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ABSTRACT: We have revisited the electrochemistry of metallocorrole dimers
with low-temperature cyclic voltammetry and UV−visible−NIR spectroelec-
trochemistry, with the aim of determining the sites of the redox processes
undergone by these compounds. The systems studied include the metal−metal
triple-bonded complexes {Ru[TpOMePC]}2 and {Os[TpOMePC]}2 and the
metal−metal quadruple-bonded complex {Re[TPC]}2, where TpOMePC and
TPC refer to trianionic meso-tris(p-methoxyphenyl)corrole and meso-triphenyl-
corrole ligands. For all three compounds, the first oxidation potentials are found
at 0.52 ± 0.04 V vs SCE in CH2Cl2/0.1 M TBAP and are accompanied by major
changes in the optical spectra, especially the appearance of broad, low-energy
bands, suggesting macrocycle-centered oxidation in each case. In contrast, the
reduction potentials span an 800 mV range, occurring at E1/2 = −0.52 V for
{Re[TPC]}2, −0.81 V for {Ru[TpOMePC]}2, and −1.32 V for {Os-
[TpOMePC]}2, with more modest changes in the optical spectra, implying a
significant metal-centered character in the reduction process. Density functional theory (DFT) calculations largely (but not entirely)
bear out these expectations. The combined experimental and theoretical data indicate that one-electron addition to the Re dimer
involves the Re−Re δ* LUMO, while one-electron addition to the Ru dimer largely involves the Ru−Ru π* LUMO. In contrast, the
calculations suggest that one-electron reduction of the Os dimer occurs largely on the corrole ligands, a phenomenon attributed to
the relativistic destabilization of the Os−Os π* MOs.
KEYWORDS: quadruple bond, metal−metal bond, spectroelectrochemistry, density functional theory, relativistic effect

■ INTRODUCTION
Almost 60 years ago, Cotton recognized the possibility of
metal−metal quadruple bonding in the Re2Cl82− dianion.1,2

Since then, the field of metal−metal bonding has grown
enormously and has been the subject of numerous review
articles.3−8 Nevertheless, significant gaps remain in our
knowledge about quadruple bonds, notably in relation to
their electrochemical behavior. As far as we are able to discern,
the recent synthesis of rhenium corrole dimers in one of our
laboratories allowed the first determination of the reduction
potential of a quadruple-bonded system.9 Surprisingly enough,
analogous measurements on quadruple-bonded Mo and W
porphyrin dimers have not been reported.10−13 Such measure-
ments are also lacking for quadruple-bonded systems with
nonporphyrin supporting ligands.14−16 Indeed, in general,
UV−visible−NIR spectroelectrochemical studies on metal−
metal multiple-bonded systems are conspicuous by their
absence. Except for a handful of studies on triple-bonded Ru
corrole dimers,17−19 there is little experimental information on
the site of oxidation and reduction of multiple-bonded
metalloporphyrin and metallocorrole dimers.
To address this question, we have revisited the electro-

chemistry of three metallocorrole dimers, with cyclic

voltammetry (at room and low-temperature) and thin-layer
UV−vis−NIR spectroelectrochemistry experiments. The sys-
tems studied include the metal−metal triple-bonded com-
plexes {Ru[TpOMePC]}2

20 and {Os[TpOMePC]}2
21 and the

metal−metal quadruple-bonded complex {Re[TPC]}2,9 where
TpOMePC and TPC refer to the trianionic meso-tris(p-
methoxyphenyl)corrole and meso-triphenylcorrole ligands. In
conjunction with with scalar-relativistic density functional
theory (DFT) calculations, the results provide a first
comparative account of metal- versus ligand-centered redox
processes across the main classes of multiple-bonded metal-
locorrole dimers synthesized to date.

■ RESULTS AND DISCUSSION
Figures 1 and 2 present cyclic voltammograms (CVs) of the
three complexes, studied at room temperature and at −60 °C,
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respectively. In general (with one exception), the CVs exhibit
four reversible oxidations and two reversible reductions,
although the reversibility of the second reduction is distinctly

clearer at the lower temperature. A striking observation is that
while the oxidation potentials (with the exception of E1/2ox4)
are nearly identical across the four compounds (and largely

Figure 1. Cyclic voltammograms of the metal−metal bonded corrole dimers in CH2Cl2 containing 0.1 M TBAP at room temperature. Scan rate =
0.1 V/s. Currents marked with an asterisk are tentatively assigned to trace rhenium-oxo species in solution or at the electrode surface.

Figure 2. Cyclic voltammograms of the metal−metal bonded corrole dimers in CH2Cl2 containing 0.1 M TBAP at −60 °C. Scan rate = 0.1 V/s.
Currents marked with an asterisk are tentatively assigned to trace rhenium-oxo species in solution or at the electrode surface.

Table 1. Redox Potentials (V vs. SCE) of {Re[TPC]}2, {Ru[TpOMePC]}2, and {Os[TpOMePC]}2 in CH2Cl2 Containing 0.1
M TBAP at −60 °C.

complex E1/2ox4 E1/2ox3 E1/2ox2 E1/2ox1 E1/2red1 E1/2red2 ΔE

{Re[TPC]}2 1.51 1.16 0.82 0.56 −0.52 −1.80 1.08
{Ru[TpOMePC]}2 1.25 1.07 0.85 0.48 −0.81 −1.58 1.39
{Os[TpOMePC]}2 1.22 1.01 0.76 0.51 −1.32 −1.72 1.83
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comparable to those observed with metallocorroles with redox-
inactive metal centers20,22−37), the reduction potentials vary
dramatically (Table 1). These findings may be naively
interpreted as suggesting corrole-centered oxidations and
metal-centered reductions in each case. Some support for
this finding is already present in the literature from preliminary
DFT calculations.9,21

Figures 3−5 present spectral changes associated with
controlled-potential reduction of the compounds studied,

while Figures 6−8 present similar results for controlled-
potential oxidation. It is clear that reduction does not result in
major spectral changes; even for the Ru complex, for which the
changes are most significant, there is little change in the
intensity of the Soret bands. In contrast, oxidation results
(Figures 6−8) in major spectral changes, especially the
appearance of a broad band between 673 and 700 nm that is
indicative of a corrole radical. Overall, the results suggest that
electron addition does not significantly affect the aromaticity of

the corrole, but oxidation does. In other words, while the
reductions are likely to be metal-centered, the oxidations
appear to be corrole-centered.
All-electron scalar-relativistic DFT calculations (OLYP38,39

-D340/STO-TZP) with full geometry optimizations were
carried out on the neutral, anionic, and cationic states of

Figure 3. Fully reversible UV−vis spectral changes of {Re[TPC]}2
during the first reduction in CH2Cl2/0.1 M TBAP.

Figure 4. Fully reversible UV−vis spectral changes of {Ru-
[TpOMePC]}2 during the first reduction in CH2Cl2/0.1 M TBAP.

Figure 5. UV−vis spectral changes of {OsTpOMePC}2 during the
first reduction in CH2Cl2/0.1 M TBAP. Note: This process was found
to be irreversible on the thin layer time scale.

Figure 6. UV−vis spectral changes of {Re[TPC]}2 associated with the
first oxidation in CH2Cl2/0.1 M TBAP where (a) is the first step and
(b) is the second step.

Figure 7. UV−vis spectral changes of {{Ru[TpOMePC]}2 upon the
first oxidation in CH2Cl2/0.1 M TBAP. Note: This process is
reversible on the thin layer time scale.

Figure 8. UV−vis spectral changes of {OsTpOMePC}2 upon the first
oxidations in CH2Cl2/0.1 M TBAP. Note: This process is reversible
on the thin layer time scale, but the subsequent oxidation (not
shown) was found to be irreversible.
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{M[TPC]}2 (M = Re, Ru, Os) in vacuum and in the presence
of a solvent (CH2Cl2 described via the COSMO

41 solvation
model). Key quantitative results are depicted in Tables 2 and

3, while Figures 9 and 10 present spin density plots of the
ionized states and the HOMO and LUMO of the neutral
species, respectively. Consistent with electrochemical oxidation
potentials, the calculations reveal very similar ionization
potentials (IP) for the three compounds. Also, as expected,
the HOMOs of the neutral species and the spin densities of the

singly oxidized complexes are found to be predominantly
localized on the corrole ligand. In contrast, the calculated
electron affinities (EA) vary considerably among the three
compounds following the order Re > Ru > Os, a trend that
nicely mirrors the order of the reduction potentials (see Table
1 and Figures 1 and 2). Also, as expected on the basis of the
spectroelectrochemistry results, the computed spin densities of
the singly reduced Re and Ru compounds are exclusively
localized on the metal atoms, reflecting the addition of an
electron to a δ* and π* MO, respectively.
That said, the DFT results do present a few surprises, one

being that the oxidations are not exclusively corrole-centered.
The combined ligand spin populations in the cationic states
(Table 3) add up to about 66, 85, and 90% for Re, Ru, and Os,
respectively, meaning that the singly oxidized Os dimer has the
most π-cation radical character, while that of the Re dimer has
the least. This result seems consistent with spectroelectro-
chemical data, which shows that the first oxidation of the Re−
Re corrole dimer proceeds via two-steps and can be interpreted
as an initial electron abstraction from the corrole ligand
followed by a rearrangement of the electron configuration via
an intramolecular electron transfer from the Re−Re metal
center to the electron hole in the macrocycle. Another
interesting result involves the nature of reduction of the Os
corrole dimer. Although the LUMO of neutral {Os[TPC]}2 is
qualitatively similar to that of neutral {Ru[TPC]}2, with a
bimetal π* orbital at its core (Figure 10), most of the spin
density on the singly reduced Os dimer leaks onto the corrole
ligands, reflecting a much greater relativistic destabilization of
the Os(5d) orbitals relative to Ru(4d) orbitals (Table 3).21,42

In summary, we have presented a first major, comparative
UV−visible−NIR spectroelectrochemical study of metal−
metal multiple-bonded metallocorrole complexes. The broad
conclusion that oxidations of the metallocorrole dimers are
largely corrole-centered, whereas the reductions are signifi-
cantly mostly metal-centered, is largely confirmed by DFT

Table 2. Selected OLYP-D3/ZORA/STO-TZP Energetics
(eV): Adiabatic Ionization Potential (IPa), Electron Affinity
(EAa), and Singlet−Triplet Gap (ES‑T(a)) in the Gas Phase;
Also, ES‑T(a) and Kohn−Sham HOMO−LUMO Gap Δε in
the Presence of a Solvent (COSMO/CH2Cl2)

gas phase COSMO/CH2Cl2

compound IPa EAa ES‑T(a) ES‑T(a) Δε
{Re[TPC]}2 5.41 2.62 0.14 0.13 0.15
{Ru[TPC]}2 5.46 1.92 0.92 0.92 1.05
{Os[TPC]}2 5.44 1.48 1.37 1.37 1.54

Table 3. Scalar-Relativistic OLYP/STO-TZP (COSMO)
Mulliken Spin Populations Summed over the Bimetal Unit
and All Ligand Atoms for the Anionic and Cationic States of
the Compounds Studied

anion cation

compound M2 ligand M2 ligand

{Re[TPC]}2 1.019 −0.019 0.344 0.657
{Ru[TPC]}2 0.756 0.244 0.165 0.837
{Os[TPC]}2 0.081 0.919 0.111 0.889

Figure 9. Scalar-relativistic OLYP/STO-TZP (COSMO) spin density
profiles of {M[TPC]}2± (M = Re, Ru, and Os) ions.

Figure 10. Scalar-relativistic OLYP/STO-TZP (COSMO) frontier
MOs of neutral {M[TPC]}2 (M = Re, Ru, and Os) complexes.
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calculations. The calculations do, however, afford a more
nuanced picture with respect to the spin densities of the
ionized states. To what extent peripheral substituents might
impact the partitioning of the spin densities of the ionized
states between the bimetal unit and the corroles remains a
question for future studies.

■ EXPERIMENTAL SECTION
Cyclic voltammograms (CVs) were obtained on an EG&G Model
263A potentiostat equipped with a three-electrode system: a glassy
carbon working electrode, a platinum wire counter electrode, and a
saturated calomel reference electrode (SCE). CH2Cl2 used as solvent
was predried and distilled from P2O5. Tetrakis(n-butyl)ammonium
perchlorate (TBAP) was used as the supporting electrolyte. The SCE
was separated from the sample solution by a fritted-glass bridge of low
porosity filled with CH2Cl2-TBAP solution. Before each electro-
chemical measurement, sample solutions were purged with argon for
at least 5 min and an argon blanket was maintained over the solutions
during measurements. Low temperature CV measurements were
made by immersing the cell in an appropriate dry ice/acetone
mixture.
Thin-layer UV−vis spectroelectrochemical experiments were

performed with a home-built thin-layer cell equipped with a
transparent platinum net working electrode. Potentials were applied
and monitored with an EG&G PAR Model 173 potentiostat. Time-
resolved UV−visible spectra were recorded with a Hewlett-Packard
Model 8453 diode array spectrophotometer. High-purity N2 from
Trigas was used to deoxygenate the solution and kept over the
solution during each experiment.

■ COMPUTATIONAL METHODS
All DFT calculations were carried out with the well-tested OLYP
exchange-functional augmented with Grimme’s D3 dispersion
corrections as implemented in the ADF 2019 program system.43

Relativistic effects were taken into account with the zeroth-order
regular approximation (ZORA) applied as a scalar correction and
specially optimized all-electron ZORA STO-TZP basis sets. For such
calculations, a C2 symmetry constraint was generally applied.
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