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Copper in its infrequently observed Cu(lll) oxidation state
has gained attention recently, in particular as a proposed
constituent of @-cleaving binuclear and trinuclear complexés.

A few discrete molecular species generally accepted as contain
ing Cu(lll) are knowr? Assignment of the formal Cu(lll)

oxidation state in these compounds is based on a variety of

spectroscopic, electrochemical, and structural evidence. In
particular, their very short Cdligand bond distances relative
to bond lengths in their Cu(ll) counterparts suggest a higher
oxidation state. However, a direct and unambiguous probe of
the metal oxidation state is notably abstritletal K-edge X-ray
absorption spectroscopy (XAS), because of its ability to probe
directly the core-electronic environment of the absorbing metal,
offers a means of explicitly examining the oxidation state of
the copper. A specific probe of thmetal oxidation state is
particularly relevant, given the occurrence of ligand-centered
oxidation in some Cu(ll) systen¥s.More generally, defining
differences between compounds with similar atomic composi-
tions but differing electronic distributions, is potentially relevant
to understanding variations in their reactivities. In particular,
the (-n%n2-peroxo)dicopper(11¥2- bis-u-oxyl dicopper(ll), and
bis-u-oxo dicopper(lll} cores are all formally equivalent, though
the latter two may be largely indistinguishable by most
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Figure 1. Binuclear Cu(lll) complexed and?2, and their 2e/ 2H*
reduced, bigs-hydroxo bridged Cu(ll) forms3 and 4.

spectroscopic methodsHere we report on a Cu K-edge XAS
study of two binuclear copper complexes jd),Cl,O,]%+ (1)
and [(Lreep)2Cw02]2",19 (2) (Figure 1) showing that these
complexes are best formally described as Cuy{ihO), and
giving the first direct spectroscopic evidence of stabilized
Cu(lll) in a CwO, rhomb.

The Cu(lll) valence state for compléxmay be proposed on
the basis of its remarkably short, crystallographically determined
metak-ligand bond length¥ Cu K-edge EXAFS analysis
confirms these bond distances as well as the notably sheft Cu
Cu distance of 2.73 A fofl.1314 EXAFS analysis of gives
similar metrical details (CtO = 1.80 A, Cu-N = 1.92 A,
Cu—Cu=2.75 A)24 Verification of these structures by EXAFS
provides an internal check against possible decomposition in
these thermally sensitive molecules. Analogous-@yand and
Cu—Cu distances are 0-0.2 A longer in the 2e, 2H" reduced
bis--hydroxo dicopper(ll) forms ofl and 2 (i.e,, 3 and 4,
respectively}+15 The Cu-Cu separation is~0.05 A longer
in related, recently reported @D, complexes €.g, [(Bns-
TACN),Cp0O;]21).10:16 For comparison witd—4, two accepted
Cu(lll) species-the NsO tripeptide chelate complex Cu(lll)-
(H-2Aib3z)%@ and the solid state material KCyt® —have been
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two oxide ligands.
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Radiation Laboratory (SSRL): Si(220) double-crystal monochromator,
detuned 50% at 9868 eV, transmission on solids in a matrix of BN, internal
Cu foil calibration, first Cu foil edge inflection point assigned to 8980.3
eV. Theoretical EXAFS signalgk) calculated usingrEFF (6.0)'2 and fit
to the data using EXAFSPAK (G. N. George, SSRL).
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(13) EXAFS data forl and2 to k = 15 A~1 yield a first coordination
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shell scattering, indicative of (and fit as) a very short and somewhat rigid
Cu—Cu unit. Excellent fit quality of the data indicates that the samples
used were highly pure with minimal thermal decomposition. EXAFS has
been reported for related compounds (KBACN).Cw,0;]%", [(iPrs-
TACN)C,0;]2%) in ref 1b where, possibly due to the limited dateange
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molecules.
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2.00 A.
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Figure 2. Cu K-edges for Cu(lll) £ ) and analogous Cu(ll) species
(--): (a) complexesl and 3; (b) complexes2 and 4; (c) tripeptide
complexes Cu(lll)(H2Aibs) and Cu(ll)(H-2Aibs); (d) solid state oxides
KCu(lll)O; and CuO. The insets amplify the pre-edges {ts3d
transition). This is a weak, quadrupole-allowed transition which gains
significant intensity via metal 4pmixing into the 3d orbital§?
Complexes with rigorous centrosymmetry have nemjxing. Hence

the pre-edge for KCug) with its rigorously square planar Cu centers,
is of very low intensity. A feature at8981 eV is, however, evident in
the second derivative of the KCy@dge (not shown).

characterized by Cu K-edge XAS, along with their analogous
reduced [Cu(ll)] compounds Cu(ll)(HAib3z)%@ and CuO'®
EXAFS analysis agrees with crystal structures for Cu(lll)-
(H-2Aibs) and KCuQ and is consistent with a structure for
Cu(ll)(H-2Aib3) having two (axially) coordinated water mol-
ecules (at~2.30 A) and bond lengths typical for Cu(ll) bound
to N and O

More directly relevant to the characterization of the oxidation
state of the copper are the Cu K-edges for this series of
compounds. The structures of metal K-edges have been show
to be sensitive to the oxidation state, coordination geometry,
and ligand environment of the complexed metalibrThe most

unambiguous edge comparisons result from varying just one

of these parameters. The 2e2H" reduced big:-hydroxy
dimers @ and 4) are structurally and compositionally very
similar to their oxidized counterpartd @nd 2). Edge com-
parisons for these pairs of complexes are almost ideally
oxidation state dependent. For the other proposed Cu(lll)/
Cu(ll) pairs, Cu(lll)(H-2Aib3)/Cu(Il)(H-2Aibs) and KCuQ/

CuO, the Cu(ll) species have distant axially coordinated ligands

at 2.30 and 2.78 A, respectivel§’® The oxidized species are
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Analyses of oxidation-state-dependent changes in K-edge
features in complexes of other transition metals have shown
shifts in the energy of the pre-edgee(, 1s— 3d transition2%:22
The Cu(ll) pre-edge energy is notably insensitive to changes in
ligand environment, as demonstrated by a previous systematic
study of 40 Cu(ll) complexes with a diverse set of ligafts.
Pre-edges for these complexes as well as for Cu(ll) compounds
included in this study appear at 894®.5 eV. Pre-edges for
1, 2, Cu(lll)(H-2Aib3), and KCuQ, however, are shifted by
1.8-2.0 eV to higher energies (inset Figure 2). This energy
shift derives from a combination of the deeper binding of the
1s core donor orbital and the effect of the increased ligand field
strength, which raises the energy of the Cu(lll)}:3¢ acceptor
orbitals. Given the parity of ligands for each Cu(ll)/Cu(lll) set
of compounds and given that the magnitude of the shift is both
large €.g, with respect to 0.5 eV) and similar for the four
different Cu(lll) species studied, the pre-edge shift appears to
be a largely metal-determined phenomefbnA pre-edge
feature at 89810.5 eV thus itself appears diagnostic for the
presence of Cu(lll) in a molecular complexdependent of
comparisonsto the pre-edges/edges for otherwise identical,
reduced compounds.

Other features in the Cu K-edges, notably the intense peak
at~8986-8988 eV customarily assigned as atglp+ LMCT
shakedown transitiof, likewise show shifts to higher energy
for the oxidized species relative to their Cu(ll) counterparts.
The energy of this transition has been shown to be strongly
influenced by ligand effects, shifting to lower energy in
complexes with more covalent metdigand bond$?2 There-
fore, its energy cannot be used as an indicator of oxidation
state? This transition appears at a low energy (8985.9 eV)
and with marked intensity in the edges fioand?2 (Figure 2A),
indicating that the Cwuoxide bond is very covalent. The
appearance of this transition correlates with intense oxygen
Cu(lll) LMCT bands observed for these complexes in the 400
nm region?* The final description of compounds and 2

rprovided by Cu K-edge XAS is consistent with a di-Cu(lll) bis-

u-oxo bridged core, with a highly covalent ground state
molecular orbital. In the course of this work, structural features
suggestive of Cu(lll) have been verified by EXAFS and coupled
to identifiable features in the Cu K-edgee. a shift in the
edge energy and a pre-edge at 8980.5 eV. This work
therefore provides a foundation for the systematic description
of Cu(lll) sites by XAS.
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shift to higher energy in edges for both bissxo copper
complexes, Cu(lll)(H-Aibs), and KCuQ, relative to the edges
for their counterpart Cu(ll) compound$. Similar oxidation-

state-dependent shifts in edge energy are also seen in other

transition metal complexé8:?! These shifts result from the
deeper binding energy of the 1s electron effected by the

increased effective nuclear charge of the metal ion. Thus the

shift in overall edge energy for Cu(lllys a related Cu(ll)
complex is indicative of an increased copper oxidation state.
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For a given Cu oxidation state, the transition, and consequently the first compounds in this paper is not merely an effect of short Owbonds: (a)
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ligand environment of the absorbing Cu (Figure 2). Therefore, the first
inflection point energy is a poor indicator of Cu(ll)/Cu(lIl) oxidation state.
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transition 68993 eV for Cu(Il) complexesy
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(24) Optical data foll: €406nm= 28 000 Mt cm™%; 2: €400nm= 24 000
M~lem™1 (CHxCl,, —80 °C).



