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ABSTRACT: Two Co(IIl) complexes (1Py, and 2Py,) of new corrole
ligands H3L1 (S5,15-bis(p-methylcarboxyphenyl)-10-(o-
methylcarboxyphenyl)corrole) and H;L2 (S,15-bis(p-nitrophenyl)-10-
(o-methylcarboxyphenyl)corrole) with two apical pyridine ligands have
been synthesized and thoroughly characterized by cyclic voltammetry,
UV—vis—NIR, and EPR spectroscopy, spectroelectrochemistry, single-
crystal X-ray diffraction studies, and DFT methods. Complexes 1Py, and
2Py, possess much lower oxidation potentials than cobalt(III)-tris-
pentafluorophenylcorrole (Co(tpfc)) and similar corroles containing
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pentafluorophenyl (CgF;) substituents, thus allowing access to high 0 . DFT
oxidation states of the former metallocorroles using mild chemical -1 NMR UV-vis SEC
oxidants. The spectroscopic (UV—vis—NIR and EPR) and electronic Red

properties of several oxidation states of these complexes have been

determined by a combination of the mentioned methods. Complexes

1Py, and 2Py, undergo three oxidations within 1.3 V vs FcH*/FcH in MeCN, and we show that both complexes catalyze water
oxidation in an MeCN/H,O mixture upon the third oxidation, with k,; (TOF) values of 1.86 s™* at 1.29 V (1Py,) and 1.67 s™" at
1.37 V (2Py,). These values are five times higher than previously reported TOF values for CFs-substituted cobalt(III) corroles, a
finding we ascribe to the additional charge in the corrole macrocycle due to the increased oxidation state. This work opens up new
possibilities in the study of metallocorrole water oxidation catalysts, particularly by allowing spectroscopic probing of high-oxidation
states and showing strong substituent-effects on catalytic activity of the corrole complexes.

Downloaded via AUCKLAND UNIV OF TECHNOLOGY on November 6, 2020 at 14:00:18 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

1. INTRODUCTION

The interest in corroles has continuously increased in the past
20 years because of their rich chemical, catalytic, photophysical
and spectroscopic properties. ~* The corrole macrocycle has
three dissociable protons and thus usually acts as a trianionic
ligand for metals ions, stabilizing higher formal metal
oxidation states and destabilizing lower oxidation states.
Because of this, the overpotential for certain oxidation
reactions may be reduced while the kinetic rate of reduction
reactions may be increased.” Corrole metal complexes have
been shown to catalyze reactions of synthetic value such as
hydroxylation, epoxidation, or cyclopropanation."”® They have
also been used in energy conversion reactions such as
proton,7_9 oxygen,lo’ll or carbon dioxide reduction,”? as
well as water oxidation.'”"*

Water oxidation (WO) to dioxygen is possibly the most
environmentally benign reaction that can be coupled to H,
production or CO, reduction to generate green fuels,"” and
many homogeneous molecular'®'” and heterogeneous'® water
oxidation catalysts (WOCs) have been and are continuously
being studied. Although heterogeneous WOCs are usually
considered to be more robust, especially in the case of metal
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oxides,"” molecular catalysts usually allow access to mecha-
nistic information through spectroscopic and electrochemical
methods. Furthermore, the properties of molecular catalysts
can be more easily tuned through synthetic means, in principle
allowing a systematic improvement of the catalyst properties.

Water oxidation catalyzed by metallocorroles is usually
considered to occur through a rate-determining step involving
water nucleophilic attack (WNA) on an oxidized metal-oxo
species,' "' **" giving rise to an O—O bond. Some of the most
commonly studied metallocorroles in water oxidation electro-
catalysis, possess meso-pentafluorophenyl (C¢F;) substituents,
as for example Co(tpfc)*' and Co“Hangman” corrole,"”
(Scheme 1). The ability of Co(tpfc) as a water oxidation
catalyst has been extensively studied,'”"" as well as the role of
different apical ligands, such as substituted pyridines,” or
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Scheme 1. Chemical Structures of Selected Cobalt Corrole Water Oxidation Catalysts with C4Fs Substituents

Co(tpfc)

CoBAPCPy,

CoHBFCX-CO2H
("Hangman")

fluoride and hydroxide anions,”® on its redox characteristics
and catalytic performance. More recently, a cobalt corrole with
aminophenyl and pentafluorophenyl substituents (Co(BAPC)-
Py,, Scheme 1) has also been shown to be an H,O oxidation
catalyst.”*

The popularity of CgFs-containing corroles in electro-
catalysis is partly due to historic reasons, as tris-
(pentafluorophenyl)corrole (tpfc), together with triphenylcor-
role (tpc), was one of the first corroles synthesized by facile
methods from pyrrole and aldehydes.””*° Probably the main
reason for the many studies involving corroles with CgFj
substituents is the increased stability that these highly
electron-withdrawing groups confer on the corrole macrocycle.
Compared to other phenyl-substituted corroles, the electron-
withdrawing characteristics of C¢Fs-substituted corroles lead to
the formation of metal complexes that are relatively easy to
reduce and hard to oxidize. Metallocorroles with substituents
that are less electron-withdrawing than the C¢Fs group and
that therefore require lower potentials to reach the catalytically
active high oxidation states could show improved catalytic
performance. In the pursuit of better catalysts, it is also
necessary to be able to systematically modify the catalyst’s
steric, electronic, and acid/base properties by changing the
ligand substituents. In this respect, the C4Fs substituents are
somewhat limited, as they usually can be functionalized only in
the distant para-position through nucleophilic aromatic
substitution.”*> On the other hand, methylester or nitro
groups are versatile substituents that are moderately or
strongly electron-withdrawing but that can also be converted
by facile methods to mildly electron-donating carboxylate or
strongly electron-donating (dialkyl)amino groups. Carboxylate
and amino groups can also act as acid/base groups near the
catalytic site, as has been shown in the case of “Hangman”
corroles,”> or can increase water solubility. Metallocorroles
with less-electron-withdrawing groups have been thoroughly
studied by spectroscopic, electrochemical, and computational
methods,”"”” and many of these have been explored as
catalysts for O, reduction.”® However, there have been few
studies focusing on metallocorrole water oxidation catalysts
without C4Fs groups. These were mostly performed with Mn
metallocorroles,"#***° and to the best of our knowledge no Co
metallocorroles without C4Fs groups have been reported to
perform water oxidation.

In this work, we have focused on the synthesis and
characterization of cobalt corroles that contain either p-
methylcarboxyphenyl (1) or p-nitrophenyl (2) and o-
methylcarboxyphenyl (1 and 2) meso-substituents. These
compounds are meant to provide reference data for subsequent
studies in which the o-methylcarboxyphenyl group is hydro-

lyzed to provide a proton shuttling carboxylate near the active
site. The structural formulas of the cobalt(III) corroles studied
in this work are shown in Scheme 2. We provide a thorough

Scheme 2. Cobalt(IIl) Bis(pyridine) Corrole Complexes
Synthesized and Studied in This Work

R = —-COOMe (1Py,)
R = -NO, (2Py,)

analysis of the complexes’ spectroscopic properties in solution
and by combining spectroscopic and electrochemical techni-
ques with systematic density functional theory studies we focus
on the investigation of the one- and two-electron oxidized
products. Using cyclic voltammetry we also show that these
metallocorroles are active water oxidation catalysts and discuss
their differences with previously reported CgF;s-containing
cobalt corrole WOCs. We show that although the latter have
been shown to perform water oxidation upon their second
oxidation, the cobalt corroles studied in this work are able to
catalyze this reaction when oxidized three times. This work
provides a point of comparison for further studies on the
carboxylate forms of these and similar cobalt corroles.

2. RESULTS AND DISCUSSION

Synthesis. Corroles H;L1 and H;L2 could be obtained in
large scale (1 g and S00 mg, respectively) and moderate yields
by using the method pioneered by Koszarna and Gryko.”!
H;L1 and H;L2 were characterized by "H NMR and UV—vis
spectroscopy, elemental analysis, and mass spectrometry.
Details on the synthesis, characterization, and analytical data
are given in the Supporting Information. Crystallization
attempts from DCM/hexane produced microcrystalline
powders.

Cobalt Complexes of Corroles. The Co(III) complexes
of corroles H;L1 (Co(III)L1Py, or 1Py,) and H,;L2
(Co(II)L2Py, or 2Py,), which also bear two apical pyridine
ligands, were obtained by adding a solution of the cobalt salt
(Co(Ac),4H,0) in MeOH to the free-base corroles in a
mixture of pyridine and DCM, with O, likely acting as oxidant.

https://dx.doi.org/10.1021/acs.inorgchem.0c02550
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The color change was immediate, although subtle; the blue-
green color of H;L1 lost its blue tinge, whereas for H;L2, the
color became brown-green. The solutions of metalated corroles
were filtered through a large funnel that was equipped with
silica, eluting with DCM that contained small amounts of
pyridine. The solvent was removed under reduced pressure
until a concentrated pyridine solution of the product was
obtained. DCM was added again and the mixture subsequently
layered with n-hexane. Applying this method, a large amount of
crystals could be obtained, which were collected and washed
with pentane. 1Py, and 2Py, were characterized by 'H NMR
spectroscopy, elemental analysis, mass spectrometry, cyclic
voltammetry, and UV—vis—NIR spectroelectrochemistry, as
well as chemical oxidation and reduction followed by UV—vis—
NIR and EPR spectroscopy. DFT calculations were used to
rationalize and complement the experimental observations.
X-ray Crystallography. X-ray diffraction quality single
crystals of 2Py, (Figure 1) were obtained by vapor diffusion of

Figure 1. ORTEP representation of 2Py,. Ellipsoids are drawn at the
50% probability level, disorder in the 2-methylcarboxyphenyl, and one
of the 4-nitrophenyl substituents are omitted for clarity (see Figure
$22). Gray, C; blue, N; red, O; white, H; fuchsia, Co.

hexane into a concentrated DCM solution of the cobalt corrole
with a few drops of added pyridine. The crystals grew as
aggregated dark purple blocks of rhombic shape.

Compound 2Py, crystallizes in the orthorhombic space
group Pbcn, with eight molecules per unit cell and one
molecule in the asymmetric unit. The cobalt is coordinated in a
distorted octahedral environment with axial elongation of the
Co—N bonds to the pyridine molecules. The Co—N distances
lie in the range of reported bond distances for corrole
complexes with low-spin Co(IIl) centers’> (Table 1, Co-
[TpMePC]Py,, (Me,Ph;Cor)Co(py),”” and (5,15-bis-
(mesityl)-10-(p-F,m-NO,Ph)cor) Co(Py),""). Crystallographic

information is given in Tables S2 and S3, and in Table S4, the
experimentally determined bond distances are compared to the
distances obtained from DFT optimizations of 2Py,.

Cyclic Voltammetry. To elucidate the electrochemical
properties of 1Py, and 2Py,, we performed cyclic voltammetry
measurements. 1Py, displays two reversible oxidations at
—0.21 and 0.53 V in CH,Cl,/0.1 M Bu,NPF (Figure 2, top, all

20 pA

10 05 00 -0.5 -1.0 -1.5 -2.0
E vs. FcH/FcH (V)

-2.17

10 05 00 -05 -1.0 -1.5 2.0
E vs. FcH'/FcH (V)

Figure 2. Cyclic voltammetry of 1Py, (0.98 mM) (top) and 2Py,
(0.86 mM) (bottom) in 0.1 M Bu,NPF, in DCM, at 50 mV/s.

potentials are reported vs the FcH*/FcH couple), one quasi-
reversible reduction at —0.77 V, and an irreversible reduction
at —2.06 V. On the basis of our EPR spectroscopic
measurements, DFT calculations, and previously reported
studies,¥>> we assigned the first and second oxidations to
corrole centered processes and the first reduction to the
Co(II)/Co(11) redox couple. The quasi-reversibility of the
latter process is due to the dissociation equilibrium of one
apical pyridine ligand, which has been extensively studied by
Kadish et al.>**> Upon an increase in the scan rate (Figures
S23 and S24), the first reduction becomes more irreversible,

Table 1. Cobalt—Nitrogen Bond Distances of 2Py, in A, Obtained from Single-Crystal X-ray Diffraction Analysis”

bond 2Py, bond Co[TpMePC]Py,>
Co-N1 1.897(2) Col-N3 1.902(2)
Co—N2 1.905(2) Col—-N2 1.901(2)
Co—N3 1.871(2) Col—-N1 1.868(2)
Co—N4 1.875(2) Col—N4 1.869(2)
Co-N7 1.993(2) Col-N100 1.994(2)
Co-N8 1.998(2) Co1-N200 1.987(2)

bond Me,Ph;CorCo(py), bond 1°
Co—N21 1.886(6) Col-Nl1 1.8718(17)
Co—N22 1.915(6) Col—N2 1.8679(17)
Co—N23 1.892(6) Col-N3 1.8996(17)
Co—N24 1.884(5) Col-N4 1.8960(16)
Co—NS9 1.980(7) Col—-NS 1.9822(17)
Co—N65 2.003(7) Col—-N6 1.9972(17)

“Selected bond distances for literature-known low-spin Co(III) corrole complexes with apical pyridine ligands are given for comparison. b(5,15-

Bis(mesityl)-10-(p-F,m-NO,Ph)cor) Co(Py),.**
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Table 2. Half-Wave and Cathodic Peak Potentials of Complexes 1Py, and 2Py, and Two Literature Known Cobalt Corroles for

Comparison in V

solvent E, (Ox3) E” (Ox2)
1Py, DCM 0.53
2Py, DCM 0.67
1Py, MeCN 126" 0.30
2Py, MeCN 1.33¢ 0.40
Co(tpfc)'**® MeCN 0.94
Co[TpXC](Py),**" DCM 0.38-0.55
Ox4
(Me,PhyCor)Co™ DCM 0.785
(Me,Ph(p-OMePh),Cor)Co™ DCM 0.675

E% (Ox1) E” (Redl) E” (Red2) E, (Red3)
—0.21 -0.77 —2.06
—0.02 —0.68 —-1.56 -2.17¢
—0.31 —0.80 —2.14
—0.20 —-0.75 -1.69
0.35 —-0.36
—0.29-(—0.13) —0.83-(—0.75) —2.25-(=2.10)
Ox3 Oox2 Ox1 Redl
0.395 0.145 —0.025 —0.625
0.395 0.075 —0.095 —0.655

“Peak potential for irreversible processes. “The reported potentials, originally referenced to SCE, were rereferenced to FcH*/FcH (475 mV vs SCE
in DCM)*” for comparison purposes. The values in the table indicate the range of potentials for the pX = p-CFj, p-H, p-Me, and p-OMe series.

447 1Py,—= [1Py,]™

300 400 500 600 700 800 900 1000
A (nm)

2Py, — |2Py2]'+

300 400 500 600 700 800 900 1000
A (nm)

Figure 3. Change in the UV—vis—NIR absorption of 1Py, (left) and 2Py, (right) during the first oxidation in a DCM/pyridine mixture, Bu,NPF

as supporting electrolyte. The reaction arrows indicate oxidation.

and the reoxidation wave shifts to more positive potentials.
This suggests that reassociation of Py is relatively slow, and at
fast scan rates, the reoxidation wave at —0.42 V corresponds to
the 1Py~ to 1Py oxidation. Dissociation of pyridine is further
supported by the fact that when O, is allowed in the cell there
is a catalytic current at —1.5 V compatible with cobalt corrole-
catalyzed O, reduction (see Figure S28). For O, to bind to the
Co(II) center, prior dissociation of one Py ligand is necessary.

If the potential is scanned beyond the irreversible wave at
—2.06 V, corresponding to the formal Co(II)/Co(I) reduction,
a series of reoxidation waves appear next to the normal redox
processes of 1Py,. Highly reduced cobalt centers are known to
react with CH,Cl, and other alkyl halides,’**” so these waves
could correspond to reoxidation of a byproduct of the reaction
of [1Py]” and CH,Cl,. When the potential was scanned until
—1.4 V, no secondary reoxidation waves appeared. This set of
reoxidation waves does not appear at low scan rates (10 mV/s
or 25 mV/s), but it starts to become more prominent when the
scan rate is increased. This byproduct does not seem to
accumulate over several scans, either at low or high scan rates,
and seems to revert to 1Py, after the second oxidation. The
quasireversibility of the first reduction is completely
independent of the irreversibility of the second reduction,
which is completely irreversible at least until 2 V/s scan rate
(see Figure S24). We also performed cyclic voltammetry
studies of 1Py, in MeCN/0.1 M Bu,NPF (see Figure S29), in
which case the CV responses are similar to those in DCM,
except that the second reduction, at —2.14 V, is now quasi-
reversible, and a third irreversible oxidation is observed at 1.26
V (peak potential).

The cyclic voltammograms of 2Py, in DCM (Figure 2,
bottom) and MeCN (Figure S29) are similar to those of 1Py,.
The redox potentials of 2Py, in DCM and MeCN are,
however, anodically shifted compared to the potentials of
complex 1Py,, due to the p-nitrophenyl substituents of 2Py,,
which themselves each undergo a one-electron reversible
reduction at —1.50 V and an irreversible reduction at —2.16 V
in DCM. This has been observed for nitrophenyl containing
corroles before.”® The first quasireversible reduction of 2Py,,
which as in the case of 1Py, corresponds to the Co(III)/
Co(1I) redox couple, occurs at —0.68 V in DCM and —0.75 V
in MeCN. The first reversible oxidation, which is ligand
centered, occurs at —0.02 V in DCM and —0.20 V in MeCN.
The second oxidation is reversible in DCM (0.67 V) and
quasi-reversible in MeCN (0.40 V). In MeCN a third
irreversible oxidation can be observed at 1.33 V (peak
potential). The reversibility of the second oxidation of 1Py,
and 2Py, in DCM and the quasireversibility in MeCN hint at a
possible replacement of pyridine (Py) by the latter solvent.

The redox potentials of 1Py, and 2Py, are shown in Table 2,
together with the redox potentials of literature-known cobalt
corroles with strong electron-withdrawing substituents (Co-
(tpfc)) or substituents of varying electron-donating or
-withdrawing characteristics. In general, the redox processes
of 1Py, and 2Py, are observed at 200—400 mV more negative
potentials than the ones observed for Co(tpfc),'**® and they
lie in a similar range to the redox potentials of reported
Co[TpXC]Py, corroles (TpXC = §,10,15-tris(pX-phenyl)-
corrole; pX = p-CFj, p-H, p-Me, and p-OMe substituents).””
On the other hand, cobalt corroles with alkyl and aryl

https://dx.doi.org/10.1021/acs.inorgchem.0c02550
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substituents in B-positions are much easier to oxidize than the
meso-substituted corroles here described. This is to be
expected given the electron-donating effect of the alkyl
substituents. The effect of phenyl substituents on the f-
positions is probably overall donating when the charge on the
corrole macrocycle becomes positive. Table 2 shows two
examples of such cobalt corroles reported by Kadish et al.*®

UV-vis—NIR Spectroelectrochemistry and Chemical
Oxidation. We performed UV—vis—NIR spectroelectrochem-
ical measurements on complexes 1Py, and 2Py, in DCM,
using an OTTLE cell.*” We added a drop of pyridine to the
DCM solutions to shift the equilibrium fully to the
hexacoordinated species in order to facilitate interpretation.
The changes in the UV—vis spectra of 1Py, and 2Py, during
the first oxidation at 0.5 V vs Ag pseudoreference electrode are
shown in Figure 3. The Soret band of 1Py, is blue-shifted from
447 to 431 nm, whereas for 2Py,, it is red-shifted from 426 to
433 nm. Additionally, the strong Q-bands of 1Py, (635 nm)
and 2Py, (665 nm) form new maxima with less intensity at
707 and 715 nm, respectively. These changes were shown to be
reversible. The disappearance of the strong Q-band suggests
that the first oxidation may be located at the corrole
macrocycle, whereas the added pyridine (absorption at 275
nm) renders dissociation of one of the axial pyridine ligands
very unlikely.

Given that by cyclic voltammetry the potential of the first
oxidation of both complexes was found to be negative with
respect to ferrocene, we decided to also perform chemical
oxidation using [Fe(Cp),]PFs in DCM. The changes in the
UV—vis spectra are shown in Figure 4.

At the applied concentration (approximately 15 yM), the
cobalt corroles were dissolved in their pentacoordinated state,
which can be clearly seen by their native spectra (compare
Figure 4 to Figures S20 and S21). The oxidation of 1Py with
[Fe(Cp),]PF, caused a shift of the Soret band from 393 to 435
nm and of the Q-band from 563 to 707 nm. For 2Py the Soret
band shifted from 378 to 433 nm and the Q-band from 572 to
713 nm. The final spectra of the chemically oxidized complexes
are very similar to those generated by SEC measurements with
excess pyridine. These results show that when oxidized, the
pentacoordinated, neutral species Co(III)LPy increases its
affinity for pyridine and forms an oxidized [Co(III)LPy,]*".

EPR Spectroscopy. To gain further insights into the
electronic structure of the different oxidation states of 1Py,
and 2Py,, we combined chemical reduction or oxidation of
these complexes with EPR spectroscopy. EPR spectra of
reduced 1Py, (Co(III)L1Py,) and 2Py, (Co(III)L2Py,) were
acquired by adding an excess of Co(Cp), (—1.33 V vs FcH*/
FcH) to the DCM or THF solution of the respective cobalt
corroles. At temperatures below 220 K, an anisotropic EPR
signal appeared, which became better resolved below 150 K.
Figure S shows the EPR signals observed at 100 K for both
cobalt corroles, together with spectra simulated using the
EasySpin package.’ The EPR parameters derived from least-
squares fitting the simulations to the experimental spectra are
shown in Table 3. The Montecarlo and Simplex algorithms as
implemented in EasySpin were used in the fittings. These
signals are typical of low-spin Co(II) species (S = 1/2),* and
indicate a metal centered reduction. Therefore, we assigned
these signals to the pentacoordinated [Co(II)L1Py]” and
[Co(I)L2Py]~ forms. Dissociation of one of the pyridine
ligands is supported by the observation of three well-resolved
peaks in the g, region of [Co(II)L2Py]~, which arise from

431 1Py + Py —= [IPy,]™

360 4(I)0 S(I)O 660 7(I)0 8(I)0 9(I)() IOIOO
A (nm)

2Py + Py —= [2Py,]"

£/10° (Lmol™' cm™)

300 400 500 600 700 800 900 1000
A (nm)

Figure 4. Changes in the UV—vis—NIR spectra upon the addition of
increasing amounts of [Fe(Cp),]PF; to a DCM solution of 1Py + Py
(top), and 2Py + Py (bottom). The reaction arrows indicate
oxidation.

[Co(I)L1Py|~

[Co(IDL2Py]

sim

240 280 320 360 400
Magnetic Field (mT)

Figure S. Experimental (black) and simulated (red) EPR spectra of
[Co(IT)L1Py]~ (top, DCM) and [Co(II)L2Py]~ (bottom, THF),
generated by the reduction of the neutral corroles using Co(Cp),.
The asterisk marks an as yet unidentified radical. Spectra were
acquired at 100 K.

superhyperfine coupling of the metal-centered spin with an
apical "N nucleus (I = 1).*’ No superhyperfine splitting to the
corrole N nuclei was observed. Simulation of the signals
allowed the determination of the anisotropic g and A values,
both of which present rhombic symmetry. For both complexes,
the EPR spectra showed a radical signal with g = 2.002, which
we cannot at this point identify; this signal was more intense in
the case of reduced 1Py, and is clearly distinguishable from the
Co(IITI)L1Py0,*~ (cobalt(III)-superoxido) signal,23’44 which
could be easily obtained by performing reduction of 1Py, with
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Table 3. g Values, Hyperfine A Values (MHz), and Isotropic and Anisotropic Linewidth Contributions Obtained by Least-
Squares Fitting of Simulated EPR Spectra to the Experimental Spectra

[Co(II)L1Py]™ [Co(11)L2Py]~
8z 2.340, 2.287, 2.000 2.374, 2.276, 1.998
Ay (Co) (MHz) 160, 92.5, 322 159.7, 98.4, 320.4
A,,. (N) (MHz) n.d, nd., 60
lwpp” (mT) 4.59, 1 1.79, 1
HStrainx’ylZ(MHz) 207, 150, 0 104, 120, 0
solvent DCM THF
temperature 100 K 100 K

[Co(II)L1Py,]** [Co(III)L2Py,]**
Zo 2.0023 2.0022
Ay, (Co) 16.45 1633
Iwpp (mT) 0.88, 0.095 0.86, 0.15
DCM DCM
278 K 278 K

“The first value corresponds to Gaussian and the second to Lorentzian shape.

Co(Cp), in O,-saturated DCM solution. Both signals are
shown in Figure S30. The radical signal observed for reduced
1Py, is also different from the radical signal obtained from the
oxidation of 1Py,, which will be discussed in the following
paragraphs.

The hexacoordinated compounds 1Py, and 2Py, showed no
EPR signal neither at S °C nor —170 °C in DCM (Figure 6,

1Py,

[1Py,]"

[1Py,**
325 330 335 340 345 350
Magnetic Field (mT)

Figure 6. EPR spectra of native 1Py, (top), of the singly oxidized
product [1Py,]** (center, black), together with its simulation (red)
and of the two-times oxidized product, described for simplicity as
[1Py,]** (bottom, no signal). Spectra were acquired in DCM at 278
K.

top and Figure $31). When [Fe(Cp),]PF; (0 V by definition)
was added to the cobalt corrole solutions the color
immediately changed from green to brown, and a strong
EPR signal appeared (Figure 6 and Figure S31). This signal is
isotropic and centered on a g value of 2.0023, with a pattern
that indicates some type of unresolved hyperfine splitting. Very
accurate simulations of these signals were obtained by
considering an S = 1/2 system with hyperfine coupling to
the **Co nucleus (I = 7/2). No "N hyperfine couplings have
been resolved. The simulation parameters are listed in Table 3.
These results clearly point to a corrole centered radical with
small hyperfine coupling to the cobalt nucleus. We note that a
different interpretation was given for very similar signals
obtained in other cobalt corroles in ref 32. These findings are
in complete agreement with the spin populations of the first
oxidation products, calculated by DFT (see Table SS).
When solid AgPF, (EAg'/Ag’ = 0.65 V vs FcH'/FcH in
DCM)* was added to the DCM solutions of [1Py,]** or
[2Py,]**, the color changed from brown to bright red, and the
EPR signals disappeared (Figure 6, bottom and Figure S31,
bottom). UV—vis spectra of the oxidized species were recorded
and are shown in Figure S32. For the two-electron oxidized

1Py, the Soret band is located at 424 nm, and a weak Q-band
at 623 nm was also observed. For two-electron oxidized 2Py,
the Soret band is located at 418 nm and the Q-band at 650 nm.
The oxidized species seem to be stable over several minutes,
but we have not yet studied their stability over a longer period
of time, nor did we try to isolate and further characterize them.
The lack of observed EPR signal and the broad Soret and weak
Q-band suggest that the electronic structure of the two-
electron oxidized species can be described either as strongly
antiferromagnetically coupled [Co(IV)L**7]*" or as a true
singlet [Co(III)L™]?* species (L = L1 or L2).

Electronic Structure Calculations. Geometry optimiza-
tions using density functional theory were performed using the
ORCA package.** We chose the PBEO hybrid functional and
def2-SVP basis sets on all atoms, except Co, for which def2-
TZVP was used. Single point calculations were performed on
the optimized structures using def2-TZVP on all atoms.
Further details and references are given in the Supporting
Information. The calculations were done on multiple oxidation
states of 1 with no, one, or two apical pyridine ligands and for
selected oxidized complexes with one pyridine and one
hydroxido or oxido ligand. For some species, we added one
or more additional H,O molecules, H-bonded to the apical
OH,, species (n = 0, 1, or 2). Species with odd number of
electrons were calculated as spin-1/2 systems, while for species
with even number of electrons, triplet (S = 1), true singlet (S =
0) and open-shell singlet (S = 0 (BS, broken-symmetry))
calculations were performed. Displayed spin densities corre-
spond to the spin states that were found to be the ground state
for each species. Broken symmetry calculations were
performed using the BrokenSym keyword in ORCA. From
spin density plots and observation of the occupation of metal
d- and ligand frontier orbitals we could determine the metal
and corrole oxidation states for each species. The spin densities
for corrole complex 1 with different numbers of bound
pyridine ligands and with net charges ranging from —1 to +2
are shown in Figure 7. The species with net charges ranging
from —1 to +1 were experimentally identified by EPR, CV, and
UV—vis spectroscopy. The two-electron oxidized species were
suggested by EPR and UV—vis spectroscopy, but at this point
were not confirmed by other analytical means.

The first reduction for the penta-coordinated complex
occurs on the metal center, whereas for the hexacoordinated
complex, it occurs on the ligand. Calculation of the Gibbs free
energies of the different species suggest that the pentacoordi-
nated reduced form [Co(IT)L1*"Py]~ is more stable than the
hexacoordinated form [Co(III)L1°* Py,]” by about 99 kJ/
mol. This computational result is clearly supported by the EPR
signal of the reduced corroles.

https://dx.doi.org/10.1021/acs.inorgchem.0c02550
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+2

[Co(IML1Py,]?* (S = 0) [Co@V)L12Py,]?* (S = 0 (BS))

+1

[Co(IIDL1"2Py,]* (S=1/2)

*

[CoDL1*Py,](S=0) ¥

[Co(IDL1>Py]-(S = 1/2) [Co(IIDL1*Py,]~(S = 1/2)

Figure 7. Spin density plots (isovalue = 0.001) of [1Py,]" (n =1, 2
and m = —1 to +2). The legends indicate the oxidation state of the
metal and the charge and radical character of the corrole ligand, as
well as the total spin state.

Scheme 3 shows the formulas of the different species of
corrole 1 in different oxidation states, together with calculated

logarithms of pyridine affinity constants (in red), and redox
potentials (in blue), referenced against FcH'/FcH. The redox
potential difference (AE) for the first corrole oxidation is quite
similar to the experimentally determined value of —0.2 V in
DCM, and the AE for the first reduction, calculated
considering dissociation of one pyridine ligand, is also in
reasonable agreement with the experimental value (AE,4 =
—0.93V, AE,, = —0.77 V). For the second oxidation process
the calculated AE_,4 = 1.08 V value starts to deviate from the
experimentally determined AE,,, = 0.53 V. The reason for this
deviation is probably due to the fact that charged species
experience stronger solvation effects, and especially counterion
pairing in solution, and these effects require a more careful
treatment than can be performed using pseudosolvation
methods. The log K calculated for binding of pyridine to
Co(III)L1Py to give Co(III)L1Py, is 3.38, which is quite in
agreement with the experimentally determined value of 3.68.
The good agreement between calculated and experimental
values for the neutral forms of the corroles indicate that the
proposed structures are probably good descriptions of the real
structures of these species in solution, meaning that
interactions with the solvent are weak. The calculated affinity
constants for pyridine increase with the oxidation state of the
corrole. However, for the oxidized and reduced corroles, we do
not expect a quantitative prediction of affinity constants or
other thermodynamic quantities, as charged species are likely

Scheme 3. Energy Diagram of Cobalt Corrole 1 in Different Oxidation States and Differing Number and Identity of Apical

Ligands®

1.78

iR

Py

“The oxidation states of the Co atom and the corrole according to DFT results are shown. Logarithms of pyridine binding constants are written in
red and redox potentials vs. FcH*/FcH are shown in blue. Calculations were performed using DCM pseudosolvent within the CPCM model.
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to interact more strongly with solvent molecules and
counterions.

Electrocatalytic Water Oxidation Studies. The homo-
geneous electrocatalytic properties of cobalt corroles for water
oxidation were studied by means of cyclic voltammetry in
MeCN (0.1 M Bu,NPF(). Upon addition of increasing
amounts of H,O, 1Py, and 2Py, showed catalytic waves
coincident with the third corrole oxidation (Figure 8).

—— 1Py, +0.055 M H,0
——1Py,+0.11 M H,0
—— 1Py, +0.22 M H,0
—— 1Py, +0.44 M H,0
—— 1Py, +0.66 M H,0
—— 1Py, + 0.87 M H,0
1Py, + 1.09 M H,0
1Py, + 1.30 M H,0

401 1Py, + 1.51 M H,0
15 10 05 00 -05 -1.0
E vs. FcH'/FcH (V)
_80_
-60
-40
_20_
~~ 0—
S 20
= 40 —— 2Py, +0.09 M H,0
6011 —— 2Py, + 0.18 M H,0
g0l! ——— 2Py, + 036 M H,0
1001 2Py, +0.73 M H,0
1201 2Py, + 1.44 M H,0

15 1.0 05 00 -05 -1.0 -1.5 -2.0 -2.5
E vs. FcH'/FcH (V)

Figure 8. Cyclic voltammetry traces of 1Py, (top) and 2Py, (bottom)
in MeCN with 0.1 M Bu,NPF and increasing concentrations of H,O.
Scan rate and direction: SO mV/s, anodic.

The catalytic waves are slightly shifted to less anodic
potentials with increasing amounts of H,O, reaching peak
potentials of 1.225 V for 1Py, and 1.287 V for 2Py, with H,0
concentrations of 1.51 and 1.44 M, respectively. The cathodic
shift can be explained considering the equilibrium (eq 1)

2+ S 3+
[Co(III)corPyz] = [Co(III)corPyZ]

+H,0

i [Co(IIT)corPy(OH)]** (1)

where H,O binding and deprotonation gives an hydroxido
(and later oxido) bound species which partially compensates
the charge of the triply oxidized corroles. This effect has been
discussed by Gross et al.”> who showed that OH™ and F~
binding caused cathodic shifts of the first and second
oxidations of Co(tpfc), although in that case no apical Py
ligands were present.

The first corrole oxidation of 1Py, and 2Py, remains
reversible before and after addition of H,0, as evidenced by an
i¢/i, (forward/reverse) ratio of 1 (Figure S38 and S$39);
furthermore, performing several consecutive scans shows no
change in the catalytic response. The second oxidation
however is partially irreversible which, together with the
reversibility of the first oxidation, suggests a competitive
equilibrium between H,O/OH™ and Py, with the former being
favored in high oxidation states and the latter in lower
oxidation states of the cobalt corrole. The DFT calculated
energetics of Py versus HyO/OH™ coordination for two- and
three times oxidized 1 in MeCN pseudosolvent (CPCM) with
several explicit H,O molecules is described in Scheme S2. The
calculated redox potential for the third oxidation ([1Py,]**/
[1Py,]**) is 1.2 V, quite in agreement with the experimental
value of 126 V in MeCN. Calculations show that the
replacement reaction [1Py,]**— [1Py(H,0)]*"+ Py is slightly
favored and the reaction [1Py,]** — [1Py(OH)]** + Py + H*
even more so. The calculated redox potential for the third
oxidation of the aquo ligated cobalt corrole ([1Py(H,0)]**/
[1Py(OH)]** + H*) is 0.87 V, which is consistent with the
shift of the third oxidation to lower potentials upon increasing
H,O concentration (see Figure S40).

To determine if the observed catalytic current corresponding
to H,O oxidation to O,, we performed bulk electrolysis
experiments in an air-equilibrated cell with 1Py, in MeCN 0.3
M LiClO, with 15% H,O, using a glassy carbon rod with a
diameter of 5 mm as working electrode, a Pt wire as counter
electrode, and a Ag wire as pseudoreference electrode (see
Figures $42 and S43). The current achieved in one experiment
was around 500 pA at 1.9 V vs Ag, and it remained
approximately constant during several hours, in which a total
of 2 mL gas was evolved. After 4 h of electrolysis, a sample of
the cell headspace was taken with a gastight syringe and its
composition determined with gas chromatography. The
headspace gas composition turned out to be 25% O, and
75% N,. This amount of O, was consistent with the evolved
gas volume of 2 mL, considering that the headspace of the cell
plus the bubbler was approximately 17—19 mL. However,
given the error of the GC detection method, and the fact that
we could only perform one end-point gas analysis, we decided
to also perform in situ O, gas measurements with a Clark
electrode.

For this purpose, we used an FTO-coated glass as the
working electrode, as this possesses a much larger surface area
than the glassy carbon rod. With this setup, in the same
conditions, we were able to achieve currents in the range of 2
mA at 1.95 V vs Ag. Bubbles could be observed slowly forming
on the anode and the cathode, the later suggesting H,
evolution. We performed electrolysis experiments of a solution
of 1Py, in MeCN 0.3 M LiClO, with 15% H,O and 2 mM
KOH and were able to detect a steady increase in the O,
concentration in the headspace over 8 h. The plot of the
theoretical (based on the faradaic current) and measured
amounts of O, in the headspace is shown in Figure S44. The
average Faradaic efficiency during the first 4 h was 82%. This
experiment also demonstrated the ability of 1Py, to sustain
catalysis for at least 8 h. After this time, we stopped O,
detection but maintained electrolysis 14 more hours, in which
the current only decreased slightly.

Having established that the catalytic current for the third
oxidation of 1Py, and 2Py, corresponds to H,O oxidation to
O,, we proceeded to calculate the observed catalytic constant

https://dx.doi.org/10.1021/acs.inorgchem.0c02550
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02550?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02550?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02550?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02550?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02550?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Table 4. Turnover Frequencies (TOF) and Reported Potentials (E) for Water Oxidation Reactions Catalyzed by Cobalt
Corroles and Conditions and Amount of H,O and Bases

TOF E (V) vs reported E (V) vs EcH'/
) reference FcH
1Py, 1.86 129
2Py, 1.67 1.38
Co(tpfc) 0.2 1.4 V vs Ag/AgCl ~0.9
0.77 0.67
Co 0.81 1.4 V vs Ag/AgCl ~0.9
“Hangman”
Co(BAPC)Py, 02 1.4 vs NHE ~0.7

medium H,O content ref

MeCN, 0.1 M Bu,NPF (homogeneous) 1.3 M this work
(2.34%)

MeCN, 0.1 M Bu,NPF (homogeneous) 144 M this work
(2.5%)

0.1 M KPO, buffer, pH 7 (heterogeneous) solvent 13

MeCN, 0.1 M Bu,NCIO,, 300 uM TBAOH 2.66 M =

(homogeneous) (4.8%)
0.1 M KPO, buffer, pH 7 (heterogeneous) solvent 13

MeCN, 0.1 M Bu,NPF, (homogeneous) 1.7 M (3%) 2

ad
i
L o

Two-electron oxidized

'
H_O/i\_, 1+

Three-electron oxidized

l

BH
o
H \o o
Py

Figure 9. Top panel: Spin density plots of [Co(II[)L1*>"Py(0°*~)]° (left) and [Co(III)L1 Py(0°*~)]* (right). Isovalue = 0.001. Bottom panel:
Scheme of the O—O bond formation step by WNA on two-electron-oxidized (left) and three-electron-oxidized (right) cobalt corroles.

ks for water oxidation, also referred to as turnover frequency
(TOF). k., was calculated from the ratio of the catalytic
current i of the third oxidation and the peak current i, of the
first oxidation as described in the Supporting Information. The
ratios were determined for each H,O concentration at a scan
rate of S0 mV/s. The maximum value obtained for 1Py, was
1.86 s™* at 1.29 V with 1.30 M H,0O, whereas for 2Py,, it was
1.67 s~" at 1.38 V with 1.44 M H,0. Adding larger amounts of
H,0 decreased the solubility of both corroles, and the k.,
values decreased slightly.

Cobalt corroles containing C4Fs groups have been shown to
catalyze water oxidation when oxidized twice. For Co(tpfc), a
TOF of 0.2 s™' was measured at 1.4 V vs Ag/AgCl (~0.9 V vs
FcH*/ FCH).l4 For the cobalt “hangman” corrole, with a
pending carboxylate group in a position to abstract H from
the attacking H,0O molecule, a TOF of 0.81 s™" was obtained."?
These experiments were performed by depositing the catalysts
on indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)

electrodes, and perfoming the electrocatalysis on buffered
aqueous media, and therefore are not directly comparable to
the experiments performed in this work. However, Gross et
al.”’ reported electrocatalytic H,O oxidation of Co(tpfc) in
MeCN with increasing amounts of H,O and hydroxide in the
form of Bu,NOH. Although in that work the authors did not
report the measured TOF, from the reported maximum i/i,
ratio of 4 corresponding to the second Co(tpfc) oxidation
(Figure 3b in ref 23), and on the basis of their reported scan
rate of 0.1 V/s, as well as other experimental conditions, we
estimate a TOF of 0.77 s™' at 0.67 V with 2.66 M H,0O and
300 yuM TBAOH, which decreases considerably at lower
hydroxide concentrations. This shows that for Co(tpfc), the
TOFs measured in very different conditions (in MeCN/H,O
homogeneous solution or in aqueous buffer with Co(tpfc)
deposited on FTO electrodes) seem to be in reasonable
agreement.
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A cobalt corrole with one C4F; and two p-aminophenyl
substituents (Co(BAPC)Py,) was also shown to perform water
oxidation when oxidized twice, with a kg, of 0.2 s™" at 1.4 V vs
NHE, measured in MeCN with 3% (1.7 M) H,O (~0.7 V vs
FcH*/ FCH).24 We summarize our electrocatalytic findings
together with reported data for C4F; containing Co corroles in
Table 4.

Our results clearly show that in the case of 1Py, and 2Py,
the third corrole oxidation is catalytically active for H,O
oxidation, with only a marginal increase in current at the
second oxidation process. The k,,, values obtained with 1Py,
and 2Py, are larger than those from previously reported cobalt
corroles with C4Fs substituents, even with the “hangman”
carboxylate, and almost 1 order of magnitude larger than kg,
values reported for Co(tpfc) and Co(BAPC)Py,, in similar
conditions.

Additionally, the open-shell nature of our catalytically active
species offers the prospect of novel spectroscopic insights into
mechanistic details. The mechanism of water oxidation
catalyzed by cobalt corroles has been proposed to involve
water nucleophilic attack (WNA) on a [Co(III)L**(O°*7)]
species,14’47 (Figure 9, lower panel, left). As can be observed in
Figure 9 (top panel), the doubly and triply oxidized
[1Py(0)]*"® corroles differ in the charge and spin state of
the corrole ligand, but not in the electronic configuration of the
cobalt-oxyl moiety (essentially Co(III)-O®~). Therefore, it is
possible that in both oxidation states the same mechanism for
H,O attack is operative. Doubly oxidized cobalt corrole species
possess a total spin of either S = 0 or S = 1, and therefore will
be EPR-silent or difficult to observe. On the other hand, our
triply oxidized active species would be a spin S = 1/2 system,
as would be the immediate product of the attack by H,O
(Figure S9, lower panel, right). Therefore, ideally, some of
these species may be detected by EPR; this is not currently
possible with Co(tpfc) or f-fluorinated Co “hangman” corrole,
for which a third oxidation would likely be very hard to
achieve.

The potentials at which we obtained the maximum kg
values for 1Py, and 2Py, were higher by about 0.3—0.6 V,
compared to the potentials at which k., was reported for
Co(tpfc), Co “hangman” corrole and Co(BAPC)Py,. This is
reasonable considering that the latter cobalt corroles displayed
electrocatalytic water oxidation activity upon the second
oxidation, while 1Py, and 2Py, displayed maximum activity
upon the third oxidation.

This difference, however, should not be seen as a definitive
limitation, as we have observed that the potential of the third
oxidation is highly sensitive to the substitution of neutral
pyridine by anionic apical ligands, such as hydroxide. Figure
S40 shows the change in onset potential for the third oxidation
of 2Py, with increasing H,O concentration, which shifts from
1.27 V with no H,O to 1.19 V with 1.44 M H,O. To
qualitatively observe the effect of removing one apical pyridine
ligand on the electrocatalytic water oxidation, we performed
cyclic voltammetry experiments of 1Py, in MeCN (0.1 M
Bu,NPF) with 2.13 M H,O before and after adding 0.5 equiv
of H,SO, (Figure S41). It can be observed that upon addition
of acid there is a large cathodic shift (300 mV) of the third
oxidation, and a smaller cathodic shift (130 mV) of the second
oxidation of 1Py, These changes are consistent with a
dissociation of pyridine leading to fast coordination of H,0,
which upon deprotonation lowers the redox potentials of the
second and third oxidation. The small amount of acid also

shifts the first corrole reduction to higher potentials, which is
in agreement with the preference of the reduced Co(II) corrole
toward pentacoordination, and consistent with the behavior
observed by cyclic voltammetry, EPR, and DFT calculations.
As dissociation of pyridine is a requirement for binding of H,0
and achieving maximum catalytic performance, three strategies
appear feasible. First, preparing the cobalt corroles 1 and 2
with an apical ligand other than pyridine; one possibility would
be DMSO,"** which has been shown to favor pentacoordi-
nation. Second, immobilizing the corroles in glassy carbon,
graphite, carbon nanotubes,”® or FTO>* electrodes and
perform heterogeneous water oxidation in aqueous media.
Third, performing homogeneous water oxidation studies in
aqueous media, for which a water-soluble corrole must be
synthesized. A derivative of 1Py, where the methyl ester
groups have been hydrolyzed to the corresponding carboxylic
acid groups would seem a suitable target in that respect. We
are currently working on some of these leads.

These three strategies require careful characterization of the
species involved in electrocatalysis, whether they are corroles 1
and 2 with different apical ligands, adsorbed on electrode
surfaces, or a water-soluble analogue of 1. Furthermore, it is
important to compare any new catalytic and mechanistic
studies with previously carefully studied systems. The electro-
chemical, spectroscopic, and computational results obtained in
this work provide a solid understanding of the physicochemical
properties of cobalt corroles in several oxidations states, which
will facilitate the analysis of the behavior of related cobalt
corroles during water oxidation catalysis. Particularly, this work
has shown that for cobalt corroles with moderately electron-
withdrawing groups, the third oxidation is active toward water
oxidation, thus opening new alternatives in the mechanistic
analysis of this class of catalysts.

In summary, our experimental findings show that using
moderate electron withdrawing substituents on cobalt corroles
has a profound effect on the catalytic efficiency for water
oxidation and point to a triply oxidized cobalt corrole
intermediate as active species. In order to confirm or refute
this hypothesis, further studies should be performed in which
(electro)chemical oxidations coupled to spectroscopic techni-
ques such as EPR, and electronic structure calculations, could
play an important role. In this aspect, our careful character-
ization of the EPR signals associated with several possible
species involved in cobalt corrole electrochemistry provide a
solid base for identification of certain intermediates in water
oxidation catalysis.

4. CONCLUSION

In this work, we have synthesized two cobalt corroles with
carboxylic ester and nitro- substituents in their meso-phenyl
groups, determined the structure of one of them by single-
crystal X-ray diffraction, and studied their (electro)chemical
and spectroscopic features by UV—vis and EPR spectroscopy,
cyclic voltammetry and spectroelectrochemical methods, as
well as density functional theory electronic structure
calculations. The synthesized metallocorroles were shown to
catalyze water oxidation upon the third corrole oxidation, in
contrast with previously reported C4Fs-containing cobalt
corroles, for which the second oxidation has been shown to
be active. The obtained TOF value for 1Py, was 1.86 s~ at
1.29 V with 1.30 M H,O, whereas for 2Py, it was 1.67 s™* at
1.38 V with 1.44 M H,O. These values are larger than for
previously reported cobalt corroles with pentafluorophenyl
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substituents, likely because of the extra charge in the corrole
macrocycle, accessible because of the lower redox potentials of
1Py, and 2Py,. The higher catalytic turnover frequency comes
at the expense of a larger overpotential.

Our findings encourage subsequent studies of water
oxidation catalysis employing cobalt corroles with electron-
donating groups and highlight the importance of tuning of the
substituents on the corrole moiety for optimizing catalytic
behavior of the corresponding metal complexes.
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