal centers [39]. Therefore, UV—Vis spectroscopy
was recognized as the best method in the early stages
of research for the characterization of radical species
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of metalloporphyrins [40, 41]. While the electronic
absorption spectrum still remains the simplest tool for
identifying m-radical cations, the combined use of
XRD, EPR, NMR spectroscopy, and quantum-
chemical calculations at present makes it possible to
characterize unpaired electron spin density distribu-
tion in more complex systems. The results of EPR
studies and DFT (B3LYP/6-311G(d,p)) calculations
were used to determine the unpaired electron spin dis-
tribution over the atoms of the diazaporphyrin ring in
3d-metal complexes [42—44]. In addition, ferromag-
netic spin coupling is observed between the paramag-
netic central ion (Cu') and & radical [45]. The avail-
ability of the quantitative energy characteristics of the
boundary MOs of Co"P** and Mn'""P** m-radical-
cations in photoinduced radical salts with a fullerene-
containing radical-anion was shown by DFT and
TD-DFT (B3LYP* + D3BJ/6-31G level) quantum-
chemical calculations and by femtosecond transient
absorption spectroscopy [46].

Formation of oxidized MP species is manifested in
IR spectra. For one-electron-oxidized macrocyclic
species, bands are observed due to the vibrations of
Cy—Cg and C,—N bonds in pyrrole rings in the range

1300—1600 cm~!. The most noticeable of them, con-
firming the porphyrin type, rather than the symmetry
state, are the bands at ~1280 cm™!, corresponding to
nt-radical cation complexes of H,TPP, and the bands

at ~1550 cm™!, typical of MOEP " * [47]. However, the
presence of axial and peripheral substituents and their
nature (in particular, in meso-phenyls) significantly
affect the value of the frequency shift of the indicated
types of vibrations in oxidized complex species [48].
The transition to two-electron-oxidized radical-dication
species of dimeric complexes is accompanied by an
increase in signal intensity with a slight shift [49, 50].

For porphyrin complexes of low-charge metal ions
(Zn, Cu, Ni, Co, Mg, Fe, and Ru), the structures (dis-
tortion and bond lengths) of m-radical cations were
studied by X-ray structural analysis and DFT calcula-
tions [51—55]. According to the calculations, the ring
bond lengths change compared to a neutral molecule
when aromatically oxidized tetrapyrrole molecules
(porphyrins and phthalocyanines) are formed. The
formation of radical-cation species brings about an
increase in the difference between the bond lengths of
alternating bonds in the porphyrin ring and in the
angles between them, as opposed to delocalized bonds
in the neutral molecule. Table 1 shows how the dihe-
dral angles (y, deg.) between the planes of the porphy-
rin ring and meso-phenyl substituents change depend-
ing on the oxidation state of the molecule exemplified
by ZnTPP and its phenyl-substituted analogues.
Structural alterations enhance electron transfer
among the neutral, radical-cation, and dication spe-
cies.

However, there is difference between the results of
theoretical calculations and X-ray structural analysis,
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Fig. 1. Electronic absorption spectra of oxidized metallo-
porphyrin species: (/) CIMuTPP'" in 2.52 M H,0,; (2)
(HSO4)RhTPP+' in 1741 M  H,SO4 (3
O=Re(HSO4)MPOEP'+ in 17.77 M H,S04; and (4)
(CH5COO0)(CH;COOH)IFTPP"* in 100% AcOH (TPP

and OEP, respectively, stand for the 5,10,15,20-tetraphe-
nyl-21H,23 H-porphyrin dianion and 2,3,7,8,12,13,17,18-
octaethyl-21H,23 H-porphyrin dianion).

arising from the Jahn—Teller effect, according to
which the interrelation of degenerate electronic states
with distortions leads to the removal of degeneracy and
a decrease in symmetry. Experimental data demon-
strates the importance of environmental effects, which

Table 1. Values of dihedral angles (y, deg) between the por-
phyrin ring plane and the planes of meso-phenyl substitu-
ents in various degrees of oxidation as obtained by DFT
(B3LYP 6-31G(d,p)) calculations [51]

Complex P N7EE
ZnTPP 66.01 65.43
ZnT(2'-thienyl) P 65.26 63.57
ZiT(3'-furyl)P 58.37 57.13
ZiT(3'-thienyl)P 61.86 61.18
ZnTPP"* 55.86 56.00
ZnT(2'-thienyl)P** 44.78 44.74
ZnT(3'-furyl)P"* 44.52 44.20
ZnT(3'-thienyl)P"* 49.12 49.04
ZnTPP** 45.36 55.09
ZnT(2'-thienyl)P?* 34.46 34.46
ZiT(3'-furyl) P2+ 35.53 34.61
ZiiT(3'-thienyl) P2+ 39.24 39.32

* Optimized for isolated molecules and radicals.

** Optimized in dichloromethane.ZnTPP = (5,10,15,20-tetraphenyl-
21 H,23 H-porphinato)zinc(Il), ZnT(2'-thienyl)P = (5,10,15,20-(2'-
thienyl)-21H,23 H-porphinato)zinc(1l), ZnT(3'-furyl) P =
(5,10,15,20-(3'-furyl)-21 H,23 H-porphinato)zinc(Il), and ZnT(3'-
thienyl) P = (5,10,15,20-(3'-thienyl)-21 H,23 H-porphinato)zinc(II).
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are neither taken into account nor revealed in some
calculations [52].

Cyclic voltammetry was used to determine the
redox potentials of Co"Pc**/Co"Pc  and
Mn!""P¢**/Mn'"Pc (Pc stands for the phthalocyanine
dianion) in 0.1 M (n-Bu),NCIO, solution in dichloro-
methane, which were equal to 0.94 and 1.25 V, respec-
tively, when complexes entered a donor—acceptor pair
with axially coordinated 1'-/N-methyl-2'-(1 H-imidazol-
1-yl)-phenylpyrrolidino[3',4":1,2][60]fullerene  (ImCyg;)
[46]. The Mn'""Pc fluorescence quenching effect
(Aeys = 365 nm) was also shown therein in the radical

salt Mn"""Pc**/ImCg,.

A comprehensive study of the effects of charge
delocalization, oxidation state, and spin state of the
central metal in highly oxidized species on "H NMR
and EPR spectra is documented for iron porphyrin
complexes [55].

RESULTS AND DISCUSSION

To predict the catalytic properties of compounds
and elucidate the mechanism of catalysis on metallo-
porphyrins (MPs), it is important to know the proper-
ties of oxidized and reduced forms of the catalyst,
which are intermediates of redox processes. The oxi-
dation stability of MPs is mainly determined by the
electronic nature of the complex-forming cation,
macrocycle, its functional substituents, and ligands in
the axial position. Many oxidized cationic and radical-
cationic forms of IrP and ReP are observed in chemi-
cal, electrochemical, or photophysical transforma-
tions as relatively stable or short-lived. The removal of
an electron during the electrochemical or chemical
exposure of MRs can occur at the central atom or at
the aromatic part of the molecule, and it can be
accompanied either by an increase in the oxidation
state of the complexing cation in the complex, or by
the formation of a m-radical cation form of MP** mol-
ecules with the positive charge located on the macro-
cycle. Two types of m-radical cations of metallopor-
phyrins are distinguished depending on the unpaired
electron spin distribution, namely: a %A, radical with
the spin density on the C,,,,, atoms of methine bridges
and intracyclic N atoms, and a 2A,, radical distin-
guished by a low spin density in meso positions [40,
41]. Since the electronic properties of these forms are
similar, the symmetry of the state can be changed by
replacing the axial ligand in the complex. Both types of
the m-radical cations have similar electronic absorp-
tion spectra due to the closeness of the HOMO ener-
gies; this is the reason for the specificity of the EAS of
metalloporphyrin mt-radical cations. The degeneracy
of two boundary orbitals (HOMO), which is typical of
the initial molecules, is released both in the case of
one-electron reduction of ZnTPP and in the case of
one-electron oxidation of ZnPc, as shown by the
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ZINDO calculations of ZnPc and ZnTPP molecules,
cations, and anions in terms of a 16-orbital model and
magnetic dichroism data published in the fundamen-
tal work [56]. This catastrophically changes the EAS
of the aforementioned compounds. In the ZnTPP
spectrum, absorption bands with A,,,,, = 538 and 910 nm

appear due to T — T transitions within vacant MOs.
Simultaneously, the (0,0) and (0,1) Q bands lying at
605 and 560 nm in the parent ZnTPP spectrum, shift
bathochromically by 145 and 168 nm, respectively.
When one electron is removed (in going from ZnPc to
ZnPc"), similar new bands refer to the T — T transition
inside the filled shells. Along with them, bathochro-
mically shifted Q bands appear at 958 and 925 nm, the
second T — 7 transition band appears at 300—450 nm,
and B, B,, and T — 7" bands appear. The overall result
is a sharp increase in absorption at the border between
the UV and the visible, the appearance of new bands
in the near-infrared region, and a relative decay in
adsorption at the site of the original Q bands, which is
observed in the spectra of other one-electron-oxidized
metalloporphyrins shown in Fig. 1. The appearance or
non-appearance of MP absorption bands in the region
550—700 nm serves as the base for interpreting the
available experimental data in order to identify macro-
cycle-oxidized compounds.

The generation of oxidized forms of iridium and
rhenium tetrapyrrole compounds in electrochemical
experiments is documented; however, it is not in every
work that the oxidation processes are identified and
the positive charge locality is indicated. For porphyrin
Ir3* complexes with various axial ligands and meso-
phenyl and/or B-alkyl substituents in the macrocycle,
the first oxidation potential assigned to the formation
of a m-radical cation, is determined as 0.51—1.31 V [2,
57]. Doubly oxidized species are formed at 1.15—1.45V;
for H,TPP complexes, the occurrence or nonoccur-
rence of this process depends on the nature of axial
ligands. Studies of iridium(III) complexes with allied
porphyrin analogues, namely, tripentafluoro- and tri-
para-X-phenylcorroles (X = CF;, H, Me, or OMe
(Fig. 2, structure 1) indicate the oxidation of the cen-
tral cation to Ir** at £ = 0.20—1.69 V and a possibility
of second oxidation to occur both at the macrocycle
and at the iridium cation at £= 0.89—1.18 V [3, 58].

Ir(CsH ;)OEP and Ir(CgH 3)(CO)OEP, which are
iridium complexes axially coordinated by alkyl groups,
are the first examples of metalloporphyrins G-bonded
along the axial axis that can be reversibly oxidized at the
axial ligand in tetrahydrofuran at 0.68 and 0.80 V, respec-
tively [59]. Oxidation of the axial part of a molecule was
also observed in the reaction of (CH,COAr)IfTTP (TTP
is 5,10,15,20-tetratholyl-21H,23H-porphine dianion)
with 1-oxy-2,2,6,6-tetramethylpiperidinyl, where the
suggested intermediate with the radical located on a
carbon atom Ir'"'(CH,CHR") was stabilized by the
central cation and the reaction product was the com-
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X = CF;, H, CH;, OCH;,

Structure 1

Fig. 2. Chemical structure of triphenylcorroles. L = pyridine (py), trimethylamine (tma), isoquinoline (isoq), 4-dimethylamin-

opyridine (dmap), and 4-picolinic acid (4pa).

Structures 2 and 3

Fig. 3. Chemical structure of binuclear iridium(I) and rhenium(I) complexes with H,TPP (structure 2) and mononuclear rhe-

nium(I) complex with substituted H,Pc (structure 3).

plex Ir''(CH,=CHR) with the unpaired electron on
the metal [60].

The binuclear iridium(I) complex
(TPP)[Ir'(CO);], (Fig. 3, structure 2) has two oxida-
tion potentials: 0.92 and 1.5 V in benzonitrile (PhCN)
or CH,Cl, containing 0.2 M tetrabutylammonium

perchlorate [61]. [(TPP)Ir'"']*C10; is produced by the
first (rapid and irreversible) electrooxidation of the
metal (I — Ir'") with CO cleavage detected by the
disappearance of the vibration bands due to Ir—CO
bonds at 2054 and 1979 cm ™! from the IR spectrum of
the initial compound. Further, an electron is removed
from the macrocycle at 1.5 V in the same way as in
other iridium(III) porphyrin complexes.

In isostructural
(TPP)[Re'(CO);],

rhenium(I) complexes
(Fig. 3, structure 2) and

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

('BuPc)[Re!'(CO);],, unlike in (TPP)[Ir'(CO);],, the
metal oxidation state does not change under electro-
chemical exposure. The observed spectral evolution
and changes in E, are typical of species oxidized at the
macrocycle: 1.01 V (CH,Cl,), 1.16 V (PhCN) for the
porphyrin complex [62] and 0.52 V for the phthalocy-
anine complex [63]. The mononuclear complex
('BuPc)Re!(CO); (Fig. 3, structure 3) undergoes oxi-
dation two times, at 0.32 and 0.76 V; however, the first
electron release process is not assigned in the cited
work [63].

The oxidation potentials of substituted N-con-
fused-porphyrin (NCP) complexes of rhenium(I)
and rhenium(V), which appear on Scheme 1, vary
in the range 0.1—0.6 V depending on the oxidation
number of the central atom and the extent of the -
electron system. Significant bathochromic shifts in
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the EASs of chemically oxidized species and the
lower magnitudes of oxidation potentials compared
to the respective ReNCP evidence that the oxida-

Ph Re(CO)sBr
2,6-Lutidine

TYULYAEVA et al.

tion occurs at the macrocycle and peripheral sub-
stituents are involved in T conjugation; theoretical
calculations also support this [64].

Scheme 1. Chemical oxidation of ReI(NCTPP).

The far higher potentials referring to the oxidation
of the macrocycle are shown by unique mono- and
dihetero complexes of Re(CO); with thiaporphyrin,
seleniumporphyrin, and oxaporphyrin, where one or
two of the pyrrole rings of the porphyrin are replaced
by thiophen, furan, and selenophen, respectively. The
relevant potentials are as follows: 1.10 and 1.43 V
(STPPRe!(CO),;) (Fig. 4, structure 4); 1.65 V

(S,TTPRe!(CO),); 1.15 and 1.74 V (Se,TTPRe!(CO),)

PhR,

Y=Se:R;=R,=CH;
Y=S:R;=R,=H; R, = CH;, R, = OCH;
4

(Fig. 4, structure 5); 0.88 and 1.33 V(OTPPRe!(CO),)
(Fig. 4, structure 6) [65, 66]. Such complexes are
highly resistant to oxidation despite the severe distor-
tion of the molecule upon complexation with the Re*
ions relative to the parent free macrocyclic base.

The electrochemical behavior of tetrapyrrole rhe-
nium(V) complexes is documented in the literature as
data on oxorhenium(V) triarylcorroles (Fig. 5, struc-
ture 7) [67]. The results of redox studies and the values

Structures 4-6

Fig. 4. Chemical structure of heteroporphyrin rhenium complexes (structures 4—6).
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X= CF‘3, H, CH3, OCH3
Structure 7

Fig. 5. Chemical structure of oxorhenium(V)triarylcorroles (structure 7).

of E,, (0.93—1.10 V) indicate the possibility of macro-
cyclic oxidation of the compounds.

The cited data show that no one of these rhenium
compounds can be oxidized at the central atom upon
electrochemical exposure under the conditions stud-
ied in the potential range 0—2 V. The Re(I) — Re(V)
transition by a chemical route (Scheme 1) is possible
for the above-mentioned compound Re!/(NCTPP)
[64]. The Re(I) — Re(VII) chemical oxidation suc-

Ph Me;NO-2H,0
—_—

1,2-Cl,CgHy
140°C, 30 min

ceeded in only one case. The preparation of rhe-
nium(VII) trioxo complex NFPReO; (NFP = N-
fused porphyrin) via oxidation of the rhenium(I) com-
plex NFPRe(CO); using Me;NO - 2H,0 in 1,2-
Cl,C4H, at 140°C for 30 min exemplified the impres-
sive ability of N-fused porphyrins to stabilize metal
complexes in high oxidation states due to coordination
with three nitrogen atoms and a relatively small coor-
dinating cavity (Scheme 2) [68].

Scheme 2. Chemical oxidation of ReI(NFTPP).

An attempt to prepare a rhenium(VII) complex
from the precursor rhenium(V)corrole using an oxi-
dizing agent was unsuccessful, thereby confirming the
preliminary theoretical calculations [67].

In general, the reactivity of porphyrin rhenium(V)
complexes in solutions is mainly manifested in the
exchange of axial ligands [34, 69]. However, rhe-
nium(V) compounds with H,TPP, H,OEP, and its
meso-phenyl-substituted analogues appeared in the
group of compounds for which the authors of this sur-
vey found and studied the chemical generation of oxi-
dized species in aerated acids (HOAc, H,SO,, and
CF;COOH) and in HOAc—H,SO, mixtures (Table 2,
[70—73]). One-electron oxidation occurs due to the
interaction of the coordination center with molecular
O, under an excess of protons:

(X), ,MP+0,+H" - (X) ,MP" +HO,.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

The assignment of intermediates and the control of
the MP oxidation rate were carried out on the basis of
the characteristic UV—Vis spectra of the nt-radical cat-
ion forms of the MPs. The chemical structures of
intermediates and end reaction products were verified,
when possible, by additional studies using IR spec-
troscopy and one- and two-dimensional NMR spec-
troscopy.

The O=Re"(X)P compounds with various coordi-
nation sphere compositions in equatorial and axial
directions were used as an example to elucidate the
effect of the nature of the ligand on the processes that
occur in sulfuric acid solutions of the complexes by
general Scheme 3 [70—73].

In complexes containing meso-phenyl substituents
and axial chloride ions in the cis position to the oxo
ligand, Cl~ substitution by hydrogen sulfate ions is
beneficial for removal of an electron from the 7 system
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Table 2. Oxidized forms of selected iridium and rhenium porphyrin complexes in protic solvents

Complex

Solvent (C, mol/L)

Species

[0=ReTPP],0
O=Re(CI)OEP
O=Re(OPh)OEP 16.8—18.1 H,S0,
O=Re(OPh)MPOEP 16.8—18.2 H,SO,
O=Re(CI)MPOEP 16.8—18.2 H,SO,

O=Re(C1)>PDPOEP 16.8—18.1 H,SO,

O=Re(X)PP 16.8—18.2 H,SO,
(C1)(H,0)IrTPP 0.043 H,0/HOAc
99¢ CF,COOH

5—10 H2SO4/HOAC

16.78—18.1 H,SO,

16.78—18.09 H,S0,

O=Re(HSO,)TPP"*
O=Re(Cl)(0,)OEP?
O=Re(OPh)(0,)OEP?
O=Re(OPh)(0,)MPOEP?
O=Re(HSO,)MPOEP"*
O=Re(HSO,)>’DPOEP"*
0=Re(X)(0,)P?
(OAc)(HOAC)IITPP " *
(CF,COO0),Ir'VTPP

(HSO,),Ir'VTPP"+

3The species stable toward oxidation under given conditions. bp = 5,15-bis(4'-methoxyphenyl)-3,7,13,17-tetramethyl-2,8,12,18-tetra-

ethylporphyrin dianion; X = Cl, OPh, or OH. °C, %.

of the macrocyclic ligand. In O=Re(Cl)OEP,
O=Re(OPh)OEP, and O=Re(OPh)MPOEP, and in
O=Re(Cl), O=Re(OPh), and O=Re(OH) complexes
with 5,15-bis(4'-methoxyphenyl)-3,7,13,17-tetramethyl-

2,8,12,18-tetraethylporphyrin, the reaction stops at
the stage of formation of a cationic complex with axi-
ally coordinated oxygen and the outer-sphere ion
(Scheme 3: upper line).

i i AWl
N<|—N N<V—=N N<\/—=N
// Re\// + Oy rapidly // RC\// slowly Re\// X
N=—j—N N=—jf— N=—j—N
o} o} 0
_;
% + H,SO4
HS‘O4 P‘ISO4
N< N 05, H,SO N— ——/N
HO, + HSOj + / _Re/ JOW; : / _Re [ +0,+H" +X
N=—j— N=—j—N
0 o}

Scheme 3. Chemical oxidation of O=Re"(X)P in concentrated H,S0q4.

An attempt to chemically generate a mt-cation radi-
cal of p-oxodimeric [O = ReTPP],0 under the action
of tert-butyl hydroperoxide (C = 0.19 mol/L in ben-
zene), monitored by EAS, should have led to a reac-
tion involving the rupture of the u-oxo-bridge upon
coordination of the hydroperoxide molecule with
preservation of the coordination center [74]. However,
no one of the final equilibrium solute species had a
spectrum corresponding to the spectrum of the mac-
rocyclic-oxidized species.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

Under an excess of CF;COOH in CH,Cl, solution,
STTPRe!(CO)5), S,TTPRe!(CO),), and
Se,TTPRe!(CO); heteroporphyrins (structures 4 and
5) do not form w-radical cations but only undergo pro-
tonation at the intracyclic nitrogen atoms. The 'H
NMR titration of compounds using CF;COOH in
CDCl; showed a low-field shift of pyrrole protons,
verifying the occurrence of the process [65, 66]. Rhe-
nium(V) oxaporphyrin (structure 6) under similar
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conditions experiences dissociation to a protonated
form of the macrocyclic ligand [66]. The oxidation
stability of these compounds is due to their above-
mentioned high oxidation potentials.

Axial substitution for ions and molecules of the
reaction medium, typical of rhenium complexes, also
precedes the generation of highly oxidized irid-
ium(III) porphyrin species in media with high proton
concentrations (Table 2) [75, 76]. The location of the

]
o
‘3‘{5

TFA
¢

4,

(CH(H,O)Ir''P

345

unpaired electron during the chemical oxidation of
(CH(H,O)IFTPP in acids is dictated by the acidity of
the medium and the nature of axial ligands. In 100%
AcOH, an aromatically oxidized form of the complex
is slowly formed; in CF;COOH, oxidation of the cen-
tral metal ion occurs to form an iridium(IV) complex;
and in concentrated H,SO,, both processes occur in
sequence (Scheme 4).

mp 2 ip'*
(AcO)(ACOH)II!P —7> (AcO)(AcOH)I!'P

mp 92 v
(TFA)TFA)IIP —> (TFA),Ir'VP

QSO

9, OQ
Z v vp H2S04 vpt*
e (HSOIrVP —> (HSO095(0n) VP ———> (HSO),Ir'VP

Scheme 4. (Cl)(H,O)IrTPP transformations in proton-donating solvents.

Coordinated trifluoroacetic acid molecules and
anions (Scheme 4, reaction c¢), having electron-draw-
ing properties, have the cis effect on the coordinated
macrocycle and reduce the m-electron density on its
atoms, so the iridium(III) complex is not oxidized at
the macrocycle (Scheme 4, reaction d). The mixed
electron-donor-and-acceptor nature of hydrogen sul-
fate ions in (HSO,),Ir'™VTPP, which have both lone
electron pairs and energy-accessible vacant d orbitals,
in combination with the high acidity of sulfuric acid
promotes two successive oxidation reactions at the

central atom and at the macrocycle (Scheme 4: reac-
tions e and g). The feasibility of the Ir'"" — ItV transi-
tion is supported by electrochemical studies: the
[(TPP)Ir]*/[(TPP)Ir]*>* redox pair has a relatively low
E,,, of about 1.4V [2].

Oxidation at the central metal atom was also
observed in the course of the oxidative addition of
AcOH to the iridium(I) complex with molecular por-
phyrin [IrCI(H,0),],H,TPP (SAT complex), a very
rare reaction for porphyrin complexes (Scheme 5) [77].

Scheme 5. Oxidative addition of AcOH to [IrCl(H,0),],H,TPP.

The electron-donor-and-acceptor nature of oxi-
dizers is likely to be responsible for the differing prod-
ucts formed by the (C)(CO)Ir"™TTP complex with
some oxidizers [78]. The reaction with pyridine-/N-
oxide or trimethylamine-N-oxide leads to the coordi-
nation of oxidizer molecules in the axial position of
the complex to substitute for the chloride ion while not
forming oxidation products. Hydrogen peroxide H,O,
and meta-chloroperbenzoic acid do not react with the
test compound, as evidenced by the data of 'H NMR
and mass spectrometry used in the work. It was only in
the course of reaction with iodosylbenzene (PhIO),

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 67

that a paramagnetic oxidized complex species was
formed, presumably an iridium(V) complex, with the
loss of axial CO. However, neither convincing evi-
dence for the formation nor the structure of a high-
valence species or intermediate was presented in the
study.

For the axial 6 complex Ir(CgH;)TPP, an option
was shown both for chemical oxidation by a one-elec-

tron oxidizer [(4-BrC¢H,);N](SbCls)) at the axial
substituent and for the stabilization of the central cat-
ion in an oxidation state >3+ due to the reactions of
axial addition and substitution of PPh;, CI~, and
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Tol” Ch,

Structure 8

Fig. 6. Complex intermediate in the reaction of carbene
intervention into S—H bonds (structure 8).

(LogdRuN)Cl, (Log, = (M°-CsHs)Co{P(O)(OEt),};)
ligands [79]. The conclusions were supported by electro-
chemical measurements and X-ray structural analysis.

The above-considered properties of IrP and ReP
oxidized species determine the prospects for the prac-
tical use of porphyrin complexes of these metals. The
high stability of the complexes both in the oxidized
and in the reduced states opens up the room for their
use not only in catalysis, but also in the design of redox
potential switches. Rich redox chemistry can lead in
the future to the development of indicators of oxygen
optical sensors. An example of water splitting cells with
a photoanode based on the porphyrin complex IrO,
nH,O has already been described [80]. The perfor-

Structures 9 and 10

Fig. 7. Chemical structure of porphyrin rhenium(V) complexes with monopyridyl-substituted fullero [60]pyrrolidine (stoichiom-
etry unknown, precursors shown) (structure 9) and tripyridyl-substituted fullero [60]pyrrolidine (structure 10).
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mance of stable redox intermediates of IrP and ReP in
the processes they catalyze was noted in many studies.
In the (5,10,15,20-tetratolylporphyrinato)methylirid-
ium(III)-catalyzed intervention of carbenes prepared
from ethyl-, methyl-, methylphenyl-, and methyl-(#-
tolyl)diazoacetate, into the S—H bonds of aromatic
and aliphatic thiols at the ambient temperature, for
example, such the intermediate is the neutral catalyst
species with an excessive electron on the iridium (Fig. 6,
structure 8) [21].

Taking into account the high reactivity along the
axial axis, we can assume the successful use of the
electron—donor properties of IrP and ReP in donor—
acceptor coordination pairs with the property of pho-
toinduced electron transport. Two such systems (Fig. 7,
structures 9 and 10) have been prepared and charac-
terized by physicochemical methods in the ground
state in our works [34, 81].

CONCLUSIONS

Our brief overview of the work in recent decades
concerned with iridium and rhenium complexes with
porphyrins and their analogues has shown that the
main problem on the way of promoting this topic is the
lack of description of specific intermediate forms of
complexes in chemical and photophysical transforma-
tions. The coordination compounds of these rare met-
als with substituted, expanded, N-fused, N-confused,
and modified porphyrins, corroles, and heteroatomic
macrocycles as well are excellent systems for studying
the properties and reactivity at various bonds. The fact
that these complexes constitute a special group with
remarkable properties is evident from the data pre-
sented. They simultaneously exhibit high stability in
metal—nitrogen bonds and high reactivity in axial
ligand substitution reactions, which, along with rich
redox chemistry, makes them promising candidates
for use in catalysis. Corrole complexes have been
structurally characterized and studied as photosensi-
tizers in photodynamic cancer therapy. While IrP and
ReP can perform as excellent electron donors, the
photoinduced formation of radical salts in donor—
acceptor pairs for organic solar cells remains an almost
completely unexplored area.

One who intends to study oxidized species of IrP
and ReP is to prepare them under the conditions
where they are long-lived. Therefore, methods for
generating these species should be developed further.
Data on the existence and behavior of oxidized species
in various environments and in various reactions will
make it possible to model transformations with the
catalytic participation of IrP and ReP, to recognize the
mechanisms of such transformations, and to extend
the list of studied technical processes and biochemical
reactions. We hope that the results of this work will
help for the better understanding of fundamentals of
the chemistry of redox processes involving macrocy-
clic iridium and rhenium complexes, and will contrib-
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ute to the development of new complexes with a
potential for use in interdisciplinary fields and cata-
lytic research in the future.
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