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Herein, a series of three o-substituted Co(Ill) corroles with electron-donating/withdrawing moieties have been pre-
pared and fully characterized. The different functional substituents at o-position of meso-phenyl rings results in tunable
local environment, and unusual pH-dependent electrochemically catalyzed oxygen reduction behaviors were clearly
observed.
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B pabome Ovinu noryuenvl u nonnocmoito oxapaxmepuszogansvi mpu o-3ameujennwvix Co(lll)-koppona ¢ snexmponodo-
HOPHBIMU/INEKMPOHOAKYENMOPHBIMU (Dpacmenmamu. Paziuunvle ynkyuonanvhvie cpynnvl 6 0-nolodCeHuu Me30-
enunbubix Koney npusoosam K JLOKAIbHbIM USMEHEHUSAM, OMYEmIUBo HAON00a10ch Heobviunoe pH-3asucumoe snex-
MPOXUMUYECKU KAMATUZUPYEMOE OKUCTUMETbHO-60CCTNAHOBUMENbHOE NOBEOEHUE.

Karouesnie caoBa: Co(Ill)-kopposnsbl, JokanbHOe OKpyskeHue, anekrpoxumusi, TD-DFT pacuersl, BoccraHOBiIEHHE
KHCJIOPOZa.
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Introduction

Earth-abundant first row transition metal corrole
complexes have played an important role in fundamental
research due to their unique molecular structures and attrac-
tive properties.l¥ In comparison to porphyrins, corroles
have three inner N-H protons and are ring-contracted with
a smaller macrocyclic cavity.F® First row transition metal
corroles have been widely used as effective electrochemical
catalysts for small molecule activations, such as hydrogen
evolution, oxygen reduction/evolution and CO, reduction
reactions (HERs, ORRs/OERs and CO,RRs) through
homogenous and/or heterogenous prodecures.’' Several
strategies have been used to modulate the catalytic efficiency
of synthetic metallocorroles. For example, the introduction
of functional substituents at the meso- and/or p-positions
of metallocorroles rings can be used to enhance the catalytic
efficiency, through perturbation to the electronic structure
of the complexes.l'"I Research has also focused on modu-
lating the electron transfer properties between the catalytic
center of metal corroles and carbon supports.>¥1 Metal-
locorrole based covalent organic frameworks have been also
prepared through chemical and/or electrochemical polym-
erization to obtain highly efficient catalysts.l”2% Interest-
ingly, the super-structure of metallocorroles have also been
reported to enhance their electrochemical catalysts. For
example, the introduction of a “hangman” ligand enables
the precise control of the placement of a proton-donating
or -accepting moiety over the face of a macrocyclic redox
site.?'24 Thus, it is reasonable to assume that changes
to the local environment of metallcorroles could be an effec-
tive strategy for enhancing the catalytic efficiency. Accord-
ing to the crystal structures of Co(IIT)PPh,-triarylcorrole,
o- and m-functional units of meso-phenyl rings generally
lie at the distal side of the corrole rings due to steric hin-
drance related to the triphenylphosphine ligands. Herein, we
describe how o-substituted Co(I11)-triarylcorroles modulate
electrochemically catalyzed oxygen reductions, by combin-
ing electrochemical studies with an analysis of the trends
in the optical spectra and TD-DFT calculations will also be
described.

Experimental

Synthesis of Co(lll)-5,10,15-triphenylcorroles (3a). The
general experimental procedures are described in the Supporting
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Scheme 1. Synthetic procedure of o-substituted Co(I1I)-corroles 3.
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information. The Co(III)PPh,-corroles were synthesized through
a metal-insertion reaction of the corresponding free base corroles
(0.05 mmol) by using excess cobalt acetate (0.25 mmol) and
triphenylphosphine dissolved in 25 mL of CH,CL/CH,0H (v/v
= 1:4) solution at 75 °C under N, for 1 h. After removal of the
solvent on a rotary evaporator, the crude product was purified by
silica gel column chromatography and recrystallized. Free base
corrole 2a was prepared according to literature procedure.’!
The target o-substituted Co(III)-corrole 3a was obtained as deep-
red solid state compound in a 55.6 % yield (0.047 g). MALDI-TOF:
m/z = 843.29 (Calcd. [M-PPh,]" = 844.84). IR (KBr) v, cm™
3424 s, 3053 w, 2972 w, 2924 w, 2364 w, 1597 m, 1571 w, 1556
w, 1535 w, 1504 m, 1433 s, 1344 m, 1318 m, 1223 w, 1175 w, 1088
w, 1070 w, 1052 vs, 1015 s, 984 m, 881 w, 843 w, 787 m, 747 s,
7155, 699 s, 669 w, 521 vs. 'H NMR (400 MHz, CDCL,) §, ppm:
8.58 (2H, d, J=4.2 Hz), 8.32 (2H, d, J = 4.5 Hz), 8.15~8.03 (4H,
d, J=4.0 Hz), 7.99 (3H, s), 7.72~7.48 (11H, m), 7.41~7.31 (1H, d,
J=170Hz), 705 (3H, t, J= 7.2 Hz), 6.76~6.64 (6H, t, J = 6.9 Hz),
472 (6H, dd, J, = 9.8 Hz, J, = 8.4 Hz).

Synthesis of Co(Ill)-5,10,15-tri(o-nitrophenyl)corrole (3b).
The general synthetic procedure is same as that for 3a, with
the exception that o-nitrobenzaldehyde was used. The target
compound was successfully obtained in a 64.5 % yield (0.0320 g).
MALDI-TOF: m/z = 979.64 (Calcd. [M-PPh,|* = 979.83). IR (KBr)
v ..cm: 34445, 3056 w, 2358 w, 1733 w, 1652 w, 1606 w, 1570 w,
1558 w, 1526 vs, 1456 w, 1436 m, 1353 vs, 1320 w, 1260 w, 1224 w,
1161 w, 1052 m, 1016 m, 984 m, 874 w, 847 m, 787 m, 741 s, 716 s,
693 s, 666 w, 521 s. 'H NMR (400 MHz, CDCl,) &, ppm: 8.72~8.61
(1H, dd, J, = 37.4 Hz, J, = 4.3 Hz), 8.46~8.37 (1H, m), 8.33~8.15
(5H, m), 8.11 (1H, d, J = 4.8 Hz), 8.08~7.98 (2H, dd, J, = 12.8 Hz,
J, = 6.2 Hz), 7.98~7.88 (2H, m), 7.87~7.66 (6H, m), 7.62 (1H, t,
J=17.1Hz),7.03 (3H,t,J="7.2Hz), 6.73 (6H, m), 4.91~4.66 (6H, m).

Synthesis of Co(Ill)-5,10,15-tri(o-methoxylphenyl)corrole
(3¢). The general synthetic procedure is same as that for 3a, with
the exception that o-methoxybenzaldehyde was used. The target
compound was successfully obtained in a 62.3 % yield (0.0289 g).
MALDI-TOF: m/z = 933.42 (Calcd. [M-PPh,]* = 934.92). IR (KBr)
v..cm 34425, 3057 w, 2927 w, 2829 w, 2359 w, 2324 w, 1643 m,
1575 w, 1536 w, 1488 m, 1457 m, 1432 s, 1344 w, 1317 m, 1286 w,
1248 s, 1158 w, 1117 m, 1047 s, 1017 s, 983 m, 855 w, 787 m, 750 s,
711 m, 660 w, 618 w, 521 s. '"H NMR (400 MHz, CDCl,) §, ppm:
8.37 (1H, m), 8.17 (1H, d, J=30.4 Hz), 8.10-7.81 (5H, m), 7.80-7.41
(8H, m), 7.23~7.10 (4H, m), 7.08~6.95 (4H, m), 6.76~6.60 (6H, m),
4.99~4.72 (6H, m), 3.64~3.43 (7H, m), 3.27 (2H, d, /= 6.0 Hz).

Results and Discussion

Free base corroles (2a-c) were synthesized according
to literature procedures from a reaction of dipyrromethane
1 and an arylaldehyde (Scheme 1).25 Co(III)-Triarylcor-
roles (3a-¢) were then synthesized by a metal-insertion
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Figure 1. The UV-Visible absorption spectra of 3a-¢ in CH,CI,.

reaction of 2a-c¢ by using excess cobalt acetate and tri-
phenylphosphine, and were purified by silica gel column
chromatography and recrystallized. MALDI-TOF MS for
3a revealed an intense parent peak at m/z = 843.29 (Calcd.
[M-PPh,]* = 844.84), providing direct evidence that
the Co(III)-triphenylcorrole 3a target compound was suc-
cessfully prepared. Similar parent peaks were observed
for 3b and 3c. In the 'H NMR spectra of 3a-¢, the proton
signals for both the meso-substituents and pyrrole rings lie
beyond 7.40 ppm and the other three signals at 7.10, 6.70
and 4.50 ppm can be assigned to the triphenylphosphine
axial ligand (Figure S1, see ESI). The peaks from 3056
and 2970 cm', and at 1608 and 1490 cm! in the FT-IR
spectra, can be assigned to C-H stretching and benzene
skeleton vibrations, respectively. The peaks at 1526
and 1353 cm!, and at 1248 and 1117 cm™' can be assigned,
respectively, to the -NO, and -OMe groups of Co(III)PPh,
corroles 3b and 3¢ (Figure S2, see ESI).

The electronic structures of the m-systems of por-
phyrinoids and their optical spectra (Figures 1 and 2) can
be readily understood by using Gouterman’s 4-orbital
model®®! and Michl’s perimeter model®” as conceptual
frameworks through a consideration of how different
structural perturbations alter the energies of the frontier
n-molecular orbitals (1-MOs) of a parent hydrocarbon
perimeter.”® The n-MOs of the C _H " parent perimeter
of corroles are arranged in an M| = 0, £1, £2, +3, +4, +5,
+6, £7 sequence in ascending energy terms due to their
angular nodal properties. The highest occupied and lowest
occupied molecular orbitals (HOMO and LUMO) have
M, values of £4 and +5, respectively. Michl®"! introduced
an a, s, -a, -s nomenclature (Figure 3) for the MOs that
are derived from the HOMO (a, s) and LUMO (-a, -s)
of the parent perimeter depending on whether a nodal
plane is aligned with the z-axis (a, -a) or there are large
MO coefficients (s, -s). When the UV-Visible absorption
spectra of 3a-c¢ (Figure 1) are compared to analogous bands
in the spectra of Co(Ill)-triarylcorroles,!'” the introduc-
tion of electron-withdrawing o-nitrophenyl and donating
o-methoxylphenyl substituents at meso-positions results
in only minor-shifts of the Q-bands (3a: 561 and 584 nm,
3b: 565 and 590 nm, and 3c¢: 559 and 584 nm). The only
significant spectral differences that are observed are
related to a splitting of the B-band of Co(III)-corrole 3b.
TD-DFT calculations demonstrate that this can be assigned
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to the presence of weak transitions into MOs localized on
the meso-aryl rings (Figures 2 and 3 and Table S1, see
ESI). The MO energies structures of 3a-c¢, only differ
based on the weak inductive effect of the meso-aryl groups.
The introduction of electron-withdrawing and -donating
groups at the o-positions of 3b and 3¢ results in a uniform
stabilization or destabilization of the n-MO energies
and the HOMO—-LUMO gaps remain almost unchanged
(Figures 2 and 3).

To gain further insight into the electronic structures
and redox properties of 3a-c, cyclic and differential pulse
voltammetry (CV and DPV) measurements were carried
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Figure 2. The TD-DFT calculations of 3a-c¢ at the CAM-
B3LYP/6-31G(d) level of theory. The O- and B-bands that

are associated with the main spin-allowed transitions

between the a, s, -a and -s MOs of Michl’s perimeter model

are highlighted with red diamonds and blue diamonds are

used to highlight transitions associated with the 3d orbitals

of the central Co(III) ion. Purple and black diamonds are used

to highlight transitions into three MOs localized on the meso-aryl
groups due to the presence of the nitro groups and other 7 — 7*
transitions, respectively.
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Figure 3. The MO energies of 3a-c at the CAM-B3LYP/6-31G(d) level of theory (bottom). The a, s, -a and -s MOs of Michl’s perimeter
model are highlighted with thicker black lines and the 34 orbitals of the central Co(III) ion are highlighted and blue with stars. MOs
associated with the meso-aryl groups of 3b that lie between the -a and -s MOs are highlighted in purple. Red diamonds are used

to highlight the HOMO—-LUMO gaps which are plotted against a secondary axis. The angular nodal patterns of the a, s, -a, -s and 3dz>

MOs of 3a are shown at an isosuface of 0.02 a.u. (top).

out in o-dichlorobenzene (0-DCB), so that redox potential
(£,) values could be clearly derived (Figure 4 and Table 1).
The effect of reduction is more complex, however, due
to the presence of a 3d orbital associated with the central
Co(III) ion and two MOs associated with the meso-nitro-
phenyl rings in addition to the -a and -s MOs. Co(I11)-Cor-
roles have been reported to undergo a facile one-electron
reduction to generate a [Co(II)corrole]” species together
with the removal of axial PPh, ligand during the first
reduction step, followed by a one-electron reduction on
the rings and at the metal center as the second and third
steps (sometimes the reduction of the meso-substituents
is also observed, for example with the nitrophenyl-unit of
3a), respectively. While there is a positive shift of the oxi-
dation curves and a negative shift of the reduction curves
when the redox data of electron-deficient 3b are compared
to those for Co(IlI)-triphenylcorrole 3a, and the potential
values of electron-rich Co(IlI)-corrole 3¢ were negatively
shifted (Figure 4, Table 1). The poorly defined cathodic
reduction peak and the negative shifts of the £, value for
the Co(III)/Co(1I) processes are mainly caused by the loss

Table 1. Potential values (£%, V) of Co(Ill)-corroles 3a-c.

of the PPh, axial ligand and an associated reaction due
to electron transfer. The trend observed in the gaps between
the first reduction and oxidation steps is consistent with
the slight blue shift of the main B-band that is observed
spectroscopically for the compound with more strongly
electron-withdrawing meso-aryl rings.

The Co(IlI)-triarylcorrole/rGO (Co(III)PPh,-triaryl-
corrole/rGO-graphene)  composites were examined
as electrocatalysts for use in ORRs, and the stability
of the Co(III)-corroles in both strongly acidic and strong
base media was confirmed by using previously reported
procedures.'™ The next step was to confirm the pH effect on
the ORRs catalysed by Co(IlI)-triarylcorrole/rGO compos-
ites. Catalyst-loaded GCEs were immersed in 0.5 M H,SO,
solution and in 0.1 M NaOH for the ORR measurements
(Figure 5). In strongly acidic media (pH = 1), the onset
potentials of Co(III)-corroles 3a-¢ under an O, atmosphere
were arranged at 0.493 V for 3¢, 0.498 V for 3b, and 0.508 V
for 3a (Table 2). When the pH value increased to 4.0,
the order of onset potentials changed to 3a (0.474 V) > 3b
(0.448 V) > 3¢ (0.419 V). When Co(III)-corroles 3a-c¢ were

E7% Ox 11 E7% Ox1 E% Red 1 E% Red I1 EY% Red 11
3a 1.10 0.60 —0.58 —-1.55 -
3b 1.18 0.73 —-0.50 -1.24 -1.37
3c 1.12 0.48 —0.67 —-1.66 -

Maxkpozemepoyurnvt / Macroheterocycles 2020 13(2) 156-162
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Figure 4. CV (left) and DPV (right) measurements of 3a (top), 3b (middle) and 3¢ (bottom) in 0-DCB containing 0.1 M TBAP.

Table 2. Active potentials of electrochemically catalyzed oxygen
reductions of 3a-c at different pH values.

pH value Ist 2nd 3rd
1.0 3a(0.508 V) 3¢ (0.498V)  3b(0.493V)
4.0 3a(0.474V)  3b(0.448V) 3¢ (0419V)
7.0 3b(0475V)  3a(0.432V) 3¢ (0.427V)
10.0 3b(0.601V)  3a(0.579V)  3¢(0.565V)
13.0 3b (0.795V) 3¢ (0.784V)  3a(0.769 V)

tested in the neutralized and basic media, Co(Ill)-corroles
3b, with o-nitrophenyl substituents, revealed better perfor-
mance on the electrochemically catalyzed oxygen reduc-
tions. The active potentials vs pH relationship is shown
in Figure 6. Considering 3b has an electron-withdrawing
o-nitrophenyl unit, the interactions between the O, molecule

160

and the catalytic Co(IIl) center in negative OH- charge
abundant media (pH > 7) must be stronger than for the
other complexes. Thus, the electrochemically catalysed
oxygen reduction could be enhanced. Meanwhile, 3¢ with
the electron-donating o-methoxylphenyl group, has a better
performance in H" positive charge abundant media (pH = 1).
It is clear from the investigation of the electronic struc-
tures of the Co(Ill)-triarylcorroles that the introduction
of o-functionalized Co(IIT)PPh,-corroles has a minor effect,
thus the tuneable electrocatalytic properties can be assigned
to the change of local environment of the catalytic center
of Co(III)PPh,-corroles 3a-c.

Conclusions

A series of three o-substituted Co(IlI)-corroles with
electron-donating/withdrawing moieties has been prepared

Maxkpozemepoyuxnvt / Macroheterocycles 2020 13(2) 156-162
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Figure 5. CV measurements of 3a-c at various pH values under an O, atmosphere.
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and fully characterized. When different electron-donating
and -withdrawing units were introduced at the o-positions
of Co(IlI)-corroles, the influence on the tunable catalytic
behavior can be assigned primarily to changes in the local
environment since the inductive effects of the o-substituents
are relatively weak. Considering super-structured metallo-
corroles have a wide range of application, the current study
will provide useful information for future molecular design
related to enhanced electrochemically catalyzed energy-
related small molecule activations.
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