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Abstract: The most common oxidation states of copper in
stable complexes are + 1 and + II. Cu™ complexes are often
considered as intermediates in biological and homogeneous
catalysis. More recently, Cu' species have been postulated as
possible intermediates in oxidation catalysis. Despite the
importance of these higher oxidation states of copper, spectro-
scopic data for these oxidation states remain scarce, with such
information on Cu'" complexes being non-existent. We herein
present the synthesis and characterization of three copper
corrolato complexes. A combination of electrochemistry, UV/
Vis/NIR/EPR spectroelectrochemistry, XANES measure-
ments, and DFT calculations points to existence of three
distinct redox states in these molecules for which the oxidation
states + 11, + 111, and +1V can be invoked for the copper
centers. The present results thus represent the first spectro-
scopic and theoretical investigation of a Cu' species, and
describe a redox series where Cu'’, Cu™ and Cu' are discussed
within the same molecular platform.

The concept of formal oxidation states, even though some-
times criticized, forms an excellent basis for electron book
keeping and often for the explanation of trends in chemical
reactivity."! With regard to the latter, the pursuit of discov-
ering the highest possible oxidation states for a particular
element is a topic of high interest.”! One reason for this quest
is the involvement of metal centers in high oxidation states in
various catalytic processes,'>? with the water oxidation
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reaction being a prominent current example.’! The most
frequently encountered oxidation states of copper are 0
(usually in the metallic form) and +1 and +1II in metal
complexes and salts.! Furthermore, Cu' species have often
been proposed as catalytic intermediates, and there are also
few examples of well characterized Cu™ compounds.F! Higher
oxidation states of copper, such as Cu', are of great
importance in copper-based high-temperature superconduc-
tors.[°! High-valent copper species, in this case organometallic
Cu'™ species, have been explored in carbon-carbon coupling
reactions.”! Theoretical calculations have suggested the
involvement of Cu™ species in catalytic dioxygenation
reactions with various monooxygenase enzymes."!

Cs,[CuF] is the oldest example of copper in the +IV
oxidation state.”) However, there are several limitations
related to dealing with this compound, including its synthesis
under harsh reaction conditions using an autoclave (at very
high temperature and pressure) and its tendency to react
vigorously with water and thereby decompose.! If we ignore
these rare examples of Cu' species in the solid, such as the
fluoride cuprates, then, to the best of our knowledge, no
examples of copper in the +IV oxidation state have been
described. Recent reports on the use of copper complexes for
the water oxidation reaction have invoked the involvement of
a formal Cu' oxidation state in the proposed catalytic
cycle."”! However, no experimental evidence has yet been
collected on the existence of such species. It is indeed true that
the observation of the oxidation state +1V is very rare in
copper chemistry. The rich and extensive application of higher
oxidation states of copper certainly suggests that the high-
valent copper species (Cu') might even be relevant in nature.
The discovery of a new higher oxidation state of an abundant
(in the earth’s crust) non-precious metal, such as copper, can
open up entirely new avenues for chemical reactivity.

Corroles in their deprotonated forms are known to
stabilize transition metals in high oxidation sates.'!l In many
cases, unusually high oxidation states that are unlikely to be
stabilized by other ligand environments are found to be stable
inside the corrolato cavity. The trianionic nature of the
corrolato ligand is certainly helpful for this purpose. Some of
the higher oxidation states of metals that have been stabilized
in corrolato environments include Cu™, Ag™, Fe™, Co"™, Co",
CrY, and CrV1.1"

We have recently presented unambiguous experimental
and theoretical evidence for the existence of Ag" and Ag™
within the same corrolato framework.'"” In the following, we
present the synthesis of three new copper complexes [5,10,15-
tris(4-cyanophenyl)corrolatocopper(I1I) (1), 10-(2,4,5-trime-
thoxyphenyl)-5,15-bis(4-cyanophenyl)corrolatocopper(11I)
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(2), and  10-(4,7-dimethoxynaphthalen-1-yl)-5,15-bis(4-
cyanophenyl)corrolatocopper(I1I) (3)] with corrolato ligands
that are symmetrically as well as non-symmetrically substi-
tuted.

CN OMe

®

An approach combining synthetic, electrochemical, UV/
Vis/NIR/EPR spectroelectrochemical, crystallographic, and
DFT studies has been adapted to establish the origin of Cu",
Cu™, and Cu" within the three-step redox series of these
complexes.

The Cu™ corrolato derivatives were synthesized by slight
modifications of a reported procedure.'"¥! The respective
corroles were dissolved in pyridine and stirred with excess
copper(Il) acetate hydrate to yield the corresponding Cu'™
corrolato derivatives 1, 2, and 3. Their purity and identity
were demonstrated by satisfactory elemental analyses and
NMR and electrospray mass spectra (see the Supporting
Information). The NMR shifts point to the diamagnetic
nature of the complexes. Structural confirmation for the Cu™
corrolato complex 3 was obtained by single-crystal X-ray
crystallography (Figure 1; see also the Supporting Informa-
tion, Table S1). All of the bond distances and angles are
comparable to those of previously reported Cu™ corrolato
molecules.!™

The central copper atom fits well into the cavity of the
corrolato ring in a slightly distorted square planar geometry
with a minimal deviation of 0.0301 A from the N, plane. The
distortion is due to slight deviations in the N-Cu-N bite angles
in the range of 82.2-96.6° from the ideal ones. As a conse-
quence, the pyrrole-ring nitrogen atoms are tilted with respect
to the mean corrolato plane (19 atom corrole ring) by
distances alternately varying from —0.133 A to +0.252 A.
This saddled structure stabilizes the compound. The pyrrole
rings alternately move down and up to accommodate the
central metal atom, copper, and hence stabilize the structure
(see the Supporting Information). The Cu—N distances in 3 lie
between 1.873 A and 1.907 A and are at par with the earlier
reported characteristic Cu™-N bonds."® The substituted
phenyl rings at the 5- and 15-meso-positions and the naphthyl
group at the 10-position have been found to form dihedral
angles of 42.5°, 58.5°, and 62.5° with the mean corrolato
plane.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

®)

N2 Cut N4

cs
c1s N1 c19 1N

Figure 1. a) Single-crystal X-ray structure of 3. Hydrogen atoms are
omitted for clarity. b) Side view of the crystal structure of 3, represent-
ing the saddling. All of the hydrogen atoms and the meso substituents
have been removed for clarity).

XANES measurements!'® at the copper K-edge of com-
plex 2 confirm the oxidation state of Cu™. Two characteristic
features (Figure 2) lead to this conclusion. A very weak pre-
edge peak is detected at 8980.5 eV, while a more intense
feature is observed in the edge at 8986.5 eV. Whereas the
position of the first 1s—3d transition is an unambiguous
diagnostic of Cu", the more intense 1s—4p + LMCT shake-
down transition is more ligand-dependent and can only
support the conclusion drawn from the weak quadrupole
transition.!'”]

The cyclic voltammograms and the differential pulse
voltammograms of complexes 1, 2, and 3 were measured in
CH,CL,/0.1m TBAP (see Figure S1 and Table S2). Each of the
three copper complexes displayed one reversible oxidation
and one reversible reduction step. The oxidation couple was
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Figure 2. Cu K-edge XANES spectrum of complex 2. The pre-edge area
is shown in enlarged form in the inset.
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observed at E%g, V (AE, mV): 0.41(80), 0.35(80), and
0.36(80) for 1, 2, and 3, respectively, versus ferrocene/
ferrocenium. These complexes also exhibited one reversible
reductive couple E’yg, V (AE,, mV): —0.61(80) (1), —0.63(80)
(2), and —0.64(90) (3) versus ferrocene/ferrocenium. In the
series 1—2—3, the electronic effects of various substituents
on the aryl rings on their redox potential visibly appeared to
be insignificant. The oxidation potentials of the copper
complexes are similar to those of their silver analogues,™
whereas the reduction potentials are shifted in the positive
direction. To gain a more detailed knowledge of the electronic
structures of these complexes and to ascertain the electronic
structures in their various redox states, UV/Vis/NIR and EPR
spectroelectrochemical measurements, combined with DFT
and TD-DFT calculations, were performed.

As expected, no EPR signals were obtained for the
diamagnetic native states of the three complexes (1-3). As the
EPR spectrum of the one-electron-oxidized species of all
three complexes have similar patterns and the same holds true
for the one-electron-reduced species as well, we chose to
discuss only of each in detail (see Figure 3 and Figure S2). The
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Figure 3. X-band EPR spectra of a) 2, b) 2, ¢) 3", and d) 3*~ with

simulations by in situ electrolysis at 110 K in CH,Cl,/0.1 m Bu,NPFq.

EPR data of all of the complexes are presented in Table S3 a.
The insitu generated one-electron-reduced species 3~ in
CH,CL/0.1m Bu/NPF, displays a typical Cu'-type EPR
spectrum (Figure 3d). The spectra were also simulated with
the Easyspin!"® software by considering an axial g tensor with
g,=2.127 and g, =2.034. Furthermore, hyperfine and super-
hyperfine interactions were observed for the copper (*%Cu,
I=3/2) and nitrogen ("N, I=1) nuclei respectively. Simu-
lation of the spectrum delivered an axial hyperfine tensor for
Cu and a rhombic superhyperfine tensor for N. The values
obtained for Cu are A, =665 and A | =80 MHz. The absolute
values as well as their trends are in good agreement with
known Cu" EPR parameters. As expected, the coupling
constants to the "N atoms are much smaller compared to
those to Cu" (see Table S3a).

Structure-based calculations of the EPR spectra at the
B3LYP/aug-cc-pVTZ-J level of theory reproduced the exper-
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imental results with reasonable accuracy with the calculated
gtensors for 3~ being g,=2.104 and g, =2.034. DFT
delivered a slightly rhombic A tensor (albeit with two
A values very close to each other, see Table S3). The trends
in the A values are reproduced well by the calculations, with
the calculated coupling constants being slightly lower than the
experimental ones for copper. The spin densities calculated
from the Lowdin population analysis indicated that about
64 % of the spin density resides on the copper center for the
one-electron-reduced forms of the complexes (see Figure 4

e i
o

Figure 4. Spin-density representations for a) 1", b) 1
d) 3 (iso value 0.005).

and Table S3b). Such a spin-density distribution is very
similar to what has recently been reported by us for the Ag
analogues of these copper complexes. The experimental EPR
data, together with the DFT calculations, thus point to
a major contribution of the [(corrolato®")Cu"]~ form to the
one-electron-reduced forms of these complexes, resulting in
the usual formal Cu" oxidation state.

The resolution of the spectrum for 1* is rather poor, and
hence the data presented for that complex should be seen as
approximate limits. However, for 2" and 3'*, the resolution of
the spectra is good enough to allow the extraction of g and
A tensors with reasonable accuracy. The insitu generated
one-electron-oxidized species 3" in CH,CL/0.1m Bu,NPF,
displays a pattern that also points to a predominantly
copper-centered spin.™™! Simulation of the spectrum of 3
delivered an axial g tensor with values of g,=2.089 and g, =
2.035. Additionally, the simulations delivered A,=520 and
A | =50 MHz. Furthermore, superhyperfine couplings to the
“N atoms were also considered for the simulations (see
Table S3a). The absolute values of the hyperfine coupling
constants for copper and the superhyperfine coupling con-
stants for N are slightly larger for the reduced forms than for
the oxidized forms. Nevertheless, the values obtained for 3"
clearly point to a predominantly metal-centered spin. DFT
calculations delivered a slightly rhombic g tensor for 3-* with
g values of 2.066, 2.026, and 2.023. However, the absolute
values match reasonably well with the experimental values.
The trends in the calculated A tensors for copper and nitrogen
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match reasonably well with the experimental results, and the
calculations also deliver smaller values for the hyperfine
coupling constant to copper than for the reduced species (see
Table S3a). A look at the spin densities calculated using the
Lowdin population analysis for 37" shows that 44 % of the spin
density is located on the corresponding copper atom (see
Figure 4 and Table S3b). For the corresponding silver com-
plexes, less than 1% of the spin density was located at the
metal center for the oxidized forms["! leading to their
description as [(corrolato?")Ag"]". For the present case,
both the experimental EPR spectra as well as spin density
data thus clearly establish that formulations with significant
spin density on the copper center are required to correctly
describe the oxidized species.

As the electronic spectra of 2 and 3 in all redox states are
virtually identical, only those of 1 and 3 will be discussed in
detail (see Figure 5 and Figure S3). The native states of the
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Figure 5. Changes in the UV/Vis/NIR spectrum of a) 1 and b) 3 during
the first oxidation, and c) 1 and d) 3 during the first reduction. Results
from OTTLE spectroelectrochemistry in CH,Cl,/0.1 m Bu,NPF;.

complexes display typical spectra expected for a neutral Cu
corrolato species.””’ The Soret bands were observed for all
cases, and the positions of these bands are hardly influenced
by the substituents on the corrolato rings (see the Supporting
Information). Details of the interpretation obtained through
TD-DFT calculations are given in Tables S4-S9 and Figur-
es S4-89.

Upon one-electron reduction of 1to 17, all of the bands in
the visible region are shifted to lower energies (see
Table S10). Similarly, upon the one-electron reduction of 3
to 37, the Soret band decreases in intensity and finally
disappears giving rise to a new band of higher intensity at
a longer wavelength of 446 nm. The other low-energy bands
in the visible region also decrease in intensity along with the
development of a new intense band at 620 nm. Such a spectral
change matches well with the metal-centered reduction
processes reported earlier in related corrolato Cu™ com-
plexes (Figure 5).”! Contributions from HOMO-20—
LUMOa, HOMOa—LUMOa, and HOMOB—LUMOf
were found for this transition (see the Supporting Informa-
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tion). The origin of the band at 620 nm was thus calculated by
TD-DFT to be a mixture of ILCT and MLCT transitions.
Similar bands are also observed for 1'.

Upon one-electron reduction, the formal Cu" centers are
relatively electron-rich, and MLCT transitions thus become
highly feasible. The most prominent change in the UV/Vis/
NIR spectra of these complexes upon one-electron oxidation
is the appearance of long-wavelength bands, particularly for
2t and 3%, in the NIR region (see Figure S3 and Figure 5).
These bands appear at 947 nm and 921 nm for 2" and 3,
respectively. Upon the one-electron oxidation of Cu™ cor-
roles, such bands in the NIR region have never been reported
before.

The origin of this new low-energy band can be explained
with the help of TD-DFT calculations and has contributions,
among others, from HOMO-20—LUMOo and HOMO-15—
LUMOS@ transitions (see the Supporting Information). This
low energy band is a manifestation of mixed ILCT and LMCT
transitions (see Figure S7 and Table S7). For 1", no such
bands in the NIR region were experimentally detected, and
TD-DFT calculations also do not predict any NIR bands for
this structure. Such an observation would fit with the
proposed LMCT character of the band, with the substituents
on the backbone of the corrolato ligands in 2** and 3** being
responsible for a smaller energy gap between the relevant
orbitals, an effect that is missing for 1. The changes in the
Soret bands upon one-electron oxidation of these species are
minimal (Figure 5).

DFT geometry optimizations were performed to get
insights into this phenomenon. Three different cases,
namely a singlet, a triplet, and a broken-symmetry case,
were calculated using the BP 86 functional. The calculated
saddling values for the singlet and the broken symmetry cases
match reasonably well with the experimental values (see
Table S11). Calculations for the triplet state delivered an
almost flat structure, confirming that the ground state of the
corrolato Cu™ complexes is indeed the singlet state (as has
been experimentally observed). To exclude functional-de-
pendent errors as a source of the saddling, we also used
higher-generation (OLYP) and hybrid (B3LYP) functionals to
look into the saddling effect for the singlet case, but all
functionals, with or without empirical van der Waals correc-
tions, delivered a saddled structure (see Table S11). This
saddling, which has been invoked to account for electron flow
from the corrolato unit to the d.._,. orbital of the copper
center, has important consequences for the formal oxidation
state in these complexes (non-innocent character of the
corrolato unit)."”****! The d,._ orbitals of copper are closer
in energy to the corrolato-based orbitals than those of their
silver and gold homologues. This fact leads to a situation
where extensive overlap between the copper d.. . and the
corrolato orbitals occurs (higher covalency!), which is not
observed for its higher homologues. As a result, no saddling of
the corrolato structure is usually observed in complexes of the
higher homologues of the coinage metal copper. The saddling
introduces a certain Cu" character into the otherwise formal
corrolato Cu™ complexes."”?'! Interestingly, a certain
amount of saddling was also calculated for the oxidized and
reduced forms of the complexes, and the saddling effect for
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those redox forms also turned out to be independent of the
functional used (see the Supporting Information). For the
native state of the complexes, the formal cor’~ ligand has two
electrons (for a dative bond) and the formal Cu'™ center has
two holes (empty d,._,. orbital), rendering electron flow from
cor’™ to Cu™ possible and saddling unavoidable. As saddling
is also observed for the oxidized and reduced forms, electrons
on the corrolato ligand and holes on the copper center should
be present to make the saddling happen. Thus, we feel that
forms such as (cor)” and Cu' are less likely to contribute to the
various redox forms of these copper complexes.

As discussed above, the reduced forms of the copper
complexes described here as well as the silver analogues
previously reported by us display a predominantly metal-
centered spin, with a Cu™ or Ag" formulation being appro-
priate. For the oxidized forms, however, both experiment and
theory deliver large spin densities on the copper center
whereas for the silver analogues, no spin density was detected
at the metal center. This difference has interesting conse-
quences for the formal oxidation state distributions in these
complexes (Scheme 1).

[(corrolato®)Cu™]* [(corrolato?")Ag"*

efe

[(corrolato®)Ag™

g

[(corrolato®)Ag']~

<> [(corrolato®*)Cu"*

ofe

[(corrolato®)Cu'] -

eu *e"

[(corrolato®)Cu'"]~

[(corrolato?-)Cu']

Scheme 1. Formal oxidation states for the various redox states in
corrolato copper complexes (left) and their silver analogues (right),
which we recently reported. Species that contribute significantly are
shown in gray.

Therefore, for the oxidized species, formulations with spin
on the copper center are necessary (Scheme 1) to correctly
depict the electronic structure, which were not required for
the oxidized silver complexes. Such a situation thus renders
contributions from Cu' relevant in the present case. An
alternative formulation with Cu" will contain a doubly
oxidized mononegative corrolato ligand. We feel that such
a form will not make significant contributions to the
electronic structure.

It needs to be mentioned that redox-induced electron
transfer has been invoked earlier for metal complexes of non-
innocent ligands. Surprisingly, the copper complexes display
a more mixed orbital situation compared to the silver ones.
For most metal complexes, higher covalency is usually
observed for the higher homologues. This fact is likely related
to the structural saddling discussed above. The copper
complexes thus provide an ideal platform for investigating
reactivity with metal-ligand cooperativity.*!

In conclusion, we have discussed the various redox states
of corrolato copper complexes in comparison to their silver
analogues. This is the first spectroscopic and structural
characterization of the oxidized forms of corrolato copper
complexes. We have used a combination of structural,
electrochemical, spectroelectrochemical, and theoretical
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methods to show that the native states of these complexes
can best be described as a mixture of Cut and Cu'™, a fact that
was recognized earlier in the literature and is different from
their silver analogues. The reduced forms of both species can
best be described as divalent metal centers. Finally, the
oxidized forms show interesting differences. Whereas the
oxidized silver complex can be exclusively formulated as
a Ag" species bound to a dianionic corrolato radical, the
copper analogues present a more complicated and intriguing
feature. Cu'Y should indeed be invoked to correctly describe
the electronic structure of that redox state. Surprising, a more
mixed-orbital situation is observed for the copper complexes
than for their silver analogues. This fact is contrary to what is
usually observed for metal complexes of non-innocent
ligands.>" The more mixed situation observed for the
copper complexes should thus lead to interesting reactivity
patterns, where metal-ligand cooperativity?!! can be used for
bond activation and catalysis.
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