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ABSTRACT: A series of metallocorroles were investigated by UV—vis and magnetic circular dichroism spectroscopies. The
diamagnetic distorted square-pyramidal main-group corrole Ga(tpfc)py (2), the diamagnetic distorted octahedral transition-
metal adduct Co(tpfc)(py), (3), and paramagnetic distorted octahedral transition-metal complex Fe(tpfc)(py), (4) [Hjtpfc =
tris(perfluorophenyl)corrole] were studied to investigate similarities and differences in the electronic structure and spectroscopy
of the closed- and open-shell metallocorroles. Similar to the free-base Hytpfc (1), inspection of the MCD Faraday B-terms for all
of the macrocycles presented in this report revealed that a AHOMO < ALUMO [AHOMO is the energy difference between two
highest energy corrole-centered z-orbitals and ALUMO is the energy difference between two lowest energy corrole-centered -
orbitals originating from M; + 4 and M; + S pairs of perimeter] condition is present for each complex, which results in an
unusual sign-reversed sequence for 7—z* transitions in their MCD spectra. In addition, the MCD spectra of the cobalt and the
iron complexes were also complicated by a number of charge-transfer states in the visible region. Iron complex 4 also exhibits a
low-energy absorption in the NIR region (1023 nm). DFT and TDDFT calculations were used to elaborate the electronic
structures and provide band assignments in UV—vis and MCD spectra of the metallocorroles. DFT and TDDFT calculations
predict that the orientation of the axial pyridine ligand(s) has a very minor influence on the calculated electronic structures and

absorption spectra in the target systems.

B INTRODUCTION

First discovered in the 1960s,' the corrole macrocycle has
continued to attract interest for a wide variety of applications
due to its unique chemical and physical properties. Corrole (1,
Figure 1) is a contracted analogue of porphyrin, composed of
four pyrrollic subunits with three bridging meso-carbon
positions, and a direct bipyrrole linkage. The synthesis and
modification of free-base corroles has been an active area of
research.” The omission of one carbon atom from the
macrocyclic backbone results in a number of structural changes
in corrole relative to porphyrin, including a contracted metal
binding core and three ionizable NH groups. Although
modified from normal porphyrin, corrole retains an aromatic
18-electron annulene ring structure. Accordingly, the UV—vis
spectrum has absorption similar to normal porphyrins, with
Soret and Q-band features that can be described using
Gouterman’s four orbital model.>* However, the electronic
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and spectroscopic properties of corrole have features that are
notably altered from normal porphryins. With free-base
corroles, such differences include solvent-dependent absorption
and emission behavior as well as increased quantum yields of
fluorescence.’

The metal binding chemistry of corrole has also been an area
of intense investigation, and the metal complexes of corrole
have been used as catalysts,6 sensors,’ and heme model
complexes.® The contracted core and trianionic character of the
macrocycle affect how metal ions bind to corrole, especially
with regard to stabilizing high-valent oxidation states. Thus,
oxidation states +3 and above are typically observed in corroles.
Corroles can bind transition-metal and main-group ions from
across the periodic table, and much work has been carried out
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Figure 2. Structures of corroles 2—4 used in DFT and TDDEFT calculations.

developing the metalation chemistry for this macrocycle.
Nonetheless, much fundamental chemistry and properties of
corrole and corrole metal complexes remain to be investigated.

To our surprise, the magnetic circular dichrosim (MCD)
spectroscopy of the metallocorroles is completely unexplored
despite the potential for MCD spectroscopy to provide accurate
assignment of the optical transitions observed in such
complexes. In this Article, we present the first study on the
MCD spectra of a series of metallocorroles. Previously, we
presented the first study of the MCD spectra of free-base
corrole macrocycles.” Since our initial report, there has been
one study on the MCD spectroscopy of a phosphorus corrole."’
For the present study, we used the readily available tris-
(pentafluorophenyl)corrole (1), which can be produced in
decent yields,'! and the free-base corrole has already been
investigated by MCD spectroscopy.” We have collected MCD
spectra from three different systems that reflect part of the
diversity of the metal complexes for this porphyrinoid (Figure
1): a diamagnetic main-group distorted square-pyramidal metal
corrole (Ga(Ill), 2), a diamagnetic distorted octahedral
transition-metal corrole (Co(Ill), 3), and a paramagnetic
distorted octahedral transition-metal corrole (Fe(III), 4). All
three complexes have a central metal ion in a +3 oxidation state
and have an identical axial ligand(s) (pyridine). Compound 2
has one axial pyridine, whereas transition-metal complexes 3
and 4 have two pyridines bound to the metal ion. In all three
metal adducts, we observe sign-reverse (positive-to-negative
intensities in ascending energy) features in the Soret and Q-
type band regions. This is the opposite trend as seen in normal
porphyrins, but similar behavior was observed in free-base
corroles” as well as the porphyrin isomer N-confused
porphyrin.'* This reverse behavior in the Faraday B-terms
indicates that the magnitude of the splitting between the
corrole-centered 7* LUMO and LUMO + 1 (originating from
M, + S pair of the perimeter) is greater than that seen for the
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corrole-centered # HOMO and HOMO — 1 (originating from
M, + 4 pair of the perimeter)."> Additionally, using TDDFT
methods, we were able to probe the degree of participation of
the metal orbitals in the Gouterman-type frontier orbitals,
which can provide insight into the noninnocent nature of the
corrole ligand as well as the effects of d orbital occupancy on
the UV—vis spectra of the corroles.

B EXPERIMENTAL SECTION

Synthesis and Instrumentation. All solvents were purchased
from commercial sources and dried using standard approaches prior to
experiments. Free-base §,10,15,25-pentafluorophenyl corrole (1) was
synthesized as described previously.>>'! The metal complexes 2, 3,
and 4 were prepared from 1 using published methods."*

UV—vis—NIR data were obtained on a Jacso V-670 spectrometer in
DCM, pyridine, or toluene as solvents. MCD data were recorded using
an OLIS DCM 17 CD spectropolarimeter using a permanent 1.4 T
DeSa magnet. The spectra were recorded twice for each sample, once
with a parallel field and again with an antiparallel field, and their
intensities were expressed by molar ellipticity per T.'®

Computational Aspects. All DFT calculations were conducted
using the Gaussian 09 software.'® The starting geometries of the
corrole compounds were adopted from the experimental X-ray data;
these were optimized at the DFT level using the TPSSh exchange-
correlation functional (10% of Hartree—Fock exchange).17 In the case
of gallium corrole 2, three different geometries were considered
(Figure 2): (i) C, symmetry without any restrictions (2a); (ii)
pyridine ligand is parallel to the short corrole C—C bond (C,
symmetry, 2b); and (iii) pyridine ligand is perpendicular to the
short corrole C—C bond (C, symmetry, 2c). In the case of cobalt (s =
0, 3) and iron (s = '/, 4) corroles, four different geometries were
considered: (i) C; symmetry without any restrictions (3a and 4a); (ii)
both pyridine ligands are parallel to the short corrole C—C bond (C,,
symmetry, 3b and 4b); (iii) both pyridine ligands are perpendicular to
the short corrole C—C bond (C,, symmetry, 3c and 4c); and (iv) one
pyridine ligand perpendicular and one pyridine ligand parallel to the
short corrole C—C bond (C, symmetry, 3d and 4d). Equilibrium
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Figure 3. UV—vis and MCD spectra of compounds 2—4. (A) Gallium corrole 2 in DCM with a drop of pyridine. (B) Cobalt corrole 3 in pyridine.
(C) Cobalt corrole 3 in DCM. (D) Iron corrole 4 in toluene with a drop of pyridine.

geometries were confirmed by frequency calculations and specifically
by the absence of imaginary frequencies. The Wachter’s full-electron
basis set'® was utilized for the gallium, cobalt, and iron atoms, while all
other atoms were modeled using the 6-31G(d) basis set.' For the
DFT and TDDFT calculations, solvent effects were calculated using
the PCM approach®® with DCM as a solvent. In the TDDFT
calculations, the first 60 states were calculated for the cobalt corroles,
and the first 40 and 80 states were calculated for the gallium and iron
corroles, respectively. Molecular orbital contributions were compiled
from single-point calculations using the QMForge program.’'

B RESULTS AND DISCUSSION

UV-Vis and MCD Spectra. The corrole macrocycle can
readily bind metal ions, and M(III) complexes are typical for
this ligand.'* The Ga(Ill) adduct 2 can be produced via
reaction of GaCl; with the free-base 1 in pyridine, resulting in a
five coordinate complex with a single axial pyridine ligand. The
transition-metal complexes 3 and 4 are prepared by reaction of
Co(OAc),4H,0 and FeCl,, respectively, with free-base 1
followed by recrystallization in the presence of pyridine.
Compounds 3 and 4 have nearly identical structures, with
equatorial corrole coordination and two axial pyridines
comprising the six coordinate metal ion coordination spheres.
As a result of structural similarities for all three metal adducts,
we can directly compare the effect of the identity and spin state
of the metal ions on the spectroscopy of corrole.

In our previous work,” we investigated the MCD spectra of
free-base corroles and were able to deduce from our
measurements the relative energy levels and gaps between the
frontier orbitals of the 18-electron annulene ring system. The
MCD spectra of all so far studied free-base corroles exhibit
what has been considered as unusual sign-reverse (positive-to-
negative intensities in ascending energy) features in the Soret
and Q-type band regions” similar to those seen in N-confused
porphyrin'> and in a small number of other porphyrinoids.**
The sign-reverse features, as supported by our calculations, are
consistent with an unusual AHOMO < ALUMO relationship
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between the 7 and 7* MOs in the corrole ring. The UV—vis
spectra, MCD spectra, and emission spectra of free-base
corroles are highly solvent dependent, we have investigated and
discussed this aspect of corrole chemistry.>® This solvent
dependence is no longer observed upon metalation due to the
loss of the internal protons, possible hydrogen bonding with
the corrole, as well as variable tautomerization states.”

The UV—vis and MCD spectra of the three metal complexes
of free-base corrole 1 are shown in Figure 3. The gallium
corrole 2 exhibits an absorption spectrum with an intense Soret
band (420 nm) and three lower intensities Q-type bands at
530, 569, and 594 nm (Figure 1A). The increase in intensity
observed in the Q-band region is similar to that seen in chlorins
and in the external tautomer of N-confused porphyrin.*>**
However, the spectrum of 2 is also very similar to that observed
in normal Ga(TPP)Cl both in the energies and relative
intensities of the transitions and in the number of Q bands.*®
The MCD spectrum of corrole 2 exhibits four strong Faraday
B-terms in the 250—700 nm range. A positive Faraday B-term
at 594 nm and a negative MCD B-term at 570 nm correlate well
with 594 and 569 nm bands observed in the UV—vis spectrum
of complex 2. The Soret band region in the MCD spectrum of
complex 2 is dominated by positive and negative MCD B-terms
observed at 427 and 417 nm. These two B-terms form a MCD
pseudo-A-term centered at 422 nm, which is close to the
observed Soret band (420 nm) in the UV—vis spectrum of
complex 2. The positive-to-negative (in ascending energy)
sequence of the Faraday B-terms in complex 2 is clearly
indicative of a situation when AHOMO < ALUMO [AHOMO
is the energy difference between two highest energy corrole-
centered s-orbitals, and ALUMO is the energy difference
between two lowest energy corrole-centered m*-orbitals].'® In
the analogous phosphorus complex of a carboxymethylphenyl
corrole studied by Kobayashi and co-workers, a similar positive
to negative Faraday B-term behavior was observed.'® In the
phosphorus corrole and in compound 2, the decrease in
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symmetry in the macrocycle backbone removes the degeneracy
of the corrole-centered LUMO and LUMO + 2, and splits them
to a greater degree than the corrole-centered HOMO and
HOMO — 1 levels.

For the cobalt complex of corrole (compound 3), Gross and
co-workers reported that the six coordinate complex exists in
equilibrium with a five coordinate complex at low concen-
trations of pyridine.”® Earlier, Murakami and co-workers
reported that, for the octaalkyl cobalt corroles, low pyridine
concentration resulted in aggregation and that dimerization
could occur in the Co(I) analogues.”” We also observed
different spectra for 3 in dichloromethane versus pure pyridine
(Figure 1B,C). In the case of pure pyridine solution, UV—vis
and MCD spectra of the low-spin cobalt(III) complex 3 look
quite similar to those of gallium analogue 2, except the complex
3 has lower energies of Q- and B-bands as well as larger
bandwidths. Specifically, the Q-band region of the MCD
spectrum of 3 is dominated by a positive Faraday B-term at 602
nm and a negative Faraday B-term at 581 nm, which correlate
well with UV—vis bands at 601 and 582 nm, respectively.
Similarly, a positive Faraday B-term at 448 nm and a negative B-
term at 405 nm dominate the Soret band region of MCD
spectrum of complex 3, which correlate with the most intense
absorption band of 3 observed in the UV—vis spectrum. It is
interesting to note, however, that, in the case of cobalt corrole
3, the MCD B-terms are more intense in the Q-band region,
while in gallium corrole 2 they are more intense in the Soret
band region. As in the gallium corrole 2, we observe strong
positive to negative Faraday B-terms, which as before indicates
a AHOMO < ALUMO configuration in 3. The UV—vis and
MCD spectra of complex 3 in pure DCM are different from
those observed in pyridine (Figure 1C). Although the Q-band
regions in pyridine and DCM are almost identical, an additional
strong absorption band at 382 nm has been observed in UV—
vis spectrum of complex 3 in DCM. This new band is
associated with a quite weak MCD signature, which could be
consistent either with formation of H-type cofacial dimer
similar to those observed in the main-group and transition-
metal phthalocyanines™ or with dissociation of one axial
pyridine ligand with formation of the pentacoordinated cobalt
corrole complex 3. In the latter case, the new weak MCD band
can be associated with charge-transfer transitions, which are
absent in the hexacoordinated corrole 3. Gross and co-
workers®*¥¢  discussed equilibrium between penta- and
hexacoordinated cobalt corroles as a function of solvent. We
also have seen a clear disappearance of the band at 382 nm in
UV—vis spectrum of cobalt corrole 3 upon titration of DCM
solution with pyridine (Figure 4). Moreover, excellent
agreement between TDDFT-predicted for pentacoordinated
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Figure 4. Transformation of the UV—vis spectrum of cobalt corrole 3
in DCM upon stepwise addition (0—10 uL) of pyridine.
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cobalt corrole 3 and the experimental spectrum of this
compound in DCM as well as the absence of aggregate peaks
in APCI and ESI mass spectra of corrole 3 allowed us to
suggest an axial ligand dissociation as the main reason for
observable UV—vis and MCD spectra in DCM. Our proposed
reaction chemistry that describes this pyridine-dependent
behavior is shown in Scheme 1. In order for such dimerization
to occur in the bis(axially) coordinated complex 3, one of the
axial pyridine ligands should dissociate. Although mechanisti-
cally, such axial ligand dissociation is trivial, complex 3 is
formally a d° system, which should be kinetically very inert.*’
Axial ligand dissociation in complex 3 will be explained below
on the basis of DFT calculations.

The UV—vis and MCD spectra of iron complex 4 in
pyridine/toluene mixture are strikingly different from those of
free-base corroles, the main-group corrole 2, or even the
diamagnetic transition-metal corrole 3. Gross and co-workers
reported that complex 4 exhibits NMR and EPR features that
correspond to a low-spin (s = '/,) Fe(Ill) metal complex,
which is expected for the relatively strong ligand field
environment of the trianionic corrole macrocycle and axial
pyridines.”® The features in the UV—vis spectrum are rather
broad, with a Soret-type absorption centered at 408 nm, and Q-
band features at 550 and 733 nm. We also observed a very low-
energy absorption in the near-infrared (NIR) region around
1023 nm, which can be seen in Figure 1D. The same region in
the cobalt complex 3 shows no such absorption in the NIR
region. However, Fe(Ill) porphyrins do exhibit low-energy
ligand to metal charge-transfer (LMCT) bands resulting from
low-spin (s '/,) configurations.’® The MCD spectrum
exhibits features consistent with the UV—vis spectrum of
complex 4. Indeed, the Soret-type band in MCD spectrum of
complex 4 is represented by positive (424 nm) and negative
(377 nm) signals centered at 398 nm. The intensity of this
feature is close to the intensity of another pseudo-C-term,
which is centered at 554 nm and consists of positive (566 nm)
and negative (543 nm) B-term components. It is interesting to
note that the relatively weak but easily detectable positive
Faraday B-term at 730 nm in MCD spectrum of 4 can be clearly
associated with the 733 nm band in its UV—vis spectrum, while
no clear MCD signal was observed for the 1023 nm band at
room temperature even at high concentrations of sample.

DFT and TDDFT Calculations. To obtain insight into the
electronic structures of corroles 2—4 and to interpret their
observed UV—vis and MCD spectra, we conducted DFT and
TDDFT calculations on these systems. In general, the metal
complexes of corrole have received much attention from a
computational standpoint as a result of their unique reactivities
and the observed “noninnocence” of the macrocycle.®’ In
particular, calculations have focused on understanding the
relationship between the corrole macrocycle and stabilization of
the central metal high-valent oxidation states.”" Several research
groups presented DFT calculations on gallium,** cobalt(III),*?
and iron(II1)** corroles, but in many of those calculations
pyridine axial ligands were not considered. Although truncation
of the axial pyridine ligand can be (to some extent) justified for
gallium corrole, axial pyridine ligands should be always
considered in the case of cobalt(IIl) and iron(III) corroles as
they directly influence spin state and the energies of the charge-
transfer transitions. Having this consideration in mind, we
conducted DFT calculations including the geometries of the
axial pyridine ligand(s). In all cases, DFT-predicted geometries
are in good agreement with known X-ray crystal structures for
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Scheme 1. Proposed Transformation of the Hexacoordinated Cobalt Corrole 3 into a Pentacoordinated Form

CeFs

Ga(IlI) and Fe(Ill) corroles (Supporting Information Table
1).>* As discussed below, DFT predicts only small energy
differences for different orientations of the axial pyridine
ligand(s) thus confirming a small rotational barrier for this
group. Because of such a small rotational barrier, however, one
cannot consider only crystallographically observed geometries,
as in solution axial ligand(s) can adopt a variety of orientations.
More important, different orientations of the axial pyridine
ligand(s) in transition-metal corroles 3 and 4 can easily change
the degree of interaction with the metal-centered d-manifold,
thus changing energies and compositions of the metal-centered
MOs. For these reasons all specific orientations of the pyridine
ligand(s) in target corroles are discussed below.

There are also two recent TDDFT calculations on the 7—n*
transition energies in metal-free” and phosphorus-containing'’
corroles. Indeed, we recently presented TDDFT calculations on
a series of meso-substituted free-base corroles, and noted a
correlation between the ALUMO and AHOMO and the sign-
reverse features observed in the MCD spectra.” The TDDFT
calculations that are most relevant to the current work were
presented recently by Kobayashi and co-workers on the
oxyphosphorous 5,10,15-tris(p-methoxycarbonylphenyl)corrole
system.' In this report, the unsubstituted phosphorus(V)
macrocycle along with the tris(phenyl) and tris (p-methox-
ycarbonylphenyl) substituted variants were studied. In each
case, the same trends were observed as seen in the free-base
corroles. The ALUMO remains larger than the AHOMO
(resulting in the reverse sign Faraday B-terms in the
corresponding MCD spectra), but the presence of the phenyl
rings and ester functional groups does increase the AHOMO,
although not enough to alter the reverse sign Faraday B-term.

Because of the presence of the closed-shell main-group metal
ion, it is expected that the electronic structure and properties of
the excited states in complex 2 would be the easiest to analyze.
Molecular orbital energies for complex 2 with different
orientations of the axial pyridine ligand are shown in Figure
S; their profiles are pictures in Figures 6 and Supporting
Information Figure 1, while orbital compositions are listed in
Supporting Information Table 1. For compound 2, as a
complex with a closed-shell main-group metal ion, Ga(III), we
expected minimal perturbation caused by the axial pyridine
position to the frontier orbital energies and compositions.
Geometry optimization without any symmetry restraints results
in axial ligand orientation very close to the parallel with respect
to the corrole C—C bond (Figure 6). The energy difference
between this and the idealized C, geometry is virtually zero,
while the energy of the idealized geometry with the axial
pyridine ligand perpendicular to the corrole C—C bond is
slightly (0.34 kcal/mol) higher. As we had surmised, there is
little metal orbital involvement in the frontier orbitals of
compound 2 (Supporting Information Table 2). The natures of
the HOMO and HOMO — 1 are very similar for all
orientations and correlate well with the previous DFT
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Figure 5. Frontier orbitals energy diagram for gallium corrole 2
predicted at the DFT level. The diagrams at the bottom of the chart
show the orientations of the pyridine ring with regard to the
macrocycle.

calculations.>" In particular, the HOMO is dominated by the
contributions from the nitrogen atoms, meso-carbon atoms,
and the short corrole C—C bonds (Figure 6). Although not
identical (because of the lack of one meso-carbon), the HOMO
resembles, to some extent, Gouterman’s a,, type orbital.*
Similarly, pyrrolic @- and pJ-carbon atoms are predominant
contributors into the HOMO — 1 (Figure 6), which resembles,
to some extent, Gouterman’s a;, type orbital.* For the
symmetry with parallel pyridine ligand, the LUMO and
LUMO + 1 both exhibit significant amounts of pyridine ligand
character. For the C; and the C, symmetries with a pyridine
ligand parallel to the corrole C—C bond (2a and 2b), the
LUMO and LUMO + 2 have 7* character and are dominated
by contribution from the corrole core, while the LUMO + 1 is
primarily pyridine in character. In the case of the perpendicular
orientation of the axial pyridine ligand (2c), both LUMOs have
a large contribution, while LUMO + 1 is dominated by the
contribution of the axial pyridine ligand (Supporting
Information Table 2). The LUMO + 2 remains a purely
corrole-centered orbital. Overall, DFT calculations on complex
2 reveal that the corrole-based ALUMO (not including the
predominantly pyridine-based LUMO + 1) is larger (0.385—
0.423 eV) than the AHOMO (0.142—0.146 eV), which is in
agreement with the reverse sign Faraday B-term observation in
its MCD spectrum.

In the case of diamagnetic low-spin cobalt corrole 3, both
axial pyridine ligands were used in DFT calculations to mimic
an actual ligand field environment around a cobalt center. Once
again, we calculated four different structures based on the
orientations of the pyridine rings: a C; symmetry, 3a, with no
geometric restrictions, a C,, symmetry with both pyridine
ligands parallel to the short corrole C—C bond (3b), a C,,
symmetry with the pyridines perpendicular to the short corrole
C—C bond (3c), and an intermediate C, symmetry with the
pyridine ligands in orthogonal orientations (3d). The relative
orbital energies for 3a—d based on their symmetries are shown
in Figure 7. The relative energies of 3a—c are very close to each
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Figure 6. Frontier orbitals for gallium corrole 2 predicted at the DFT level for different orientations of the axial pyridine ligand.

Figure 7. Frontier orbital energy diagram for cobalt corrole 3
predicted at the DFT level. The diagrams at the bottom of the chart
show the orientations of the pyridine rings with regard to the
macrocycle.

other, while the energy difference between 3a and 3d is 2.61
kcal/mol. In all cases, the HOMO and HOMO — 1 are similar
to those observed in gallium corrole 2 (Figure 8). Indeed,
nitrogen atoms contribute ~25% into the HOMO, while a- and
P-pyrrolic carbons contribute the most into the HOMO — 1
(Supporting Information Table 3). Unlike in gallium analogue
2, cobalt d,; and d,, orbitals have a large contribution into the

HOMO - 2 and HOMO - 3. Again, similar to the gallium
complex 2, the LUMO and the LUMO + 2 are predominantly
corrole-centered 7* orbitals, which are used in our ALUMO
calculations. The LUMO + 1 in cobalt corroles 3a—d has
almost equivalent contributions from the cobalt d? orbital and
two pyridine axial ligands (Supporting Information Table 3,
Figure 8, and Supporting Information Figure 2). Once again,
our calculations indicate that the ALUMO (0.391—0.406 eV) >
AHOMO (0.191—0.195 eV) condition occurs in 3, producing
the observed MCD Faraday B-term sequence.

Cobalt(III) corrole complex 3 is formally a d® system, which
is well-known to be kinetically very stable toward the
dissociation of ligands.*® Previous®®”” and current data on
this complex, however, are clearly suggestive of the presence of
a non-negligible L,Co(tpfc) & LCo(tpfc) + L axial ligand
dissociation process in solution. Such axial ligand dissociation
can be at least partially explained by the possible presence of a
valence isomer in 3. Indeed, taking into consideration
noninnocent redox properties of the corrole ligand, one
might expect the presence of two resonance structures for
complex 3: L,Co"™(tpfc*) < L,Co"(tpfc*”). The latter
formally has a d” configuration, and would exhibit much higher
kinetic mobility of the axial ligand. In order to test such a
possibility, we conducted a single-point calculation on the
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Figure 8. Frontier orbitals for cobalt corrole 3 predicted at the DFT level for different orientations of the two axial pyridine ligands.
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L,Co"(tpfc*™) valence isomer using broken-symmetry calcu-
lation approach in which a low-spin (s = '/,) cobalt(II) center
is antiferromagnetically coupled to the one-electron oxidized
corrole ligand. Broken-symmetry calculations resulted in
significantly higher energy (~71 kcal/mol) for the
L,Co"(tpfc*”) valence isomer. Moreover, optimization of the
resulting wave function leads to its convergence to the
L,Co"™(tpfc*™) valence isomer. Although calculated energy
differences are expected to have a strong exchange-correlation
functional dependence, it seems that the L,Co™(tpfc*~) valence
isomer is the only one present in solution, and the question of
the increased lability of the axial ligand remains unclear.

For the pentacoordinated cobalt corrole complex, we
calculated three different structures based on the orientations
of the pyridine rings: a C, symmetry, 3e, with no geometric
restrictions, a C; symmetry with both pyridine ligands parallel
to the short corrole C—C bond (3f), and a C, symmetry with
the pyridines perpendicular to the short corrole C—C bond
(3g). During geometry optimization, the C; geometry (3e)
converged close to the C, symmetry observed for 3f The
relative orbital energies for 3e,f based on their symmetries are
shown in Figure 9. The relative energies of 3e,f are close to
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Figure 9. Frontier orbitals energy diagram for pentacoordinated cobalt
corrole 3 predicted at the DFT level. The diagrams at the bottom of
the chart show the orientations of the pyridine ring with regard to the
macrocycle.

each other with the largest energy difference between 3e and 3f
being 0.4 kcal/mol. In all cases, the HOMO and HOMO — 1
are corrole-centered 7-orbitals followed by HOMO — 2 and
HOMO - 3 with a significant contribution from the cobalt d,,
and d,, orbital corrole nitrogen atoms (Supporting Information
Table 3, Figure 10). The major consequence of the axial ligand

dissociation from the hexacoordinated cobalt corrole is a strong
stabilization of the unoccupied cobalt d? orbital. As a result of
such stabilization, the LUMO in pentacoordinated corrole 3 is
dominated by the cobalt d,> (~44%) and pyridine 7* (~24%)
contributions. The LUMO + 1 and the LUMO + 3 are
predominantly corrole-centered 7* orbitals, which are used in
our ALUMO calculations. The LUMO + 2 is predicted to be
an almost pure pyridine centered z* orbital (Supporting
Information Table 4, Figure 10, and Supporting Information
Figure 3). Once again our calculations indicate that the
ALUMO (0.381-0.393 eV) > AHOMO (0.107—0.117 eV)
condition occurs in pentacoordinated 3e—g, producing the
observed MCD Faraday B-terms sequence.

For the paramagnetic iron corrole 4, which is isostructural to
the bis-pyridine form of cobalt corrole 3, we used the same set
of the axial pyridine ligand arrangements. Again, the relative
energies of 4a—c are very close to each other, while the energy
difference between 4a and 4d is 2.01 kcal/mol. The energy
diagram of the open-shell molecular orbitals is shown in Figure
11; the relative contributions to the orbitals are shown in

o p @ p & B a p
4b 4c 4d

SRt

Figure 11. Frontier orbital energy diagram for iron corrole 4 predicted
at the DFT level. The diagrams at the bottom of the chart show the
orientations of the pyridine rings with regard to the macrocycle.

Supporting Information Table 5, and their profiles are
presented in Figure 12 and in Supporting Information Figure
4. In all geometries of the pyridine ligands, unpaired electron
density was found on the central iron atom (Supporting
Information Table S). The a-set of MOs in iron complex 4 is
very close to DFT-predicted MOs in gallium and cobalt
corroles 2 and 3. Indeed, the HOMO resembles Gouterman’s
a,, type orbital with substantial contribution from the nitrogen
atoms, meso-carbon atoms, and the direct pyrrole—pyrrole
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Figure 10. Frontier orbitals for pentacoordinated cobalt corrole 3 predicted at the DFT level for different orientations of the axial pyridine ligand.
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Figure 12. Frontier orbitals (top, a-set; bottom, f-set) for iron corrole 4 predicted at the DFT level for different orientations of the two axial

pyridine ligands.

bond, while the HOMO — 1 is dominated by contribution from
pyrrolic a- and f-carbons and resembles Gouterman’s a;,, MO.
In addition, HOMO — 2 and HOMO - 3 have significant iron
d,; and d,, character, while HOMO — 4 is predominantly an
iron-centered d,, orbital. The LUMO and LUMO + 1 are
similar to the LUMO and LUMO + 2 in gallium and cobalt
complexes 2 and 3 and are corrole-core centered 7% MOs. In
both a- and f-sets of MOs for 4a—d, the pyridine 7* orbitals
are of higher energy than the immediate (LUMO and LUMO +
1) frontier orbitals. This is in contrast with the gallium and
cobalt corroles 2 and 3 in which pyridine 7* orbitals contribute
significantly into the LUMO + 1. As expected, the LUMO in
the B-set of MOs has significant iron character, and the overall
spin densities for all possible axial pyridine ligands geometries
4a—d are clearly suggestive of localization of the unpaired
electron on iron center (Supporting Information Table $).
Again, in all cases 4a—d, we observe a ALUMO (0.431—0.438
eV) > AHOMO (0.188—0.201 eV) relation that is in good
agreement with the MCD experiments.

The electronic structure calculations on corroles 2—4 at the
DFT level suggest two distinct cases. In the first case (gallium
corrole 2), no metal-centered orbitals were predicted in the
frontier orbital region. Thus, it is expected that its UV—vis and
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MCD spectra could be entirely described by intense z—rx*
transitions. Taking into account that the LUMO + 1 in corrole
2 is dominated by the axial pyridine ligand, expected 7—n*
transitions could originate either from corrole-to-corrole or
corrole-to-pyridine excitations. In the second case (corroles 3
and 4), metal-centered MOs have significant contribution into
the frontier orbital region. Thus, in addition to the above-
mentioned 7—x* transitions, a set of metal-to-ligand and/or
ligand-to-metal charge-transfer transitions are expected to
appear in their UV—vis and MCD spectra. In order to correlate
electronic structure of corroles 2—4 with the experimentally
observed UV—vis and MCD spectra, we have conducted
TDDFT calculations on all possible orientations of axial ligands
in complexes 2—4.

As expected, TDDFT-predicted UV—vis spectra of corrole 2
(Figure 13 and Supporting Information Figure S) are
dominated by m—n* transitions, and predicted excited state
energies are almost insensitive to the orientation of the axial
pyridine ligand. In general, we observed excellent agreement
between experimental and TDDFT-predicted UV—vis spectra
of the gallium corrole 2 with the typical TDDFT errors at the
~0.1 eV level. TDDFT predicts that the whole UV—vis
spectrum of gallium corrole 2 can be described by the first six
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Figure 13. Experimental (top) and TDDFT-predicted values for
gallium corrole 2a. For TDDFT-predicted UV—vis spectra of 2 with
different orientations of the axial pyridine ligand, see Supporting
Information Figure S. The energy of the second excited state of low-
intensity is shown as a blue vertical bar.

excited states (Supporting Information Table 6). The Q-band
region can be described by the first four low-intensity excited
states. TDDFT predicts that the first two excited states are
dominated by corrole-centered HOMO — LUMO and
HOMO — 1 — LUMO transitions with a large contribution
of the HOMO — 1 — LUMO + 1 and HOMO — LUMO + 1
single electron excitation, respectively. The energy differences
between the first and the second excited states are in excellent
agreement with the energy difference for the first two low-
energy bands in UV—vis and MCD spectra of corrole 2,
although TDDFT-predicted intensity of the second band is
underestimated. The third and fourth excited states in the
visible range predominantly originate from the corrole-centered
HOMO — LUMO + 2 and HOMO — 1 — LUMO + 2
transitions, respectively. TDDFT calculations predict that the
Soret band region of corrole 2 originates from two excited
states (states S and 6), which have high oscillator strengths.
These two excited states have contributions from the HOMO
— LUMO, HOMO — 1 —» LUMO + 2, HOMO - 1 -
LUMO + 2, HOMO — LUMO + 2, HOMO — LUMO + 1,
and HOMO—-1 — LUMO + 1 major excitations and are 7—z*
in nature.

In the case of the diamagnetic low-spin cobalt(IIl) corrole 3,
the LUMO + 1 orbital is close in energy to the LUMO and has
~40% of cobalt ion and ~40% of the axial pyridine ligands
character. Thus, it could be expected that the single-electron
excitations from the corrole-centered HOMO and HOMO — 1
to LUMO + 1 would result in formation of the low-energy
excited states with significant LMCT character. Indeed,
TDDEFT calculations predict that the first two excited states
in corrole 3 should be dominated by HOMO — LUMO + 1
(excited state 1, 598 nm) and HOMO — 1 — LUMO + 1
(excited state 2, 577 nm) single-electron transitions and thus,
these excited states should have significant LMCT character
(Figure 14, Supporting Information Figure 6 and Table 7). In
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Figure 14. Experimental (top) and TDDFT-predicted values for
hexacoordinated cobalt corrole 3a. For TDDFT-predicted UV—vis
spectra of 3 with different orientations of the axial pyridine ligand, see
Supporting Information Figure 6. Energy of the second excited state of
low-intensity is shown as a blue vertical bar.
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addition, TDDFT-predicted excited state S (483 nm) and
excited state 8 (464 nm) are dominated by the single-electron
excitations to the LUMO + 1 and also have significant LMCT
character. According to TDDFT calculations, all of these
LMCT states, however, should have a low-intensity. TDDFT
predicts that the Q-band region in UV—vis spectrum of corrole
3 should be dominated by the intense 7—z* transition (excited
state 3), which has the prominent corrole-core centered
HOMO — LUMO character. This 7—z* transition is closely
followed by a less intense 7—z* band originating from the
HOMO — LUMO + 2 and HOMO — 1 — LUMO excitations.
The energy difference between these two excited states is in
good agreement with the energies and energy differences of two
most intense bands experimentally observed in the Q-band
region of complex 3. In addition, four low-intensity bands at
481, 480, 448, and 447 nm with corrole-to-pyridine charge-
transfer character were also predicted in the Q-band region of
complex 3. TDDFT predicts that most of the Soret band
intensity in the UV—vis spectrum of corrole 3 should originate
from two predominantly z7—z* transitions (excited states 12
and 13), which have large contributions from single-electron
excitations involving corrole-centered HOMO, HOMO - 1,
LUMO, and LUMO + 2. The energies and intensities of these
excited states have clear dependence on orientation of the axial
ligands (Supporting Information Figure 6). The general
agreement between TDDFT-predicted and experimental
UV—vis spectra of corrole 3 is very good and explains a
slightly broader absorption in UV and visible regions.

In the case of pentacoordinate cobalt corrole 3, TDDFT
predicts four low-intensity LMCT transitions from predom-
inantly corrole-centered 7-orbitals to LUMO (excited states 1—
4). According to our TDDFT calculations, two major
transitions contribute in the visible region intensity (excited
states S and 6), and are predominantly associated with corrole-
centered 7—n* single electron excitations from HOMO or
HOMO - 1 to LUMO + 1 (Figure 15, Supporting Information
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Figure 1S. Experimental (top) and TDDFT-predicted values for
pentacoordinated cobalt corrole 3e. For TDDFT-predicted UV—vis
spectra of 3e—g with different orientations of the axial pyridine ligand,
see Supporting Information Figure 7. Energies of the several important
excited states of low-intensity are shown as blue vertical bars.

Figure 7 and Table 8). Unlike in the hexacoordinate complex,
both of these transitions have reasonable intensities and
correlate well with two transitions observed in the visible
region in DCM solution of corrole 3. In addition, two other,
almost independent of the axial ligand orientation, prominent
absorption profiles were predicted by TDDFT in 400—450 and
350—380 nm regions (Figure 15, Supporting Information
Figure 7 and Table 3). The first region is dominated by excited
states 11 and 12, which are very similar in composition to those
observed in the hexacoordinate cobalt analogue. The second
region (350—380 nm) is dominated by several excited states
(excited states 1S, 20, 24, and 25), which mostly originate from
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the LMCT and MLCT single-electron transitions. This region
is close to the experimentally observed additional band in the
UV—vis spectrum of cobalt corrole 3 recorded in DCM, while
its charge-transfer nature can explain the weak MCD signal
associated with this experimental band.

The open-shell electronic structure of the iron corrole 4
allows low-energy transitions from corrole-centered MOs to the
half-filled iron-centered orbital as well as low-energy transitions
with significant d—d character. In agreement with these
expectations, the first two excited states are predicted to have
very low energies, near zero intensities, and significant d—d
character (Figure 16, Supporting Information Figure 8 and
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Figure 16. Experimental (top) and TDDFT-predicted for iron(III)
corrole 4a. For TDDFT-predicted UV—vis spectra of 4 with different
orientations of the axial pyridine ligand, see Supporting Information
Figure 8. Energies of the several important excited states of low-
intensity are shown as blue vertical bars.

Table 9). The first two nonzero intensity excited states
predicted by TDDFT (excited states 3 and 4) were calculated
close to the experimentally observed 1023 nm band and could
be assigned to the transitions with significant LMCT character.
Next, TDDFT-predicted two low-intensity excited states
(excited states 6 and 7) with predominant 7z—z* character,
which correlate well with the experimentally observed band at
733 nm. In addition, two more intense excited states 10 and 11
predicted by TDDFT at 553 and 546 nm also have
predominant 7—z* character and correlate very well with the
experimentally observed band at 550 nm associated with
positive and negative MCD B-terms at 566 and 543 nm,
respectively. TDDFT predicts 36 excited states in the 415 and
~2000 nm range, which correlate well with the general broad
character of the UV—vis and rich character of the MCD spectra
of corrole 4. In the Soret band region of iron corrole 4,
TDDFT predicts two intense predominantly 7—z* transitions
calculated at 411 and 405 nm, which correlate well with UV—
vis maximum at 408 nm. Similar to those for the
hexacoordinated cobalt corrole 3, TDDFT-predicted transitions
in the Soret band region of iron(III) corrole 4 have only a small
dependence on the axial ligand orientations (Supporting
Information Figure 8). Overall correlation between exper-
imental UV—vis spectrum of corrole 4 and TDDFT-predicted
spectra of 4a—d is excellent (Figure 16).

B CONCLUSIONS

In our initial report on the magnetic circular dichroism of free-
base corroles, we showed that these macrocycles exhibit both
similarities and differences from normal free-base porphyrins.
The metallocorroles exhibit similar similarities and differences
as compared to the metalloporphyrins, and their electronic
structures can be understood via Gouterman’s four orbital
model. Similar to the free-base Hjtpfc (1), inspection of the
MCD Faraday B-terms for all of the macrocycles presented in
this report revealed that the same AHOMO < ALUMO
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condition is present for each complex, which results in the sign-
reversed sequence for 7—7* transitions in their MCD spectra.
In addition, the MCD spectra of the open d shell cobalt and the
iron complexes 3 and 4 were also complicated by dynamics in
solution and by the number of the charge-transfer states in
visible region. For the cobalt complex 3, we observed spectra
that are dependent on the concentration of pyridine in
solution; at low pyridine concentrations we hypothesize that
both penta- and hexacoordinate cobalt corroles exist in
solution. Additionally, the iron complex 4 exhibits a low-energy
absorption in the NIR region (1023 nm) similar to those seen
in Fe(Ill) porphyrin systems. DFT and TDDFT calculations
were used to elaborate the electronic structures and provide
band assignments in UV—vis and MCD spectra of metal-
locorroles. These calculations showed that there is a significant
degree of d orbital involvement in the frontier orbitals for the
open d shell corroles 3 and 4. We are continuing our
investigations into porphyrin and phthalocyanine analogues and
the relationships between modifications to the macrocycle
backbone and electronic structure.
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