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Abstract

Valence-to-Core (VtC) X-ray emission spectroscopy (XES) was used to directly detect the
presence of an O-O bond in a complex comprising the [Cu,(I1)(u-12:m2-0)]%* core relative to its
isomer with a cleaved O-O bond having a [Cu(l11),(u-0),]2* unit. The experimental studies are
complemented by DFT calculations, which show that the unique VtC XES feature of the [Cux(Il)
(U-n%:m?2-0,)]%*core corresponds to the copper stabilized in-plane 2p w peroxo molecular orbital.
These calculations illustrate the sensitivity of VtC XES for probing the extent of O-O bond
activation in u-nZ:n?2-0, species and highlight the potential of this method for time-resolved
studies of reaction mechanisms.
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Valence-to-Core (VtC) X-ray emission spectroscopy (XES) is shown to be a sensitive probe of the
presence or absence of an O-O bond in Cu,0, dimers possessing [Cu,(I1)(u-n2:n2-05)]?* and
[Cu(l11)2(1-0)]%* cores, respectively.
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The fundamental chemistry of O-O bond cleavage and formation is important in a broad
range of essential processes in nature, including respiration and photosynthesis. Proteins
employ various metal ions to facilitate O, activation chemistry, including Cu.l!] Dicopper
enzymes such as hemocyanin, tyrosinase and catechol oxidase have been shown to bind O,
and form a side-on bound [Cu,(11)(1-1n2:12-02)1?* (u-n2:n2-peroxo) core, Scheme 1.[21 The
0O-0 bonds in these intermediates are significantly activated, as indicated by reduced O-O
vibrational energies of ~750 cm™1 compared to the typical 850-900 cm-1 value for metal
peroxos.[!] Numerous complexes with [Cu,(I1)(u-n2:n2-0,)]%* cores have been synthesized.
[3] Some of these cores interconvert to an isomeric [Cu(l11),(1-0),]2* (bis(u-0x0)) structure,
where the O-O bond is cleaved (Scheme 1).[3-4] The interconversion between these core
motifs can have a low activation barrier, raising interesting questions as to the mechanistic
relevance of each.[38 4d. 5]

To this end, it is of interest to develop spectroscopic probes of O-O bond activation that
selectively interrogate the copper site and are amenable to potential time-resolved studies.
Herein, we explore the ability of Valence-to-Core (VtC) X-ray emission spectroscopy (XES)
to directly characterize the presence of an O-O bond in dicopper complexes and to measure
the degree of O-O bond activation in [Cuy(11)(1-n%:n2-0,)]2* cores. As VtC XES features
arise from electrons in ligand-based valence orbitals refilling the 1s core-hole of a
photoabsorber (in this case a Cu 1s), the resultant spectrum yields significant chemical
information, including: ligand identity, covalency, and bond strength.[®! In addition, the
previous demonstration of VtC XES to characterize the degree of bond activation for N, is
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strong motivation to use this method to probe O-O bond activation.[82] The present studies
form a foundation for future time-resolved studies of model complexes and enzymes.

For the present work, two dicopper-oxygen complexes comprising the two isomeric cores
(Scheme 1) were synthesized and isolated as frozen solutions (~20 mM) in THF for X-ray
spectroscopic studies. The p-nZ:n?2-peroxo corel’] with an O-O bond was supported with

N, N -di- tert-butyl-ethylenediamine (DBED). The isomeric bis(u-oxo) corel®l was supported
with 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN). The ligands were chosen because
of their similar alkyl amino donor characteristics and their known propensity to fully form a
single copper oxygen core structure (rather than a mixture of both) without apparent
isomerization.[32 4b] The Cu K-edge X-ray absorption spectra (Figure S1) of
[(DBED),Cus(u-n2:n2-02)](SbFg), and [(Me3sTACN),Cu,(i-0),](CF3S03), have pre-edge
and edge energies consistent with formal Cu(ll) and Cu(l1l) oxidation-state assignments,
respectively, as previously established, confirming the identity of the studied complexes.[°]

The non-resonant VtC XES spectrall%] of [(Me3TACN),Cus,(i-0),]2* and [(DBED),Cus(ji-
n%:m?-02)]%* exhibit subtle differences in both the KBy 5 and KB” regions (Figure 1). The
VIC XES of [(Me3TACN),Cus(i-0),]2* exhibits a single, broad, KB, 5 feature at ~8976 eV,
with slight asymmetry to lower energy. A weak broad Kp” feature for [(Me3TACN),Cus(u-
0),]?* centered at ~8961 eV is observed, which appears to be absent in the spectrum of
[DBED,Cu,(u-n%:n?2-0,)]%*, and is discerned more clearly in the difference spectrum.
Additionally, [(DBED),Cup(i-n?:n?-02)]?* exhibits a less intense KB, 5 region compared to
[(Me3TACN),Cu,(p-0),]2*, but possesses a distinct shoulder feature at ~8970 eV. This
unique shoulder is more easily observed in the difference spectrum, Figure 1, black. Lastly,
[(Me3TACN),Cuy(p-0),]2* clearly has more KBy 5 intensity at 8976 eV, as apparent in the
difference spectrum.

In order to understand the origins of the spectral differences, we calculated the VtC XES
using ground state DFT protocols. Calculation of the VtC XES from ground-state DFT
within a simple one-electron picture allows for the individual valence transition energies and
their intensities to be estimated.[*1] Figure 2A shows the calculated VtC XES spectra of
[(Me3TACN),Cu,(u-0),]%* and [(DBED),Cua(u-12:n2-0,)]2* based on geometry optimized
structures. The optimized geometries are in good agreement with previously reported related
dicopper complexes.[32-¢. 42, 4b] Thys, [(DBED),Cus(p-n%:n2-05)]?* has an O-O bond
distance of 1.485 A and the calculated dicopper distance is 3.586 A, in reasonable agreement
with the EXAFS determined distance of 3.45 A.[’l The 0-O distance in
[(Me3TACN),Cus(u-0),]2* is 2.340 A, reflecting the absence of an O-O bond. The
calculated dicopper distance of [(MesTACN),Cux(p-0),]%* is 2.833 A, in agreement with
the 2.77 A distance also measured by EXAFS.[8]

The calculated VtC XES spectra qualitatively match that of the observed experiment quite
well (Figures 1 and 2A), in particular as seen in the calculated difference spectra in the
Kp2 5 regions. The unique VtC features for each complex may arise from the different
oxygen moieties and/or the different supporting ligands used. The effect of the ligand on the
VtC XES may be tested /n silico by calculating the same bis(u-0xo) core structure with both
the Me3TACN and DBED supporting ligands, Figure 2B. Despite the ligand differences, the
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calculated spectra are remarkably similar. Therefore, it appears that the ligands utilized in
this study have approximately equivalent contributions to the VtC XES spectra and are not
readily distinguishable.

To probe the effects of the oxygen core motif on the VtC spectra, the same DBED
supporting ligand was used for the calculation of both p-n2:n2-peroxo and bis(u-oxo) core
structures (Figure 2C). Here, significant differences between the VtC XES spectra are
observed, where [(DBED),Cus,(i-1n?:n2-0,)]?* exhibits a unique shoulder in the KBy 5
region at 8971 eV and a weak KB” feature shifted to lower energy. These results closely
resemble those calculated for the complexes shown in Figure 2A. We conclude from the
calculated spectra shown in Figure 2 that the use of the two differing supporting ligands in
this study does not significantly impact the VtC spectra. Hence, the differences observed in
the VtC spectra for [(Me3sTACN),Cu,(u-0),]%* and [(DBED),Cus(u-12:n2-0,)]2* in Figure
1 are predominately signatures of the oxygen core and establish that VtC XES spectra are
sensitive to the presence of an O-O bond.

Further insight into the observed differences of the spectra were gained through DFT
analysis. VtC XES spectra primarily gain intensity by metal p character mixing into the
ligand orbitals. Intense VtC XES features are commonly the result of significant o-type
metal-ligand interactions. Therefore, ligand p orbitals that can directly overlap with the
metal orbitals are the dominant contributor to the KB, 5 region.[110] |_igand s orbitals are at
deeper binding energy than the ligand p and are also less available for overlap as they are
more localized on the ligand, yielding weaker features (generally in the lower KB” energy
region).[110] Since in a ground-state DFT approach the VtC XES transition energies are
obtained by calculating a simple energy difference between Kohn-Sham orbitals, one can
readily relate the calculated transitions back to the molecular orbitals involved. Here, we
explore the character of each VtC feature and its origin by viewing the MOs of the
corresponding transitions.

The calculated VtC XES spectrum of [(Me3TACN),Cu,(u-0),]2*, Figure 3, exhibits only
two broad features, the KB” at ~8961 eV and the K, 5 centered at ~8976 eV. Inspection of
the MO contributions to the KB’ reveals isolated 2s oxygen MOs of the p-oxo ligands,
labeled as 1 in Figure 3. This feature is actually split (but unresolved experimentally), as it is
a combination of the oxygen 2s(a),2s(a) and 2s(a.),2s(B) orbitals (Figure S2) in the open-
shell calculation. The K, 5 transitions are comprised of highly covalent molecular orbitals
that are dominated by oxygen 2p (Figure 3, transitions 2,3 and 4) and (to a lesser extent)
nitrogen 2p from the supporting ligand at approximately the same energy. The highly
covalent nature of the Cu-O bonds means that the Cu,O, moiety provides the dominate
intensity mechanism for the VtC region. Hence, in a simplified picture, one can think of the
features arising from the O 2s contributions at lower energy and the O 2p (mixed with N 2p)
at higher energy (Figure 3 and S2).

The calculated VtC XES spectrum of [DBED,Cu,(u-n%:n?2-0,)]%*, Figure 4, qualitatively
reproduces the experimental VtC spectrum, particularly the splitting of the K, 5 region.
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As [(DBED),Cus(i-12:n2-0,)]%* retains the O-O bond, the localized ligand 2s and 2p
orbital description used to discuss [(Me3TACN),Cu,(u-0),]2* is no longer sufficient.
Instead, one must consider the molecular orbital diagram of a free peroxo ligand and how
this is modulated by interactions with Cu. Figure 5 depicts the classic MO diagram of Oy, in
which the 2s2s a/o™ energy is split due to the presence of an O-O double bond, and the
2p-2p interactions result in 2p a/o* and 2p /> MOs (the coordinate axis is depicted at the
bottom of Figure 5). Upon interaction with the Cu, the degenerate 2p r orbitals of the
peroxo split into a single 7 orbital in the horizontal plane, ry, Figure 5 bottom, and a single
1t perpendicular to the plane, or vertical out of the plane, w,. The my, orbital is highly
stabilized by favorable overlap with the Cu dx2-y? orbitals of [(DBED),Cuy(-n2:n2-0,)]%*
and the backdonation of the Cu singly occupied molecular orbital (SOMO) dxy into the 0,2~
ntp* leads to O, bond activation.[12]

Here again, inspection of the dominant transitions and the corresponding MOs reveals that
the prominent Kp”feature is comprised of the oxygen 2s orbitals, particularly the 2s2s o-
bonding orbital at 8958.9 eV (Figure 4, transition 1) and the o* antibonding counterpart at
8965.8 eV (Figure 4, transition 2), a ~6.9 eV separation. The 1.48 A O-O bond distance in
0-0 distance in [DBED,Cus(u-n2:n%-05)]%* is longer than a geometry optimized O,~
molecular distance of 1.37 A and, as expected, molecular O, therefore has a larger 2s2s o/
o* separation of 8 eV. The additional donation of the Cu SOMO into the peroxo my* further
activates the peroxo moiety, increasing its O-O bond distance and decreasing the calculated
2s2s olo* separation.

The calculated 2s2s o/o™ separation for [[DBED),Cuy(u-1n2:n2-05)]2* is slightly larger, but
comparable to the ~6.5 eV separation previously observed for a Mn(l11)-trans-pu—1-2-peroxo
which possesses a similar O-O bond distance of 1.452 A [13] These 2525 o/o* separations
for bound peroxo ligands are significantly smaller than those observed in VtC spectra of an
end-on iron bound N, molecule (~12 eV).[60] The larger 2s2s o/c™ energy difference for N,
clearly reflects the triple bond order compared to the single bond of O,2~. While the large
splitting observed for Ny results in a unique 2s o* feature in the KB, 5 region of the iron VtC
XES, here, the smaller o-o* splitting only broadens the Kp’” region of [(DBED),Cux(u-
n2:m%-0,)]%*. Thus, the entire KB’ region appears less intense than the KB’ region of
[(Me3TACN),Cu,(u-0),]2* and no well-resolved features are present. While the energy of
the 2s2s o* in the VtC XES may be used as measure of O, activation, as suggested by
previous studies, such experiments are limited by the low intrinsic intensity and increased
broadening observed in this spectral region. [60. 13-14]

However, as already shown experimentally and supported by calculations, VtC XES in the
KP2 5 region is sensitive to the presence or absence of the O-O bond. As depicted in Figure
4, additional peroxo-derived VtC XES features would arise from one or a combination of the
th, Ty, and 2p; o orbitals. As VtC XES is comprised of dipole-allowed transitions, the
donor MO must have a significant amount of Cu 4p character. For [(DBED),Cu,(i-12:m2-
0,)]%*, the Cu py orbitals have optimal overlap with the peroxo mp,, Figure 6, yielding a
potential VtC XES transition. The out-of-plane r,, orbital has less overlap with the metal p,
orbitals, resulting in lower VtC intensity. The peroxo 2p o orbital has very poor overlap with
any Cu p orbitals and will therefore have minimal VtC intensity. From the Walsh orbital
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model of possible VtC XES donor MOs, the in-plane mp, peroxo MO is anticipated to have
the largest contribution to the observed spectrum. Inspection of the corresponding MO of the
shoulder feature at 8971.2 eV reveals that the transition is primarily comprised of the peroxo
1ty MO, Figure 4, transition 3. The corresponding rt,* antibonding orbital is found ~4.8 eV
higher, under the main K, 5 peak (Figure 4, transition 4). The remaining intensity of the
KBy 5 at the high-energy end is comprised of diffuse N p and Cu d contributions, Figure S3,
similar to that observed in [(Me3TACN),Cusa(i-0)]%*.

To further test the sensitivity of VtC XES for the measurement of O, bond activation, a
relaxed surface scan of the O-O bond distance from 1.48 A to 2.3 A with cores supported by
DBED were performed. The resulting VtC XES spectra, Figure 7, reveal a clear systematic
trend. The pronounced low energy shoulder of the KB, 5 is present at short O-O distances
typical of peroxos, and moves to higher energy as the distance is increased. The 2s o-0*
splitting of the KB’ also decreases with increasing O-O distances until it collapses into a
single intense KB** feature.

Similar to the observed 2s o-o™* splitting of the peroxo, the rt,-mty* splitting also decreases
with increasing O-O bond distance. The m, orbital is most stabilized at shorter O-O bond
distances, lowering the rt, energy and yielding the diagnostic KB, 5 shoulder. At longer O-O
bond distances, the mt,-1ty* splitting becomes too small to be experimentally observable,
Figure 7. Once the O-O bond is cleaved, the O 2p orbitals behave as monoatomic ligands,
yielding the bis(u-oxo) core, Figure 5. This /n silico experiment clearly demonstrates that O-
O bond interactions should be observable by VtC XES up to a distance of 1.9 A.

The capability of VtC XES to probe small molecule’s structure and bond activation has only
recently been reported,[6b: 13. 151 and is further expanded by the present work. The present
proof-of-concept study illustrates the ability of VtC XES to measure the extent of O-O bond
activation in molecular copper complexes. Further, these studies form the foundation for
future time-resolved studies of molecular copper oxygen chemistry in both model complexes
and enzymes. By employing energy dispersive x-ray emission spectrometers,16] as opposed
to the scanning emission spectrometer employed here, the entire VtC region may be
collected in a ‘single shot’, thus allowing the time-dependent evolution of the Cu,0, core to
be monitored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

VIC XES of [(Me3TACN),Cus(u-0),]2* (red) and [(DBED),Cusy(u-n2:n2-02)12* (blug).
Both VtC XES intensities are normalized to the KB mainline energy (not shown) integrated
area of 1. The difference of the two spectra ([(Me3TACN),Cus(i-0)5]%* — [(DBED),Cus(u-
12:n%-0,)]12) is exhibited below (black) with a dashed horizontal guideline at zero intensity.
[(DBED),Cup(i-n?:m?-02)]1?* exhibits a unique shoulder at the low energy side of its KB, 5
peak (~8970 eV) that appears as a negative peak in the difference spectrum. A broad Kp’’
feature for [(MesTACN),Cux(p-O),]2" is observed centered at ~8961 eV that also appears as
a broad positive peak in the difference spectrum.
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The calculated Cu VtC XES spectra of complexes [(MesTACN),Cus(u-0),]2* and

[(DBED),Cu;(u

-n2:n2-0,)]2* are exhibited in panel A. Minimal differences between
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calculated spectra are observed for the [(DBED),Cu,(i-0),]2* and [(Me3TACN),Cuy (-
0),]%* complexes, panel B. Significant differences between the [(DBED),Cu,(u-0),]%* and

[(DBED),Cus(u-n2:n2-0,)]%* are observed with the same supporting ligand, panel C.
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Figure 3.

Experiment and DFT calculated VtC XES of [(Me3sTACN),Cuy(p-0),]%* (top) with
individual transitions (grey sticks, multiplied by a factor of 5). The corresponding molecular
orbitals of numbered transitions are depicted (bottom) with an isosurface value o = 0.07,
except transition 1 at o = 0.10. The calculated spectrum has a uniform 3.5 eV Gaussian
broadening and a 230.2 eV shift. Alpha MO, pink; beta MO, purple; copper, cyan; nitrogen,
blue; oxygen, red; carbons, black; hydrogens omitted.
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Figure 4.
Experiment and DFT calculated VtC XES of [DBED,Cua(i-12:m2-0,)]4" (top) with

individual transitions (grey sticks, multiplied by a factor of 5). The corresponding molecular
orbitals of numbered transitions are depicted (bottom) with an isosurface value o = 0.1. The

calculated spectrum has a uniform 3.5 eV Gaussian broadening and a 230.2 eV applied shift.
Alpha MO, pink; beta MO, purple; copper, cyan; nitrogen, blue; oxygen, red; carbons, black;
hydrogens omitted.
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Figure5.
(Top) Qualitative oxygen focused orbital energy diagram of dioxygen, [DBED,Cuy(p-nZ:n?-

0,)]?*, and [(Me3TACN),Cu,(u-0),]2*. (Bottom) Walsh orbital diagram of the in-plane
0,2~ binding, my,, and antibonding, mty*, orbitals.
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Figure 6.
Walsh orbital diagrams of peroxo centered Cu VtC donor MOs
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Figure7.
Calculated VtC XES spectra of theoretical copper dimer complex with a dioxygen core,

varying the O-O distance between the limits of an pu-n2:n2-0,, (1.48 A, green) and bis(u-
0x0) (2.3 A, blue) supported with the DBED ligand. The calculated spectrum has a uniform
2.0 eV Gaussian broadening and a 230.2 eV shift.
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