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Abstract

A series of Co(III) corrole complexes were tested as catalysts for the electroreduction
of dioxygen to water. Cyclic voltammetry and rotating ring—disk electrode voltammetry
were both used to examine the catalytic activity of the cobalt complexes in acidic media.
Altogether twenty-nine related compounds were examined.

A simple monocorrole represented as (MesPhsCor)Co, a face-to-face biscorrole
complex, (BCY)Co,, linked by an anthracene (A), biphenylene (B), 9,9-
dimethylxanthene (X), dibenzofuran (O) or dibenzothiophene (S) bridge and a face-to-
face porphyrin—corrole, (PCY)Co,, containing a Co(Il) porphyrin (P) and a Co(III)
corrole (C) linked by one of the above rigid spacers (with Y = A, B, X, O) provided a
direct four-electron pathway for the reduction of O, to H,O.

The catalytic reactivity of seven heterobinuclear cofacial porphyrin—corrole
complexes (PCY)MCICoCl, M being either an iron(Ill) or manganese(Ill) ion were
examined and compared on one hand to related dyads with a single Co(IIl) corrole
macrocycle linked to a free-base porphyrin with the same set of linking bridges,
(PCY)H,Co, and on the other hand to dicobalt porphyrin—corrole dyads having the
formula (PCY)Co,. The data indicates that the Ej, values where electrocatalysis is
initiated is related to the initial site of electron transfer, which is the Co(III)/Co(II)
porphyrin reduction process in the case of (PCY)Co, and the Co(IV)/Co(Ill) corrole
reduction in the case of (PCY)MnCICoCl, (PCY)FeClCoCl and (PCY)H,Co. The overall
data also suggests that the catalytically active form of the biscobalt dyad in (PCY)Co,

contains a Co(II) porphyrin and a Co(IV) corrole.



Finally, a series of dicobalt cofacial porphyrin—corrole dyads bearing substituents at
the meso positions of the corrole ring were tested for the electroreduction of dioxygen.
The examined compounds are represented as (PMes,CY)Co,, where Y = 9,9-
dimethylxanthene (X), dibenzofuran (O), or diphenylether (Ox). The catalytic behavior of
the three investigated cofacial porphyrin—corrole dyads was compared to two cobalt
corrole complexes possessing different meso-substituents, (FsPhMes,Cor)Co and
(TPFCor)Co with FsPhMes,Cor = 10-(pentafluorophenyl)-5,15-bis(2,4,6-
trimethylphenyl)corrole and TPFCor =  5,10,15-tris(pentafluorophenyl)corrole,
respectively. The overall data shows that meso-substitution of porphyrin-corrole dyads
disfavors the four-electron pathway and a Co(IV)/Co(IIl) corrole reduction process is

involved in the reduction of dioxygen.
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Chapter 1: Introduction



The molecular oxygen reduction reaction (ORR) is one of the most important
reactions in electrochemical energy conversion' (such as hydrogen-oxygen fuel cells and
metal-air batteries) and biological energy conversion.” This reaction provides the
maximum energy when the oxygen molecule is directly reduced to water (eq. 1). An ideal
electrocatalyst for fuel cell applications should reduce oxygen by four electrons directly
to water in acidic media (eq. 1) at a potential near the thermodynamic value of 1.23 V
and avoid formation of potentially destructive intermediates such as superoxide or
hydrogen peroxide (eq. 2). A platinum-based oxygen cathode in a fuel cell has a working
potential below 0.8 V so that there is a 400 mV potential loss. This large overpotential
loss has generally been attributed to the adsorption of high-energy reaction intermediates,
mainly Pt-OH,* which slow down the overall reaction.* The inhibition of O, reduction
caused by OH adsorption on Pt is still the most limiting factor in the energy conversion
efficiency of the proton exchange membrane fuel cell (PEMFC).

0, +4H +4e = 2H,0 E’=123V (eq.- 1)
0, +2H +2¢ = H,0, E’=0.68V (eq. 2)

From the catalytic point of view, the ORR on a Pt electrode has attracted the most
attention because Pt and Pt-alloys are still the most active catalysts for low-temperature
fuel cells. Significant research efforts are actively pursuing a better catalyst for the ORR,
or trying to reduce the amount of Pt catalyst needed for fuel cell operation. Many kinds of
catalysts such as nanoparticles,” inorganic and organometallic complexes,® transition

0 11-13

. -1 . 14-1
metal oxides,’ alloys,8 enzymes, quinones, 6

pyrazine derivatives'’ and
viologens'® have been investigated with a view toward increasing the efficiency of the

electrochemical reduction of O,. Among these catalysts, metal complexes with
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macrocyclic ligands such as porphyrins and phthalocyanines that contain four nitrogen
donors (i.e., metal-N4 chelates), adsorbed on carbon and heat treated, are expected to be
alternates to the conventional carbon-supported platinum catalyst'” and a great deal of
effort is focused on understanding mechanistic aspects of the electrocatalytic reduction of
dioxygen by these molecular catalysts.**

The first report of a metal macrocyclic complex as an oxygen reduction catalyst was
made by Jasinski in 1964.%° He observed that cobalt phthalocyanine dispersed on graphite
was an effective catalyst for dioxygen reduction in alkaline solution. Since that time, a
wide variety of macrocyclic complexes have been studied as possible electrocatalysts for
the reduction of 0,.° Cobalt and iron derivatives have attracted the greatest attention.
These catalysts have been observed to reduce O, to H,O, and/or H,O. In all known
examples of monomeric catalysts, H,O, is either the final product or an intermediate in
the formation of H,O. Until recently, the direct four-electron reduction of O, to H,O has
only been observed for dimeric dicobalt cofacial porphyrins which reduce oxygen at very
positive potentials without H,O, formation.?’

The catalysis of multielectron redox reactions involving small gaseous molecules
such as O, is extraordinary challenging from a kinetic point of view despite the fact that
the thermodynamic potentials for the overall multielectron change may be favorable. In
nature, metalloenzymes efficiently transform dioxygen, nitrogen or hydrogen during
multielectron redox reactions. For instance, cytochrome ¢ oxidases (cyt. ¢) [Enzyme
Commission number E.C. 1.9.3.1], which are the terminal enzymes of the respiratory

chains of both eukaryotic mitochondria and bacteria,>** catalyze the four-electron, four-



proton reduction of molecular oxygen to water (eq. 3) without releasing one-electron or

two-electron reduced products (O, " and H,0,, respectively).”

4eyt. ¢ Fe(IT) + 4H™ + O, — 4cyt. ¢ Fe(IIl) + 2H,0 (eq. 3)

Large membrane-bound metalloenzymes such as cytochrome ¢ oxidases harness the
free energy from oxygen reduction to pump protons across the cytoplasmic or

mitochondrial membranes.*®

The resulting proton concentration and electrostatic
potential gradient generated across the membranes drive the synthesis of ATP (adenosine
triphosphate),>*® the universal energy source for many cellular processes. Heme-copper
oxidases catalyze 95% of molecular oxygen reduction in the biosphere.”” Understanding
the structure and function of this enzyme superfamily has been the focus of intense

31-33

biochemical, spectroscopic,”® X-ray crystallographic, and biomimetic modeling

. 227303437
studies.”* "

The X-ray structures of cytochrome ¢ oxidases have revealed that the
catalytic site of the enzyme is a bimetallic complex of heme a and Cu (Fe,3/Cug) (Figure
1-1).

A number of synthetic Fe,3/Cup analogues have been synthesized to mimic the
coordination environment of the Fe/Cu core as well as the catalytic function of the four-

. 30,37
electron reduction of O,.”"

The use of models that mimic a protein active site
(prosthetic group) is normally prompted by the desire to eliminate any influence of the
polypeptide backbone surrounding the active site in real biological molecules, which may

obscure its physico-chemical properties. The first synthetic analogue for the oxygen

binding site in cytochrome ¢ oxidases was reported by Collman et al.*® The authors also
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Figure 1-1. Structure of the fully reduced (heme a3/Cug) active site of bovine cytochrome
c oxidase. The O, binding and reduction site of cytochrome ¢ oxidase contains a high-
spin histidine-ligated heme (heme a3) and a tricoordinated copper atom (Cug) in close

proximity, Fe...Cu=5.19 A. (Reproduced from ref. 32).



reported a functional model of the enzyme that consisted of a copper(l) complex
covalently bound above a cobalt(IT) porphyrin®® or an iron(II) porphyrin®~**° in a well-
defined geometry. The model compounds catalyze the selective and complete four-
electron, four-proton conversion of dioxygen to water at pH 7.3 without releasing
partially reduced peroxide (or superoxide) intermediates. The mechanism by which
cytochrome ¢ oxidase effects the four-electron reduction of O, to water without releasing
the two-electron reduced species (H,0O,) has yet to be understood. Comparison of the
catalytic reactivities of the biomimetic complexes in the FeCu and Cu-free forms indicate
that Cu does not significantly affect the turnover frequency or the stability of the catalyst

40-43

and does not improve catalysis. The O, binding to Fe at one end and to Cu at the

other is not necessary, and only the iron porphyrin itself has been reported to be essential
for the four-electron reduction of 0.’
It has been shown that metallo-diporphyrins are potentially good functional models of

27,37,44,45

cytochrome c¢ oxidases since dicobalt bisporphyrins efficiently electrocatalyze the

27,34

direct four-electron reduction of O, to water as well as z-stacked monocobalt

%31 The first simplified functional model of

porphyrins adsorbed on graphite electrodes.
cytochrome ¢ oxidases with activity as a four-electron catalyst, (FTF4)Co, where FTF4 =
face-to-face porphyrin dimer with linking groups of four atoms, was the subject of many
studies devoted to understand the key steps of the catalytic reduction of dioxygen.’>
Available evidence supports the idea that the catalytic reaction pathway involves O,
binding in the well-defined cavity between the cofacial metalloporphyrin and undergoes

reduction without the intermediate release of H,O, from the caVity.34 Another class of

efficient four-electron dioxygen reduction catalysts includes complexes of singly linked
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dicobalt cofacial bisporphyrins, occasionally referred to as “pillared” diporphyrins (DP)
where the two macrocycles are bridged by anthracene (DPA) or by biphenylene
(DPB).***> More recently, cofacial bisporphrins anchored by xanthene (DPX) and
dibenzofuran (DPD) pillars were examined.’®® The direct four-electron reduction of
dioxygen by these systems is based on the ability of the bridge to provide a bimetallic
cleft of proper size and flexibility (Pacman effect) to efficiently accommodate reaction
intermediates during catalysis.”® In addition, cofacial Pacman porphyrins containing one
cobalt and one Lewis acidic metal were prepared and studied.®*®' Among some of them,
(DPA)CoLu(acac), (DPB)CoLu(acac) and (DPA)CoSc(OH) where Lu(Ill) or Sc(III)
replace Co(I1I), have shown to promote the direct reduction of dioxygen to water.®!

One large drawback of the bisporphyrin systems, in addition to the multi-step, high-
cost and tedious syntheses of the bimetallic complexes, is the fact that the mixed-valent
Co(II)/Co(III) species, is catalytically active toward O, reduction, needs to be chemically
or electrochemically generated via a one-electron oxidation of the starting biscobalt(ILII)
species. Therefore, the synthesis of cofacial dimers leading directly to mixed-valence
Co(II)/Co(III) complexes represents a challenge.

The chemistry of corroles has been considerably developed during the past fifteen
years. This interest stems from their ability to coordinate metal ions in higher oxidation
states than porphyrins due to the reduced size of the macrocyclic cavity compared to
porphyrins and the presence of three NH groups as compared to two in the porphyrins. At
this time more than twenty metal ions have been inserted into the corrole cavity.” Some
metallocorroles have been shown to possess catalytic activity for epoxidation,”

cyclopropanation® or aerobic oxidations.®® However, their catalytic behavior towards the
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reduction of dioxygen had not been examined in detail. To understand the effect of
corrole macrocyles on the multielectron reactivity of dicobalt cofacial systems towards
dioxygen, Guilard and coworkers have synthesized a series of cobalt(Ill) corrole
complexes in which the nature and the length of the macrocycle-macrocycle connectivity

is varied (Figure 1-2).97°

SPACER ‘

Corrole—Corrole Porphyrin—Corrole Porphyrin—Corrole

M = 2H, FeCl, MnCl
SPACERS = O o S
0] S

Figure 1-2. Structures of biscorroles and porphyrin—corroles with different spacers.

A

The main difference between the cobalt corroles and previously studied cobalt
porphyrins is the oxidation state of the metal ion. The uncharged mono- and
bisporphyrins contain Co(II) ions while the neutral porphyrin-corrole dyads, contain a
Co(III) corrole linked to a Co(II) porphyrin. In contrast, the biscorrole dyads contain only

Co(III) ions. Early studies from the Guilard/Kadish group indicated that the mixed valent



Co(II)/Co(III) porphyrin-corrole dyad (PCA)Co, (A = anthracenyl bridge) coordinates
strongly O, in air-saturated organic solution to give a u-superoxo adduct at low
temperature as evidenced by its fifteen-line ESR spectrum.”’ A similar dicobalt face-to-

face anthracenyl bridged bisporphyrin, (DPA)Co,>*">"

is able to catalyze the four-
electron electroreduction of O, in acidic media and it was of interest to examine the

catalytic properties of the cobalt corrole derivatives.

Outline of the Dissertation

The aim of this dissertation is to investigate the electrochemical properties and
catalytic behavior toward O, of cobalt corrole as well as biscorrole and porphyrin—corrole
systems covalently linked by a rigid spacer in a cofacial configuration. The nature of the
bridge, the effect of the substituents and the influence of both the macrocycle and the
metal ions and their relationship with the selectivity of the oxygen reduction are
investigated.

Chapter 2 starts with a brief introduction to cobalt porphyrins and cobalt corroles and
gives their main electronic and spectroscopic properties along with their binding
properties in nonaqueous solutions. The second part of this chapter reviews their use for
electrochemical oxygen reduction. Emphasis is placed on the reduction of O, at bare
electrodes and the catalytic reduction of O, by metalloporphyrins.

Chapter 3 presents the chemicals used (solvents, supporting electrolytes) as well as
the compounds which have been investigated in this thesis. The electrochemical
techniques used to examine these compounds are briefly reviewed.

The discussion of the research carried out in the context of the present dissertation

9



starts with Chapter 4. Three series of cobalt(IIl) corroles are tested as catalysts for the
electroreduction of dioxygen to water. One is a simple monocorrole represented as
(Me4PhsCor)Co, one a face-to-face biscorrole linked by an anthracene (A), biphenylene
(B), 9,9-dimethylxanthene (X), dibenzofuran (O) or dibenzothiophene (S) bridge,
(BCY)Co, (with Y = A, B, X, O or S) and one a face-to-face bismacrocyclic complex,
(PCY)Co,, containing a Co(II) porphyrin and a Co(III) corrole also linked by one of the
above rigid spacers (Y = A, B, X, or O). Cyclic voltammetry and rotating ring—disk
electrode voltammetry were both used to examine the catalytic activity of the cobalt
complexes in acid media.

Chapter 5 deals with the electrocatalytic reduction of dioxygen by three face-to-face
linked porphyrin-corrole represented as (PCY)H,Co where Y = X, A, or B. The
compounds are investigated as to their ability to catalyze the electroreduction of dioxygen
in aqueous 1 M HCIO4 or HCI when adsorbed on a graphite electrode.

In Chapter 6, a series of heterobinuclear cofacial porphyrin—corrole dyads containing
a Co(IV) corrole linked by one of four different spacers in a face-to-face arrangement
with an Fe(IIl) or Mn(III) porphyrin are examined as catalysts for the electroreduction of
0O, to H,O and/or H,O, when adsorbed on the surface of a graphite electrode in air-
saturated aqueous solutions containing 1 M HClO4. The examined compounds are
represented as (PCY)M"'CICo' ' Cl where P = a porphyrin dianion, C = a corrole trianion
and Y = a biphenylene (B), 9,9-dimethylxanthene (X), dibenzofuran (O) or anthracene
(A) spacer. The catalytic behavior of the seven investigated dyads in the two
heterobimetallic (PCY)MCICoCl series of catalysts is compared on one hand to related
dyads with a single Co(IlI) corrole macrocycle linked to a free-base porphyrin with the
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same set of linking bridges, (PCY)H,Co, and on the other to dicobalt porphyrin-corrole
dyads of the form (PCY)Co, which are shown to efficiently electrocatalyze the four
electron reduction of O, at a graphite electrode in acid media.

In Chapter 7, a series of dicobalt cofacial porphyrin—corrole dyads bearing
substituents at the meso positions of the corrole ring are tested for the electroreduction of
dioxygen to water in air-saturated aqueous solutions containing 1 M HCIlO4. The
examined compounds are represented as (PMes,CY)Coy, where Y = 9,9-
dimethylxanthene (X), dibenzofuran (O), or diphenylether (Ox). The catalytic behavior of
the three investigated cofacial porphyrin—corrole dyads is compared to two cobalt corrole
complexes possessing different meso-substituents, (FsPhMes,Cor)Co and (TPFCor)Co
with FsPhMes,Cor = 10-(pentafluorophenyl)-5,15-bis(2,4,6-trimethylphenyl)corrole and
TPFCor = 5,10,15-tris(pentafluorophenyl)corrole, respectively.

Chapter 8 summarizes the important findings of this dissertation.
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Chapter 2: Background
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2.1 Porphyrin and Corrole Macrocycles

2.1.1 The Four-Orbital Model

Figure 2-1 shows the structures of porphyrin and corrole macrocycles whose atoms
are labeled according to the IUPAC numbering system.”*”> The geometry of the #
aromatic systems of porphyrin and corrole is planar with D4, and C,, symmetry,
respectively. Porphyrins are rigid tetrapyrrolic macrocycles that, after the loss of the inner
protons, can serve as dianionic ligands (porphyrinato ligands), presenting four nitrogen
atoms in a square-planar arrangement to metal ions located in their center. There are 12
positions on the peripheral porphyrin ring which can be substituted by an electron-
withdrawing or electron-donating group. Generally, substitution occurs at the four
identical meso positions (which refer to the carbon methinyl bridge), or at the eight
identical £ positions on the pyrrole rings, but many compounds with substitution at both
positions are also known.

Corroles are “contracted porphryins”, i.e., they are tetrapyrrolic, fully conjugated
macrocycles containing three methine bridges and one direct pyrrole—pyrrole bond
(Figure 2-1). The genesis of this macrocycle is related to Johnson’s approach to the
synthesis of Vitamin Bj,, because the corrole ring was proposed as a precursor of the
cobalt corrin core of the Bj, coenzyme.”® Both porphyrins and corroles contain aromatic
18 rmsystems that are in conjugation with two or one peripheral double bonds,
respectively. The 18 z-system in the contracted framework of corroles is maintained by
the change of the oxidation state of one nitrogen atom. Three pyrrole-type nitrogen atoms

and one imine-type nitrogen atom thus line the central cavity of a corrole as compared to
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two nitrogen atoms of each type in a porphyrin. Consequently, corroles are slightly

smaller trianionic N4-donors as compared to the dianionic N4-donating porphyrins.

Porphyrin Corrole

Figure 2-1. Structures of porphyrin and corrole highlighting their aromatic 18 z-electron
systems.

Gouterman first proposed the four-orbital model in 1961 to explain the electronic
spectra of porphyrins and metalloporphyrins (Figure 2-2).”” The HOMOs were calculated
to be two near-degenerate © orbitals (a;, and ay,), while the LUMOs were calculated to
be a set of degenerate n* orbitals (e,). The a;, orbital has nodes at all four meso positons
whereas the a, orbital has high coefficients at these sites. The electronic absorption
spectrum of a typical porphyrin consists of a strong transition at about 400 nm (the Soret
band or B band) and a weak transition at about 550 nm (the Q band). The B and the Q
bands arise from the coupling of the two m-n* transitions (configurational
interaction).”®”” The Q bands are the result of the transition dipoles nearly canceling each

other out, therefore resulting in a weaker absorbance whereas the higher energy Soret

14



transition results from a linear combination of the two transitions with reinforcing
transition dipoles and is therefore very intense. The number and type of electron-donating
or electron-withdrawing substituents at the S-pyrrole and meso positions of the
tetrapyrrolic macrocycles can greatly affect the magnitude of the HOMO-LUMO gap.**™!
This will also result in a shifting of the UV-visible Soret bands of the macrocycle. In
addition to electronic perturbation of the substituents around the 7 ring system, the steric
repulsion between the porphyrin ring and bulky substituents can lead to a “ruffling” of
the macrocycle. The resulting deformation of the planar 7-conjugated ring system will
affect the optical and electrochemical properties of the macrocyle in solution as observed
for zinc complexes containing substituted tetraphenylporphyrin®' and dodecaphenyl-
porphyrin.*

Gouterman’s four-orbital model can also be applied to corrole systems (Cj,
symmetry).* There are two HOMOs, a, and b;, which are near-degenerate, and two
LUMGOs, also a; and b;. The a; and b} HOMOs of the corrole are close analogues of the
ajy and ap, porphyrin HOMOs, respectively, i.e., the a, corrole orbital has very little to no
amplitude at the meso positions, while the b; has a large amplitude at these positions, as
does the porphyrin ay, orbital. Comparisons between corrole and porphyrin spectra
indicate that the four-orbital model can be used to interpret electronic transitions between
the frontier orbitals.*® These transitions generate intense Soret bands located at low

wavelengths and relatively low intensity Q-bands at higher wavelengths.
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Figure 2-2. Porphyrin HOMOs (bottom row) and LUMOs (top row) in a Dy; symmetry.’’
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2.1.2 Redox Properties of Metal Complexes of Porphyrin and Corrole

Macrocycles

Porphyrins and corroles contain an extensive 18 7z-electron aromatic system and form
stable complexes with a variety of metal ions.*> The metal complexes of these
macrocycles in solution can bind one or two axial ligands and undergo metal-centered,
macrocycle-centered, and/or axial ligand-centered redox reactions.*****  The
measurement of redox potentials for these compounds can provide information on the
frontier molecular orbitals of both tetrapyrrolic ligands as well as the degree of
interaction between the metal and the 7z orbitals of the ligand. The measured redox
potentials often depend on the type and oxidation state of the central metal ion, the nature
of the macrocycle and substitution on the macrocycle periphery, as well as the type and
number of axial ligands and the solvents conditions.*® Fine tuning of the redox potentials
has often been achieved by varying these factors.

In an electrochemical experiment, the HOMO represents the orbital from which an
electron is removed (oxidation) and the LUMO represents the orbital to which an electron
is added (reduction). Therefore, the difference between the first oxidation and first
reduction potential, E;,(Ox1) — E}»(Redl), can be related to the HOMO-LUMO gap.
This piece of data will provide an important link between electrochemical, spectroscopic
and structural properties of the molecule. There are two main sites of electron transfer
from/to the HOMO or LUMO levels on metal complexes of tetrapyrroles. One involves
oxidation and reduction of the conjugated macrocyclic ring and results in production of

m-cation radicals or z-anion radicals. The other involves electron transfer to or from the
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metal ion and results in a change in the metal oxidation state.®' For instance, the
electrochemistry of tetraphenylporphyrin (TPP) or octaethylporphyrin (OEP)
macrocycles indicates that both compounds are stepwise oxidized or stepwise reduced by
two electrons at the z-ring system to give sz-cation radicals and dications or z-anion
radicals and dianions. A similar HOMO-LUMO gap of 2.25 £ 0.15 V is observed for
both macrocycles and this constant separation in potentials between half-wave potentials
has often been used as a diagnostic criteria to distinguish macrocycle-centered reactions
from metal-centered ones.

In 1992, Kadish and coworkers® reported the first comprehensive study involving
both the electrochemical oxidation and reduction of metallocorroles. Electrochemical
studies of corroles®® have demonstrated significant shifts in E,; for reduction or oxidation
of these species as compared to metalloporphyrins containing the same metal central ion.
The metallocorroles are generally harder to reduce and easier to oxidize than
metalloporphyrins with the same central metal ion and this is due to the fact that the
formal charge on the macrocycle is -2 in the case of porphyrin and -3 in the case of
corroles. The corroles in many cases will also undergo three ring-centered oxidations,
giving a corrole trication as compared to only two ring-centered oxidations in the case of
the analogous porphyrins, which form only dications under the same solution
conditions.®*®” The electrochemically determined HOMO-LUMO gap was measured as
2.20 £ 0.15 V for a series of 10 different octaethylcorroles which is similar to the
HOMO-LUMO gap observed for planar porphyrins containing octaethylporphyrin (OEP)

or tetraphenylporphyrin (TPP) macrocycle (vide supra).*

18



2.1.3 Cobalt Corrole and Cobalt Porphyrin Complexes

2.1.3.1 Electronic structure

The structural differences between corroles and porphyrins is reflected in their altered
metal-coordination properties. The smaller trianionic corrolato ligand has a greater ability
to stabilize higher central metal oxidation states than the larger dianionic porphyrinato
ligand. This property has driven an intense investigation of transition metal corrole
complexes. A number of different monomeric corroles and metallocorroles have been
synthesized””' and their electrochemical properties have also been examined
extensively.®*¢™®! Cobalt corroles are by far the most studied metallocorrole complexes.
Several papers relative to these derivatives have appeared in the literature, 6267709297
since the pioneering work of Johnson and coworkers in the early 1970s.”

Due to its strong ligand field, a corrolato macrocycle stabilizes the Co(IIl) oxidation
state whereas porphyrins stabilize cobalt atoms in the +2 oxidation state.’>*”*! The cobalt

" complexes (Co™ d° is isoelectronic with the iron atom in

atom in [(corrolato)’ Co
Fe(II) porphyrin complexes (Fe** d°). A quantitative study of the structure and electronic
properties of cobalt corroles using density functional theory showed that the Co d
configuration is in the ground state 3A2g is (dxy)2 (d2)* (dm)' (dm)! (dxz,yz)0 (where the
orbitals labeled as dz; and dm refer to the d.. + d,. and d.. — d,. combinations).98 The
singlet state (S = 0) shows the same configuration, with an antiparallel alignement of the
electrons in the last two 7z orbitals. This is the same ordering of spin states and the same

99,100

metal d configuration as were found for Fe(Il) porphyrins, the only difference being
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the smaller energy differences between the spin states of Fe porphyrin. Therefore, both
spin states (S = 0 or 1) might be easily observed in solution for Co(Ill) corroles

depending on the solvent nature.”

2.1.3.2 Cobalt(IV) corrole complexes

One important feature of tetrapyrrolic ligands is their “non-innocent”, i.e., redox-
active nature. The large electron-rich m-systems of tetrapyrrolic ligands are readily
capable of providing an electron to the central metal which reduces the formal oxidation
state of the metal and generates a ligand m-cation radical. In the case of the singly
oxidized cobalt(Il) corrole complexes giving [(corrolato)Co]’, a reversible
intramolecular electron transfer, or valence tautomerism,101 between the cobalt ion and
the redox-active ligand (Figure 2-3) could generate two electronic isomers in solution

(valence tautomers) with different charge distributions.

Figure 2-3. Redox equilibrium of [(corrolato)Co'']" complexes.

The oxidized cobalt complex observed may be a true Co(IV) complex with a

trianonic corrolato ligand [(corrolato)’ Co'v]" or a Co(III) complex with a dianionic

radical corrolato ligand [(corrolato)* "Co™']". The type of axial ligand bound to the metal
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center can change the site of electron transfer and one example is given for the case of
(OEC)COIII (Figure 2-4, OEC is the trianion 2,3,7,8,12,13,17,18-octaethylcorrole) and
(OEC)Co"(CeHs) in CH,CL.*' The o-bonded complex has spin density on the cobalt
dy, orbital (Co(IV) character) and on the macrocycle (n cation radical character).'” The
complex undergoes a Co(IV)/Co(IIl) transition at Ej, =—0.23 V in CH,Cl,, 0.1 M TBAP,
but this metal-centered process is not observed for (OEC)Co which formally contains a
Co(III) ion and is oxidized to a Co(Ill) 7cation radical as opposed to a Co(IV) species

under the same solution conditions.®?

(OEC)Co (MegEt,Cor)Co

Figure 2-4. Structures of alky-substituted cobalt corroles.

Other examples of high-valent cobalt(IV) corroles have been reported’®*”'** and the
structure of one of the derivatives determined by X-ray diffraction.”” Electrochemistry
experiments, carried out on a large variety of cobalt metallocorroles, have demonstrated
that the +4 oxidation state is easily available and readily stabilized by the binding of

anionic halides (see below).
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2.1.3.3 n-m interaction in supramolecular dimers and pyridine-binding
properties of cobalt(II) corroles

Most radicals dimerize to form a two-center, two-electron bond. However, many
delocalized radicals associate to form cofacially aligned m-dimers or m-stacks in
condensed phases.'” The principal driving force for n-dimerization arises from orbital
overlap of SOMOs with n-symmetry which are delocalized over several atoms, and the
strength of m-dimerization tends to be low (often reversible in solution) compared to o-
bond formation. The unconventional bonding in m-dimers has attracted considerable
interest, and radical ion m-stacks are of central importance to a range of solid-state charge
transport and magnetic phenomena.

Metallocorroles form m-stacked dimers in the solid state,>%1%

They are also able to
form singly or doubly oxidized n-n dimers upon the abstraction of one or two electrons in
CH,Cl, or other noncoordinating media.”>'""'®® One example is given for the case of
(OEC)M (M = Co, Ni, Cu) which exists as a monomeric species in its neutral or singly
reduced forms but dimerizes after electrooxidation in CH,Cl,.""” The first two oxidations
of the Co, Ni, and Cu corroles involve the reversible stepwise abstraction of 1.0 electron
per two (OEC)M units and lead to [(OEC)M]," and [(OEC)M],>", which are assigned as
n-1t dimers containing oxidized corrole macrocycles and divalent central-metal ions on
the basis of the electrochemical and spectroscopic data.'”” The ESR spectrum of

[(OEC)Co]," in frozen CH,Cl, at 77 K has a major line at g1 = 2.40 with a weak signal at

g, = 1.89 and is typical of a Co(II) ion in a square planar geometry. The doubly oxidized

22



dimer, [(OEC)Co],*", is ESR silent in CH,Cl, or PhCN, thus suggesting that the two
unpaired electrons of the two Co(II) ions in [(OEC)Col],*" are coupled.
The electrochemical behavior of (OEC)Co is similar to what was later reported for

92,108 - - -
7" The investigated compounds contain

alkyl- and aryl-substituted Co(IIl) corroles.
methyl, ethyl, phenyl, or substituted phenyl groups at the eight -positions of the corrole
macrocycle. Each cobalt corrole undergoes four reversible oxidations in CH,Cl,
containing 0.1 M tetra-n-butylammonium perchlorate and exists as a dimer in its singly
and doubly oxidized forms. The difference in potential Aox(2—1) between the first two
oxidations is associated with the degree of interaction between the two corrole units of
the dimer. The largest Aox(2—1) value of the investigated compounds was obtained for
(MegEt,Cor)Co (0.62 V) (Figure 2-5) and this can be associated with a strong interaction
between the two equivalent redox centers in the singly oxidized compound.'®®

A detailed electrochemical study of dimer formation as a function of solvent and
corrole macrocyclic structure was reported.”” A series of alkyl- and aryl-substituted
cobalt(III) corroles with four, five or seven -substituted phenyl groups were examined in
CH,Cl,, PhCN, THF, and pyridine (py) which has the largest donor number of 33.1
among the four investigated solvents. The interaction between the two macrocycles in the
monooxidized dimer depends on the solvent donicity, the specific substituents on the
macrocycle, and the axial binding strength of the complex. The formation of dimers

occurs more easily in solvents having the lowest donor numbers (e.g., CH,Cl, and PhCN)
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Figure 2-5. Cyclic voltammograms of 2.0 x 107 M (MegEt,Cor)Co, 3.0 x 10° M
(EtgCor)Co, 2.0 x 10° M (Me;Et,PhyCor)Co, and 1.5 x 10° M (Me4sPhsCor)Co in

CH,Cl,, 0.1 M TBAP. (Reproduced from ref. 108).
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with the only exception being the cobalt corrole compound (MesPhsCor)Co having a
phenyl group at the 10-meso position of the macrocycle which might hinder dimerization
of the singly oxidized complex. In contrast, little or no dimerization of the same series of
corroles occured in solvents with higher donor numbers (e.g., THF or pyridine), and this
was explained in the case of pyridine by the formation of five- and six coordinated
Co(III) complexes'® which sterically hinder the possibility of stacking. Pyridine binding
constants were obtained for all examined cobalt(IlI) corroles by spectroelectrochemistry
and the values of log K, range from 3.78 to 5.48, while log K, values range from 2.00 to
2.38.'” The bispyridine adduct of the neutral compounds in pyridine undergoes a
reversible ring-centered one-electron oxidation to form a corrole cation radical which
retains the two bound pyridine axial ligands. In contrast, the metal-centered reduction of
the corroles was irreversible in pyridine and proceeds via the unreduced monopyridine

adduct to give an unligated cobalt(II) corrole as the final reduction product.”

2.1.3.4 Reactions of cofacial cobalt biscorroles and porphyrin-corroles with

pyridine, chloride and CO

The electrochemistry, ligand binding reactions, and spectroscopic properties of
biscorroles and porphyrin-corrole dyads containing redox-active metal centers (see
Figure 1-2 in Chapter 1) have been examined by Guilard and Kadish 6771929395
ITILISIL - These  have included bis-copper,”  bis-nickel,'"” and bis-cobalt

. 109,111
derivatives.

The synthesis and characterization of free-base porphyrins linked to a
cobalt(Il) corrole'®*!''? and heterobimetallic dyads containing iron(IIl) or manganese(III)

porphyrins linked in a face-to-face arrangement with a cobalt(IV) corrole have also been
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repor‘[ed.97’104 The cobalt complexes are represented as (BCY)Co,, (PCY)Coy,
(PCY)H,Co", and (PCY)MCICo" Cl where BC = biscorrole, PC = porphyrin-corrole, M
= Mn" or Fe", and Y is a bridging group, either biphenylenyl (B), 9,9-

dimethylxanthenyl (X), anthracenyl (A), or dibenzofuranyl (O) (Figure 1-2).

2.1.3.4.1 pyridine binding

The electrochemistry and thin-layer spectroelectrochemistry of the above (BCY)Cos,,
(PCY)Co,, (PCY)H,Co™ and (PCY)MCICo"Cl dyads have been examined in

. 1 67,97,109,111
pyridine,” """

a solvent known to coordinate to both the porphyrin and corrole metal
centers, thus giving complexes with one to four axially bound ligands depending upon the
type of metal ion in the macrocycle, the metal oxidation state, and the type of spacer
linking the two macrocycles. Cobalt(I1I) but not cobalt(Il) corrole binds pyridine, and the
coordination number of Co™ in pyridine can be unambiguously assigned on the basis of
electrochemical and spectroscopic data. An intense absorption band at 600 nm assigned
to Co™(py)s is observed in the UV-vis spectra of cobalt(II) corrole monomers'® but this
band is not observed for (PCB)H,Co®’ which indicates that the cobalt(IIT) center of the
dyad binds a single pyridine ligand in solution as well as in solid state, as shown by the
structure of the complex.''? In constrast, (PCX)H,Co was characterized as a bispyridine
adduct, (PCX)H,Co(py)s, in the solid state,” while (PCA)H,Co and (PCX)H,Co were
shown to exist as a mixture of five- and six-coordinate cobalt(Ill) pyridine adducts in
pyridine solutions’’ and (PCO)H,Co was clearly a six-coordinate Co' species in

pyridine.”” In comparison, biscobalt biscorroles and porphyrin-corrole dyads form five-

and six-coordinated complexes depending on the pyridine concentration in solution. The
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coordination of four pyridine molecules to the two cobalt macrocycles occurs upon going
from a CH,Cly/pyridine solution with 10° M pyridine to neat (12 M) pyridine in the case
of (BCA)Co,.""" The pyridine binding properties of (BCB)Co,, (BCO)Co,, (BCX)Co,
and (BCS)Co, were also examined in CH,Cly/pyridine mixtures.'"' The biscorroles with
shorter spacers have the two macrocycles in closer proximity to each other and thus
exhibit a greater m-n interaction which results in smaller binding constants for the first
ligand addition which was proposed to occur on the outside of the bismacrocycles. The
same behavior is also observed for porphyrin-corroles and this is consistent with the K;
values for pyridine binding which increase in the following order: (PCB)Co, < (PCA)Co;
< (PCO)Co; for the three porphyrin-corrole dyads and (BCB)Co, < (BCS)Co, <
(BCX)Co, =~ (BCA)Co, = (BCO)Co, for the five biscorrole complexes.'"!

A change in the cobalt corrole coordination number with change in the porphyrin
metal oxidation state is observed both for (PCB)FeClCoCl and (PCB)MnCICoCl. The
species present in pyridine are [(PCB)Fe"'CICo" (py)]” and [(PCB)Mn"(py),Co™ (py)]",
respectively. The reduction of [(PCB)Mn"'(py).Co" (py)]" to [(PCB)Mn"(py)Co™(py)]
is accompanied by the appearance of a 600 nm band in the UV-vis spectra and is

consistent with the addition of a second pyridine ligand to the Co™

(py) unit of the dyad
as one ligand is lost from the electrogenerated manganese(Il) porphyrin, thus maintaining
one pyridine ligand in the cavity. In contrast, the [(PCB)Fe"'ClCo™(py)]" species is
reduced to [(PCB)Fe"(py),Co"(py).] which contains two pyridine ligands in the cavity.”’
In the case of the PCX, PCA and PCO derivatives, the nature of the porphyrin center (M
I

111 11 11T 11 . : .
= 2H, Fe, Fe', Mn" or Mn") has no influence on the coordination number of Co

which binds two pyridine ligands in solution.
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2.1.3.4.2 chloride binding

The electrochemistry of Co(IV) dyads containing Mn(III) or Fe(IIl) porphyrins was
investigated in benzonitrile and the cyclic voltammograms were generally similar to each
other.”” The reduction of (PCY)MCICoCl (M = Fe(Ill) or Mn(Ill)) in benzonitrile
containing 0.1 M tetra-n-butylammonium perchlorate is followed by a rapid loss of CI to
give the four-coordinate Co(IIl) corrole, which is then reoxidized to give Co' ClO; (an
electrochemical EC mechanism). The dyads added to solution initially contained Co'vCl,
but significant amounts of Co' ClO4 could be formed prior to electron transfer, the
ClO4 -bound species being easier to reduce than the Cl™ derivative by over 300 mV.”
Additions of TBACI to the solution result in a more reversible Co' Cl/Co™Cl process
between 0.09 and 0.12 V and the complete disappearance of the couple assigned to
Co"Cl104/Co™. The Co(III)/Co(Il) process is located at more negative potentials as

92,108 With the easiest

compared to what is seen for the monomeric Co(IIl) macrocycle,
metal-centered reduction being observed for dyads with the dibenzofuran (O) bridge (Ei.
=-0.17 V) and the hardest for dyads with the biphenyl (B) bridge (E;» =—-0.35 V).” The
one-electron reduction of Fe(IIl) to give Fe(Il) is located at E;, =—0.42 V (PCO) and E,»
= —0.44 V (PCB), respectively. In comparison, the reduction of Mn(IIl) to Mn(II) is
located at more negative potential (E;, =—0.65 V).

To further investigate the effect of Cl on the electrode reaction of cobalt corroles, a
detailed study presenting quantitative data on the binding of CI to both Co(IV) and
Co(III) forms of the monocorrole (MesPhsCor)Co as well as a series of three free-base

porphyrin-Co(IIl) corrole dyads was reported.'” The dyads are represented as

(PCY)H,Co (Figure 1-2) where a cobalt(IIl) corrole is linked to a free-base porphyrin by
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a spacer (Y = A, X, or B). An axial binding of one or two Cl ligands to the cobalt center
of the corrole is observed for singly or doubly oxidized (PCY)H,Co, i.e. [(PCY)H,Co™]"
and [(PCY ")H,Co"]*" respectively, with the exact stoichiometry of the reaction
depending upon the spacer size and the concentration of C1” added to solution.'® No CI”
binding occurs for the neutral or reduced forms of the dyad, which contrasts with what is
seen for the monocorrole, (MesPhsCor)Co, where a single CI ligand is added to the
Co(III) corrole in PhCN. The addition of one CI” ligand to (MesPhsCor)Co™ generates
[(Me4Ph5C0r)C0mC1]_ which is electrochemically oxidized to [(Me4Ph5C0r)C0WC12]* in
the presence of excess Cl. The doubly oxidized complex [(MesPhsCor)Co™]*", which
is a Co(IV) corrole m-cation radical, can also bind two Cl ligand in the presence of

excess Cl .

1.3.4.3 CO binding

Each cobalt(III) corrole, porphyrin—corrole and biscorrole derivative was investigated
as to its CO binding ability in CH,Cl, by monitoring the UV—visible spectral changes as

67108109111 The results of these studies indicate that

a function of the CO partial pressure.
each cobalt(IIl) center of the monocorrole, porphyrin—corrole and biscorrole coordinates
with one CO molecule, thus leading to the formation of five-coordinated cobalt(III)
complexes. The measured CO binding constants (log K) are 3.8 for (BCS)Co, and 3.9
(BCX)Co,, and both values are comparable to the CO binding constants of (BCA)Co;
and (BCB)Co, which have a log K = 3.9 and 3.6, respectively.'” The monocorrole

complex, (MesPhsCor)Co, has a log K = 4.2.'%

29



2.2. Oxygen Reduction Reaction

2.2.1 ORR in Acidic Aqueous Solutions

The complete reduction of O, to H,O requires four protons and four electrons for the
cleavage of two formal O—O bonds, whereas the partial reduction of O, to H,O; requires
two protons and two electrons for the cleavage of a single O—O bond. The product of the
one-electron reduction of O,, the superoxide anion, O,", is highly unstable in acidic
aqueous solutions where its protonated form, the peroxyl radical HO, (pK = 4.8),'"
decomposes to ozone, oxygen, and hydrogen peroxide.

The thermodynamic constraints on the principal pathways to the four electron

reduction of oxygen in acidic media are the following'':

fl

0, +2H" +2¢ H,0, E’=+0.68 V (NHE)
H,0,+2H " +2¢ == 2H,0  E’=+1.77 V (NHE)

2H,0 E’=+1.23 V (NHE)

fl

O, +4H +4¢

2H,0, = O, +2H,0 (disproportionation)

The O, reduction to H,O can be accomplished indirectly in two-electron steps via
hydrogen peroxide as an intermediate or directly by four electrons without H,O,
formation. The two-electron reduction of O, to H,O, and the four-electron reduction of
O, to H,O can occur simultaneously and independently on the same electrode, as two
parallel processes. The direct four electron reduction can proceed at the thermodynamic

potential of +1.23 V. Consecutive two electron transfers through H,O, will have a
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potential governed by the first step where the standard potential is +0.68 V. A further
reduction of H,O, to H,O can occur but the potential for this second step cannot exceed
the thermodynamic value for its formation. H,O, is a very weak acid (pK; = 11.6),'"
which does not lose its second proton in aqueous alkaline solutions. It is also a very
powerful oxidizer (E’ = +1.77 V) and decomposes more or less rapidly by
disproportionation. When the disproportionation reaction of H,O; is very fast and occurs
at the surface of an electrode, the overall process is apparently the direct reduction of
dioxygen to water, peroxide being an intermediate species. In terms of operating an
electrochemical fuel cell, there could be a loss of more than 0.5 V in output by producing

H,0, as an intermediate.'*

Therefore, it is highly desirable to reduce oxygen directly to
water.

Molecular oxygen is a very stable molecule and has a relatively low reactivity in spite
of its high oxidizing power. Furthermore, the spin conservation principle restricts the
reactions in which O, can participate. Dioxygen in its ground triplet state will lead to a
triplet molecule when interacting with a singlet molecule.''> However, the spin restriction
can be overcome upon coordination of the O, molecule to a metal center which is itself
paramagnetic.''® There are now three major adsorption models in the literature''*!'"> for
molecular oxygen adsorption (Scheme 2-1):

- the Griffiths model in which O, interacts with two bonds on a single substrate atom
(side-on interaction);

- the Pauling model with end-on adsorption of the oxygen molecule through a single

bond (end-on interaction);

- the Yeager model, a model with two bonds interacting with two sites.
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Scheme 2-1. Plausible 1:1 and 2:1 metal-dioxygen complex structures: the Griffiths

model, the Pauling model, and the Yeager model (trans and bridge, respectively).

The bridge interaction in the Yeager model is likely to occur on noble metals such as
Pt where O; is reduced to water with little or no peroxide formed. A trans configuration is
likely to occur with cofacial dicobalt bismacrocycles which promote the cleavage of the

0-0 bond.”

2.2.2 ORR at Unmodified Electrodes

Despite extensive research that has been carried out in this area, a detailed mechanism
of the ORR, even at Pt, is still uncertain.® The number of elementary steps and
mechanistic routes in the reduction of O, to H,O is vast, since it involves four electron
transfers, four proton transfers and O—O cleavage. Adsorption of O, and a wide spectrum
of oxygenated adsorbed intermediates probably also occur, further complicating kinetic
treatment of the experimental data. Quantum mechanical calculations have been applied
to determine optimal structures and adsorption energies.''"''*

The nature and surface structure of the electrode is a fundamental aspect to consider

. . 119 [
when one or several intermediates can adsorb on the electrode surface. This is
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especially the case for oxygen reduction on platinum electrodes, in which four electrons
are involved in the overall reduction of dioxygen to water. The high number of electrons
exchanged per oxygen molecule would imply the possible existence of several adsorption
intermediates, whose interaction energies with the surface will depend on the metal and

: 8
its surface structure.

2.2.2.1 Electrochemical reduction of oxygen at platinum

It is well-known that the ORR can proceed by a two-electron transfer pathway with
the formation of hydrogen peroxide or by a four-electron process. The four-electron

120

pathway is predominant on gold and platinum electrodes in alkaline media = and on

platinum or platinum-based alloy electrodes in acidic media.'®!*""1?

The rotating ring-disk electrode (RRDE) technique has often been used in studies of
the ORR because it provides the possibility of probing the formation of H,0O,
accompanying oxygen reduction and therefore of determining the effective electron-
transfer number, neg. The formation of H,O, during the ORR at Pt-based electrodes in
acid medium is presumed to occur through an alternative, parallel mechanism and is
negligible at potentials outside the hydrogen adsorption region. The reaction scheme

proposed by Wroblowa et al. has been generally accepted as the mechanism of this

parallel reaction (Figure 2-6).
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Figure 2-6. Wroblowa scheme for the pathways of the oxygen reduction reaction. The
rate constants for the different steps in the scheme are indicated in the figure. b, S and *
denote bulk solution, the vicinity of the electrode and the absorbed state, respectively.

(Reproduced from ref. 5).

The k’s and a’s in Figure 2-6 are the overall rate constants for the corresponding
reaction or adsorption steps, each of which may contain several elementary steps. The
superscripts b, s, and * refer, respectively, to species which are in bulk solution, in the
vicinity of the electrode surface, and which are adsorbed on the electrode surface. Also, it
has been generally accepted that the rate-determining step in the ORR is the first
electron-transfer step and that the real reaction rate is an overall result of the coupling of
this step with the diffusion and adsorption of oxygen molecules.

In the so-called “peroxide pathway”, as found with Hg, Au, and C electrodes, the

first electroreduction step leads to the formation of a superoxide anion (0,7)."

O,+e = 0, (eq. 4)

The E° for this reaction is —0.284 V vs NHE, well negative of the E” of the 4e reduction
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to water, 1.23 V vs NHE. To attain the 4¢” pathway to water, any hydrogen peroxide that
is formed by the superoxide intermediate route would have to undergo rapid 2e-
reduction to water or a decomposition to water and O, as the step that accomplishes O—O
bond cleavage.

An alternative path (the so-called “direct pathway”) involves the initial dissociative
chemisorption of O, eq. 5, involving the splitting of the O—O bond to form adsorbed

oxygen atoms (O).

2M + Oy = 2MO, 45 (eq.5)
The adsorbed oxygen atoms are then electroreduced to water according to eq. 6,

which actually involves a series of several elementary steps.

2MO,g +4H' +4e” = 2M +2H,0 (eq. 6)

The electrolyte effects on oxygen reduction kinetics at platinum have been examined

by Hsueh er al.'”® who showed that the kinetics for oxygen reduction in perchloric,
phosphoric, sulfuric, or trifluoromethanesulfonic acids (all at pH = 0) and in potassium
hydroxide (pH = 14) at 25°C decrease in the order KOH > H,SO4 ~ CF3;SOsH > H3PO4 >

HCIO,. This order of activity reflects a negative effect of anion adsorption