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Abstract
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The nature of the ligand is an important aspect of controlling structure and reactivity in coordination
chemistry. In connection with our study of heme/copper/oxygen reactivity relevant to cytochrome
c oxidase O2-reduction chemistry, we compare the molecular and electronic structure of two highspin heme-peroxo-copper [FeIII-O22--CuII]+ complexes containing N4-tetradentate (1) or N3tridentate (2) copper ligands. Combining previously reported and new resonance Raman and EXAFS
data coupled to DFT calculations we report a geometric structure and more complete electronic
description of the high-spin heme-peroxo-copper complexes 1 and 2, which establish μ-(O22-) sideon to the FeIII and end-on to CuII (μ-η2:η1) binding for the complex 1 but side-on/side-on (μ-η2:η2)
μ-peroxo coordination for the complex 2. We also compare and summarize the differences and
similarities of these two complexes in their reactivity toward CO, PPh3, acid and phenols. The
comparison of a new X-ray structure of μ-oxo complex 2a with the previously reported 1a X-ray
structure, two thermal decomposition products respectively of 2 and 1, reveals a considerable
difference in the Fe-O-Cu angle between the two μ-oxo complexes (∠Fe-O-Cu = 178.2° in 1a,
∠Fe-O-Cu = 149.5° in 2a). The reaction of 2 with one equivalent of exogenous N-donor axial base
leads to the formation of a distinctive low-temperature stable, low-spin heme-O2-Cu complex (2b),
but under the same conditions the addition of an axial base to 1 leads to the dissociation of the hemeperoxo-Cu assembly and the release of O2. 2b reacts with phenols performing hydrogen-atom (e– +
H+) abstraction resulting in O-O bond cleavage and the formation of high-valent ferryl [FeIV=O]
complex (2c). The nature of 2c was confirmed by comparison of its spectroscopic features and
reactivity with those of an independently prepared ferryl complex. The phenoxyl radical generated
by the hydrogen-atom abstraction was either 1) directly detected by EPR spectroscopy using phenols
that produce stable radicals or 2) indirectly by detection of the coupling product of two phenoxyl
radicals.

karlin@jhu.edu, edward.solomon@stanford.edu.
Supporting Information Available. UV-visible spectra of the reaction of (2b) with 1 equiv. of 2,4-di-tertbutylphenol (Figure S1), UVvis spectra of the reaction of [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) with DMAP (Figure S2), EPR spectra of (2b) reaction with 1 equiv.
of 2,4-di-tert-butylphenol (Figure S3), GC-MS trace of the oxidative coupling of 2,4-di-tert-butylphenol in presence of (2b) (Figure S4),
ORTEP diagram (Figure S5) and crystal data and structure refinement for [(F8)FeIII-(O2-)-CuII(AN)]+ (2a) X-ray structure (Table S1),
XAS spectra and computational data.
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In the last few years, we have been engaged in heme/copper/O2 reactivity studies using
synthetic systems, with the goal being to provide fundamental information of possible
relevance to biological heme-copper oxidases (HCO's) which include cytochrome c oxidase
(CcO). HCO's are the terminal enzymes of the respiratory chain which catalyze the reduction
of molecular oxygen to water, a process that requires four electrons and four protons,

The reaction is coupled to the pumping of four additional protons across the mitochondrial or
bacterial membrane which ultimately is utilized to drive ATP synthetase activity and thus
generate ATP which is stored and used in subsequent metabolic functions.1-6
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In the heme-copper active-site mediated O2-reduction by HCO's, dioxygen reacts with a fully
reduced FeII···CuI binuclear center (Scheme 1) initially forming a detectable transient, the
FeIII−(O2–)···CuI complex A. A exhibits UV-vis and resonance Raman (rR) spectroscopic
properties very similar to those known for oxy-hemoglobin or myoglobin. A DFT calculated
structure of A supports the FeIII(O2–)···CuI formulation with the Cu ion positioned very close
to the superoxo O-atom, Cu···O = 2.12 Å.7 The next transformation seems optimized to prevent
leakage of deleterious intermediates such as hydroxyl radical or hydrogen peroxide, wherein
rapid overall four-electron reductive O–O cleavage is completed, giving PM, in which a closeby
coupled Tyr (Scheme 1) or nearby Trp8 residue efficiently provides a needed electron. A
peroxo-bridged FeIII-(O22–)-CuII transient has been discussed as possibly forming from A prior
to PM formation.9-12 Also discussed and calculated is an electron-transfer from CuBI in A
which is accompanied by H+ uptake to give a μ-hydroperoxo transient, Fea3III-O-O(H)CuBII; the protonation event in this scenario would trigger electron transfer (from the heme
a3 and the Tyr244) yielding a cleaved O—O product ferryl moiety (state PM, Scheme 1).10,
13-15
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Synthetic modeling presents a chemically interesting if not necessary approach to study
metalloprotein active site structure (electronic and connectivity) and reactivity and its
relationship with the inherent fundamental chemistry associated with the metal ion and its
ligand environment.16-18 Of particular interest is the A to PM conversion, as O-O cleavage
chemistry is of broad fundamental and practical importance in the utilization of molecular
oxygen such as in biological “O2-activation” occurring in heme, non-heme iron and copper
oxidases or oxygenases. The use of O2 (from air) in practical (chemical/industrial) organic
oxidations, or energy production in fuel cell technologies also involves O-O cleavage. The
reverse process, O-O bond formation, occcurs in photosynthesis and is of great contemporary
interest and importance as related to worldwide energy concerns. This timely forum highlights
the importance of understanding the elementary kinetic steps required to reductively cleave
the O—O bond, and the many ways researchers are tackling such issues.
In this article we will highlight our own studies in the synthetic modeling of heme-copper
oxidases, also providing new insights obtained on heme-Cu/O2 adduct structure, bonding and
reactivity. In our earlier studies, we have employed a systematic approach varying the design
of heme/Cu complexes.6 The approach entails synthetic modulation of copper ligand type,
denticity, arrangement of donors, heme axial ‘base’ ligand and availability of protons or
reducing equivalents. The overarching question is how such factors influence heme-copper/
O2 derived structures, along with the resulting complex Fe-O2(H)-bonding and electronic
structure (i.e., spin state, level of reduction of dioxygen, etc.). Such factors have been shown
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or are expected to dictate the absence or presence of further reactivity, and the nature of such
reactivity in the context of O-O cleavage chemistry. With similar emphases, in part, the research
groups of Collman and coworkers5,19 and Naruta and coworkers20,21 have been very active
and have made major contributions. Collman has also presented a longtime program in
biomimetic electrode surface electrocatalysis of the four-electron O2-reduction to water.5,22,
23 Despite the many achievements and advancements from all groups, there remains a
considerable lack of detail concerning structure (i.e., of heme-Cu/O2 derived adducts) and
therefore we do not have firm correlations between structure/bonding and ensuing reactivity.
The latter involves protonation and electron-transfer steps, for which a deeper understanding
of the thermodynamics and timing or order is required.
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In our initial attempts to mimic the O2 reduction chemistry of CcO, we utilized TMPA-CuI
complexes, where TMPA (tris(2-pyridylmethylamine)) is a tetradentate N4 ligand. We
observed that a low-temperature stable hemeFeIII-peroxo-CuII complex [(F8)FeIII-(O22-)CuII(TMPA)]+ (1, Chart 1) could be generated from the O2 reaction with an equimolar mixture
of (F8)FeII and [CuI(TMPA)]+ (see discussion below), were F8 = tetrakis(2,6-difluorophenyl)
porphyrinate2–24 Structural investigation of the ensuing complex using resonance Raman (rR)
and X-ray absorption (XANES and EXAFS) spectroscopies coupled to DFT calculations
indicated that the peroxide unit is bound side-on to the high-spin iron(III) (overall hexacoordinate with the iron out of the porphyrinate plane) and end-on to the copper(II) (overall
penta-coordinate), thus an FeIII-(μ-η2:η1-peroxo)-CuII coordination mode.25,26 An
intraperoxide stretching band was observed in the rR spectrum at 808 cm-1.24,25 The
plausibility of such a coordination mode was affirmed by Naruta and co-workers, through
crystallographic characterization of such a complex possessing a closely related ligand
framework.27 There, νO-O was determined to be 790 cm-1 (Figure 1).
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We also established the same μ-η2:η1 coordination mode in three other peroxo complexes
containing tetradenate copper ligands (Chart 1). In [(6L)FeIII-(O22-)-CuII]+ (3), the tetradentate
TMPA ligand is covalently appended to the periphery of a 2,6-difluorophenyl-substituted
porphyrin and νO-O = 788 cm-1.28, 29 In [(F8)FeIII-(O22–)-CuII(LN4OH)]+ (5a) and [(F8)FeIII(O22–)-CuII(LN4OMe)]+ (5b) the copper ligand is a modified version of TMPA were one
pyridine is replaced by protected (5b) or non-protected (5a) imidazole-phenol moiety to mimic
the cross-linked histidine-tyrosine in CcO active site. The O-O stretching frequencies in 5a
and 5b are 813 cm-1 and 815 cm-1, respectively.6,30 Extensive previous (and ongoing) CuI/
O2 chemical investigations have shown that even subtle differences in ligand/denticity can
dramatically change the nature of the copper–dioxygen adduct and its reactivity toward
substrates.31,32 Tetradentate ligands, such as TMPA, induce formation of end-on (μ-1,2)
peroxo dicopper(II) structures (Chart 2), whereas tridentate ligands generate side-on (μη2:η2) peroxo dicopper(II) species.33 The former possess relatively average νO–O values,
typically above 800 cm–1 (Chart 2). However, the latter side-on complexes have reduced (<
760 cm–1) νO–O values (Chart 2), ascribed to back bonding from copper to the peroxo
antibonding σ* orbital, which considerably weakens the O–O bond.34-36
To compare and contrast the chemistry with that for heme-Cu system possessing tetradentate
copper ligands, we expanded our study to heme-Cu systems containing tridentate copper
ligands. Within that context, we reported the synthesis and the characterization of three highspin heme-peroxo-Cu complexes with tridentate copper ligands (Chart 1): 1) [(F8)FeIII(O22–)-CuII(AN)]+ (2) (AN = bis(3-dimethylaminopropyl)amine),37 2) [(F8)FeIII-(O22–)CuII(LMe2N)]+ (6) (LMe2N = N,N-bis[2-(2-pyridyl)ethyl]methylamine),38 and 3) [(2L)FeIII(O22–)-CuII]+ (4) (2L = tethered prophryn-N,N-bis[2-(2-pyridyl)ethyl]methylamine).39,40 In
concordance with expectations from copper-dioxygen homodimer chemistry (Chart 2), the
three complexes present O-O stretching frequencies below 760 cm-1 thereby suggesting a sideon (μ-η2:η2) mode of coordination for the peroxo bridge. Thus, the heme-peroxo-copper
Inorg Chem. Author manuscript; available in PMC 2011 April 19.
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complexes depicted in Chart 1 were tentatively assigned as such.40 In this paper, this point is
addressed in detail, following new rR and EXAFS spectroscopic studies supported by DFT
calculations.
Further, in this report we have selected [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) and [(F8)FeIII(O22-)-CuII(AN)]+ (2) containing tetra- and tridentate copper ligands, respectively, to compare
and contrast molecular structure, electronic-structure/bonding and resultant reactivity,
combining some previously published information, along with new data. The overall goal is
to contribute a better understanding of the relationship between the denticity of the copper
ligand to the structure and reactivity of high-spin heme-peroxo-Cu complexes. We also
describe the formation and initial characterization of a new related low-spin heme-peroxo-Cu
complex and compare the high-spin and low-spin complexes in their reactivity toward phenols
as hydrogen-atom (H+ + e–) donors.

Results and Discussion
Generation of High-Spin Heme-Peroxo-Cu Complexes
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As mentioned, [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) has been structurally characterized,
through a variety of spectroscopic studies, computational chemistry and comparison to the
Naruta complex. These possess a μ-η2:η1-peroxo ligation. A major goal of the present work is
to elucidate or confirm the μ-η2:η2- side-on peroxo structure previously proposed for 4 (and
thus 6) employing [(F8)FeIII-(O22-)-CuII(AN)]+ (2) for such studies; the latter possesses
synthetically more accessible precursor components, and has been found to be more stable and
amenable to spectroscopic interrogation.
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As previously described, [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) and [(F8)FeIII-(O22-)CuII(AN)]+ (2) can be cleanly generated by bubbling O2 at low temperature through an
equimolar solution of (F8)FeII and [CuI(AN)](B(C6F5)4) or [CuI(TMPA)](B(C6F5)4,6,37
Scheme 2. With tridentate chelating ligands for the copper ion, complexes 2, 4 and 6 possess
the same UV-Vis features in the Q-band region, but which are clearly distinguishable from
those of 1, 3 and 5 with their tetradentate copper ligands.39 In the former case a 2nd prominent
absorption occurs, e.g. at 538 nm for 2 (Scheme 2). Low-temperature 1H NMR characterization
of the μ-peroxo products 1 and 2 show a downfield-shifted pyrrole resonance at ~ 95 ppm
which has been confirmed by 2H NMR studies using the pyrrole-deuterated (d8-F8)FeII
analogue) in the synthesis This finding exclude the possibility that the product observed is (i)
the η2-peroxo compound [(F8)FeIII]2−(O22-) (~ 17.5 ppm, −80° C), (ii) an iron–superoxide
complex, that is, (F8)FeIII−(O2-) (~ 8.9 ppm, −80° C), (iii) the ferryl species (F8)FeIV=O (~
3.5 ppm, −80° C) or (iv) (F8)FeIII−OH (~ 135 ppm, −80° C).41 In fact, the 95 ppm pyrrole
resonance is in the range expected for a high-spin FeIII (d5, S = 5/2) system which is strongly
antiferromagnetically coupled to a CuII ion (d9, S = 1/2), giving an overall S = 2 spin system
(confirmed in 1 by solution magnetic moment measurement μeff = 5.1 μB at −40° C). Further,
in the case of [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) MALDI-TOF-MS reveal the presence of a
dioxygen adduct with a stoichiometry of (F8)Fe: CuII(TMPA):O2 = 1:1:1 ratio and solution
mass spectral data give the correct O2-drived moiety (for which m/z increases by four when
using 18O2).26
Coordination Geometry and Electronic Structural Comparisons of 1 and 2
Cu EXAFS—The k3-weighted Cu K-edge EXAFS spectroscopic data and Fourier transforms
(FT) of 2 are shown in Figure 2. The EXAFS fit parameters are given in Table 1. The firstshell EXAFS data were fit best with five Cu-O/N contributions at 2.00 Å.42 The theoretical
phase and amplitude parameters were calculated from a Cu-N path. Using a Cu-O path the best
first-shell fit resulted in a coordination number of four. This difference in the first-shell
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coordination is within the estimated 20-25% error. Split first-shell fits with a combination of
one to four short Cu-O/N with one to four longer Cu-N/O were also performed. These fits gave
higher error with the split in distance between the two paths less than the resolution of the data
(0.14 Å). The paths corresponding to the FT peak in the R = 2–2.8 Å range was fit using single
scattering (SS) and multiple scattering (MS) contributions from the AN alkyl backbone. The
FT peak in the R = 2.8–3.8 Å range was fit with a Cu···Fe SS contribution at 3.62 Å with its
corresponding MS Cu-O-Fe vector refined to 3.75 Å when both distances and σ2 values were
allowed to float independently for these paths. Linking the σ2 values for these paths resulted
in a fit with Cu···Fe distance of 3.63 Å and Cu-O-Fe MS distance of 3.76 Å with a σ2 value of
627×10-5 Å2. The Cu···Fe vector distance varied between fits to data of four different samples
and with slightly different splines giving an average Cu···Fe distance of 3.63 ± 0.04 Å.
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Fe EXAFS—The k3-weighted Fe K-edge EXAFS spectroscopic data and FT of 2 are shown
in Figure 3. The first backscattering shell was fit best using one Fe-O/N contribution at 1.94
Å and five Fe-N/O contributions at 2.09 Å. The second-shell FT peak in the R = 2–3 Å range
was fit using the porphyrin pyrrole α carbon SS and MS contributions, along with the SS
contribution from the meso carbons. The Fe···Cu contribution was fit at 3.64 Å with its
corresponding MS Fe-O-Cu vector refined to 3.71 Å when the two σ2 values were linked to
each other. Floating the σ2 values for these paths resulted in very similar fit parameters. The
Fe···Cu vector was not required to get a good fit to the EXAFS data. This is because the SS
and MS contributions from the porphyrin pyrrole β carbons interfere with the signal from the
Fe···Cu interaction making the metal-metal vector hard to determine. The reliable distance of
the Fe···Cu interaction was thus obtained from Cu EXAFS. The intensity in the R = 3.5–5 Å
FT range was fit with SS and MS components from the pyrrole β and γ carbon atoms.
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Comparison of EXAFS between 1 and 2—The Cu K-edge EXAFS and FT of frozen
solutions of 1 and 2 are compared in Figure S6. Both species have a first-shell coordination of
5 Cu-N/O, which in the case of 1 can be split to obtain a short Cu-O/N of 1.87 Å. The two
EXAFS patterns between k = 4–12 Å-1 are significantly different and account for the
contrasting copper ligands and Cu···Fe vectors in the two species. The slight phase shift to
lower k in 1 is consistent with a lenghthened Cu···Fe vector in 1 of 3.72 Å compared to 3.63
Å in 2. The higher EXAFS intensity in 1 is reflected in the higher FT intensity in which a major
difference is observed from R = 3–4 Å. The signal in this region originates from the Cu···Fe
interaction, which in 1 is much more intense because the Cu-O-Fe MS is stronger than that in
2. This difference arises from the more linear Cu-O-Fe angle of 150° in 1 compared to 134° in
2. Both angles have been calculated from EXAFS parameters.43 The deconvoluted sine waves
from the SS and MS of Cu-Fe and Cu-O-Fe, respectively, are shown in Figure S8. A Cu-O-Fe
angle of 150° is not enough to produce such an intense MS wave in 1. Some of the intensity
in the R = 3–4 Å region is a result of SS and MS contribution from the light atoms of TMPA.
The remainder of the difference between R = 2.5–5 Å is due to the different SS and MS
contributions from the pyridine versus the alkylamine side-chains.
The Fe K-edge EXAFS and FT of the solution data of 1 and 2 are compared in Figure S7. Both
have a split first-shell with a short 1Fe-O/N at 1.92 Å and 1.94 Å, respectively, and 5Fe-N/O
at 2.09 Å. The small changes in the first-shell FT are possibly from the different interference
of the two sine waves in each system. The EXAFS beat patterns are very similar in both species.
The higher intensity in 1 is again from the stronger Fe-O-Cu MS. This higher intensity translates
into the FT peak at 3.5 Å in 1 that is missing in 2. Both 1 and 2 have a very similar coordination
environment around Fe as seen from the Fe EXAFS. The Fe K-edge and pre-edge (Figure S9)
lend further support to the Fe being in a very similar coordination environment. The pre-edge
peak intensity at ~7113.5 eV is a result of a 1s→3d transition that is dipole forbidden but
quadrupole allowed. This peak gains intensity from 4p mixing into the 3d ground state.
Distortion away from centrosymmetry increases 4p-3d mixing as the Fe is pulled out of the
Inorg Chem. Author manuscript; available in PMC 2011 April 19.
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heme plane. The similar pre-edge peak intensity in the two systems suggests that the peroxo
binding to Fe is similar in both species, i.e. side-on, as a consequence of similar Fe coordination.
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Resonance Raman Spectroscopy—The O—O stretching frequencies of both 1 and 2
have been previously reported as 810 and 756 cm-1 respectively,24,37 indicating the peroxo
character of the bound dioxygen moiety. However, the significant difference between these
two energies was hypothesized as due to a distinct core geometry, namely a μ:η2:η2 for 2
relative to the μ-η2:η1 found in 1. To evaluate this possibility and an alternative η1 coordination
mode at the Fe, rR spectroscopy was performed to assess the displacement of the iron out of
the heme pocket. In particular, the energy of the oxidation and spin state sensitive marker band
ν4 was recorded. From the spectra in Figure 4, the ν4 band of 2 is observed at 1362 cm-1 which
compares well to that of 1 (1360 cm-1). A bona fide end-on dioxygen bound heme, [(F8)(THF)
Fe(O2)]24,26,38,44 with the iron in the porphryn plane was measured as a control, and exhibits
a ν4 of 1370 cm-1.
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Geometric Structures—Spin-unrestricted DFT calculations were performed using the
BP86 functional on [(F8)Fe-O2-Cu(TMPA)]+ (1) and [(F8)Fe-O2-Cu(AN)]+ (2). The optimized
structures are shown in Figure 5 and selected bond angles and distances are reported in Table
2. An optimized structure of a truncated model lacking phenyl rings of the heme of 1 was
previously reported,25,26 however, the full structure of 1 was reoptimized herein to facilitate
structural comparisons between 1 and 2. The metrical parameters of the μ:η2:η1 Fe—O2—Cu
core in the present structure of 1 agrees well with the previously reported metrical parameters
of the truncated model, and thus indicates that the heme phenyl substituents exhibit only a
minor effect on the core. The core structure of 1 is likewise very analogous to that of the
crystallographically characterized tethered complex of Naruta and co-workers,27 {[(TMP)Fe]O2-[Cu(5MeTPA)]}+. Both molecules display a degree of ruffling of the porphyrin
macrocycles, a feature not observed in the previous calculations of 1, presumably due to their
lack of phenyl substituents. The ruffling causes the four coordinating nitrogen atoms to deviate
slightly from planarity. Thus, the displacement of the Fe out of the heme pseudo-plane (0.56
Å in the case of 2) is reported as an average displacement.
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In contrast to the μ-η2:η1 structure of 1, the geometry optimized core structure of 2 displays
the peroxo moiety spanning the metals in a μ:η2:η2 configuration, where the peroxo ligand has
gone from η1 to η2 on Cu in going from 1 to 2. This is the first example of such coordination
in heme-peroxo-Cu chemistry. The most notable metrical parameters predicted by DFT of 2
and listed in Table 2 are: 1) an O—O bond length of 1.463 Å, 2) an intermetallic Fe···Cu distance
of 3.727 Å, 3) slightly inequivalent Cu—O bond lengths of 2.094 and 2.001 Å (compared to
the η1 structure of 1, where a Cu-O bond length of 1.945 Å is calculated), 4) slightly
inequivalent Fe—O bond lengths of 2.060 and 1.902 Å, 5) a slight butterfly of the peroxo core
characterized by an Fe—O—O—Cu dihedral angle of 166.1°, and 6) displacement of the Fe
out of the pseudo-plane of the porphyrn by 0.53 Å. In general, the structural parameters
predicted by theory are in good agreement with those measured by Fe and Cu K-edge EXAFS.
In particular, DFT predicts an intermetallic distance (3.727 Å) in good agreement with the
Fe···Cu vector observed from Cu and Fe EXAFS (3.63 Å). Furthermore, the predicted O—O
bond length (1.463 Å) is well within the classical peroxo manifold. Analytical frequency
calculations were performed on 1 and 2, yielding νO—O energies of 889 and 821 cm-1
respectively, which parallel the observed ordering and difference of 810 and 756 cm-1 derived
experimentally in 1 compared to 2. Thus, the optimized core is well described by the
calculations. Alternative coordination modes were assessed to ensure that a global minimum
had been obtained. Specifically, a μ:η2:η1 core geometry was found to be a local minimum on
the HS potential energy surface. However, this coordination mode lies higher in energy then
the μ:η2:η2 (by ~ 65 kcal/mol), and deviates from the experimentally observed Fe···Cu distance
by 0.5 Å (the predicted distance for this coordination mode is ~ 4.2 Å).
Inorg Chem. Author manuscript; available in PMC 2011 April 19.
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Electronic Structure—In agreement with the experimentally determined spin of the
complexes, both molecules are well described by broken-symmetry wavefunctions, yielding
ST = 2 ground state electronic structures, in which the FeIII and CuII are anti-ferromagnetically
coupled. In both molecules, one α-hole is localized on the Cu whereas five β-holes are localized
on the Fe (Figures 4 and 5),45 The magnitude of the coupling in 1 and 2 between the ST = 2
and ST = 3 states, |-6J|, calculated using Equation 1, is 4552 and 4627 cm-1 respectively (using
the Hamiltonian -2JS1•S2), and is in general agreement with the experimentally observed strong
antiferromagnetic coupling. However, the nature of the ligands on copper, specifically the
denticity, engenders distinct character to the singly occupied, and thus net bonding, orbital on
the Cu. In the case of 1, given the propensity of TMPA for 5-coordinate trigonal bypyramidal
molecular geometry with O22- bound in a end-on fashion, the singly occupied orbital is of
3dz2 character. In contrast, with the less conformationally demanding AN ligand which allows
for square pyramidal geometry and bi-dentate O22-, the singly occupied Cu d orbital of 2 is of
3dx2-y2 character. As depicted graphically in Figure 6, the superexchange pathways in 1 and
2 are via the sigma bonding framework. Specifically, the coupling involves the 3dxz orbital of
the Fe (z ∞ to the heme plane and x ∥ to the O—O vector) with the singly occupied orbital of
the Cu, 3dz2 of 3dx2-y2 respectively.
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In both molecules, the Fe-O22- bonding is characterized by two interactions (Figures S5 and
S6). The in-plane σ interaction is between the Fe 3dxz and the O22- π*σ orbitals and the outof-plane δ interaction is between the Fe dxy and the O22- π*v orbitals. The orbital basis for the
interactions are similar in 1 and 2, but do reflect the differences in peroxo-copper bonding
(Tables 3 and 4). In the case of 1, the spin down σ bonding contributions are 12.0 % and 39.4
% for O22- and Fe (Figure 4, Table 3, orbital β310) and the δ bonding contributions are 15.9
% and 76.7 % for O22- and Fe (Figure 4, Table 3, orbital β303). In 2, the spin down σ bonding
contributions are 18.5 % and 61.9 % for O22- and Fe (Figure 5, Table 4, orbital β284) and the
δ bonding contributions are 13.4 and 80.5 % for O22- and Fe (Figure 5, Table 4, orbital β279).
Given that the Fe-porphyrin fragments in 1 and 2 are identical, any differences in bonding must
be a result of modulation of the Cu fragment-peroxo bonding. As can be observed from the
unoccupied spin-up Cu-O22- anti-bonding molecular orbital of 1, the Cu 3dz2 (38.7%) interacts
strongly with the in-plane O2 π*σ (31.9%), which does contain some contribution from the Fe
(10.9%) and ligands (Figure 4, Table 3, orbital α307). The unfilled spin-up Cu-O22- antibonding orbital of 2 indicates σ-overlap of the 3dx2-y2 (41.4%) with the in-plane O2 π*σ
(29.6%), with some Fe (9.7%) and ligand contributions (Figure 5, Table 4, orbital α283). In
both molecules, the out-of-plane O2 π*v is largely non-bonding with the otherwise filled Cu d
manifold.
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Comparison to the bonding observed in μ-η2:η2 and μ-η1:η1 Cu2O2 homo-dimers is instructive.
46 In the side-on peroxo complex, [{Cu(Tp)} -(O )], which displays a relatively low ν
2
2
O—O of
~760 cm-1, the unoccupied Cu d – O2 π*σ orbital was calculated to be composed of 68 % Cu
and 22 % O2. In contrast, in the end-on complex [{Cu(TMPA)}2-(O2)]2+, which displays a
νO—O of 830 cm-1 , the unoccupied Cu d – O2 π*σ orbital consists of 43 % Cu and 9 % O2.

Thus, the low intraperoxide stretch observed in the side-on case was not a result of differences
in the σ bonding framework (i.e. in the side-on complex [{Cu(Tp)}2-(O2)], the peroxo is a
better π*σ donor which removes e- density from an anti-bonding orbital, thus, the νO—O should
be greater), but rather backbonding into the O22- σ* (O22-σ* mixing into occupied,
predominantly Cu d orbitals).47 On this basis, the ~2.3 % calculated difference in Cu-O2
covalency in the σ framework of 1 and 2 does not sufficiently explain the ~50 cm-1 downward
shift in the intraperoxide stretching energy observed experimentally between 1 and 2 (2 having
more π*σ character) and reproduced by DFT calculations. The more covalent (as defined by
the mixing of the filled peroxo π*σ orbital into the unfilled Cu d orbital) σ interaction in fact
would argue for a higher νO—O in 2, inconsistent with experiment. Differences in mechanical
coupling as a rationale to account for the lower intraperoxide stretch were also considered, but
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determined to be negligible by systematically increasing the mass of the Cu bound ligand
atoms. Surveying the occupied valence orbitals of 1 and 2 for O22- σ* character indicates ~ 4x
greater σ* character in the occupied valence orbitals of 2 compared to those of 1. The σ* in
2 acts as a π-acceptor, which weakens the O—O bond, leading to a low νO—O stretching energy.
Due to the fact that the σ* orbital is strongly antibonding, a few percent increase of the mixing
of the σ* character into an occupied metal based orbital is enough to greatly impact the observed
νO—O. Thus, as for in the Cu2O2 dimers, the low observed νO—O in 2 is a result of σ*
backbonding in the μ-η2:η2 core structure.

Eq. 1
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Thermal Decomposition of 1 and 2—The thermal decomposition of high-spin hemeperoxo-Cu complexes 1 and 2 yields the corresponding μ-oxo compound [(F8)FeIII-(O2-)CuII(TMPA)]+ (1a) and [(F8)FeIII-(O2-)-CuII(AN)]+ (2a) with distinct UV-vis bathochromic
shifts in their Soret and Q bands (1: λmax = 412, 526 nm;48 1a: λmax = 433, 553 nm49,50 and
2: λmax = 418, 538, 561 nm; 2a: λmax = 440, 557 nm). The μ-oxo complexes also have
distinct 1H-NMR features at –80° C with a pyrrole resonance signal at ~105 ppm. Separate
measurements29 indicate that ~0.5 equiv. of dioxygen is released during the μ-peroxo to μ-oxo
conversion, indicating this process involves a disproportionation reaction, 2 [FeIII-(O22-)CuII]+ → 2 [FeIII-(O2-)-CuII]+ + O2. Insights into the mechanism(s) for such reactions have
not been sought or obtained, but similar kinds of processes are known and studied for related
non-heme diiron species.51,52
X-ray Structure of μ-oxo complex [(F8)FeIII-(O2-)-CuII(AN)]+ (2a)—The comparison
between a new X-ray structure of [(F8)FeIII-(O2-)-CuII(AN)]+ (2a), presented here (also see
Supporting Information), and the previously described X-ray structure of [(F8)FeIII)-(O2-)CuII(TMPA)]+ (1a)49 (Figure 7), reveals that in both cases the metal-oxygen bond distances
are all similar and characteristically short.53,54 The Fe-O bond length in 1a [1.740 Å] and 2a
[1.747 Å] are similar to those of μ-oxo-diiron(III)-(porphyrinates),55 and the short Cu-O bond
distances [1.856 Å in 1a and 1.815 Å in 2a] are not far off from values observed for bis-μoxodicopper(III) complexes (Cu-O = 1.8 Å).33,56 To further compare, a high-spin (heme)
FeIII-hydroxide Fe-O bond lengths is 1.86 Å,57 while for example CuII-hydroxide Cu-O(H)
bond lengths in complexes with the CuII-O(H)-FeIII (1.89-1.95 Å)50,58 or CuII2(OH–)2 /
CuII(OH–) core (1.9 – 2.0 Å) are greater.59-67
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bond angle between the two
Most interestingly, there is a large difference in the
structures. Complex 1a, as most other (porphyrinate)FeIII-O-CuII complexes with tetradentate
copper ligands,4,6 have near-linear core structures, but the Fe-O-Cu bridge in 2a is severely
bent to an angle of 149.5° as observed in the other complex [(F8)FeIII-O-CuII(LMe2N)]+ (6)
with tridentate copper ligand.38 We note that a somewhat related μ-hydroxo complex, [(OEP)
Fe-(OH)-Cu(Me5dien)(OClO3)](C1O4) (OEP = octaethylporphyrinate2–); Me5dien = tris(2(N,N-dimethylamino)-ethyl)amine), possesses a bent FeIII-(OH-)-CuII core
(
),58 as would be expected for a protonated oxo group changing its
hybridzation from sp (μ-oxo) to sp2 (μ-hydroxo). For the μ-oxo complexes [(F8)Fe-(O2-)-Cu
(TMPA)]+ (1a) and [(F8)Fe-(O2-)-Cu(AN)]+ (2a), the differences in observed structures once
again illustrate how the nature of the copper chelate (tri- versus tetradentate) influences the
structure of heme-copper/dioxygen adducts. Such structural (Chart 2) and reactivity effects are
already well known in copper-dioxygen chemistry.31,32,68
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We have previously37 described the reactivity of [(F8)Fe-(O22-)Cu(TMPA)]+ (1) and [(F8)Fe(O22-)-Cu(AN)]+ (2), along with peroxo complexes 3 and 4 (Chart 1), toward different reagents,
HCl, Co(Cp)2, CO, PPh3 and tBu-substituted phenols. As an important goal of the current report
is to contrast reactivity when the spin-state of the heme-iron is changed (vide infra), we
summarize here major aspects of the reactivity observed for the HS complexes 1 and 2 (Scheme
3).
Hydrochloric acid was added to 1 and 2, in order to study the possibility of forming and studying
protonated dioxygen species (e.g. hydroperoxo complexes).9,10,12 Protonation and formation
of such species are likely important in triggering HCO enzymatic O-O reductive cleavage
events. When peroxo complexes 1 and 2 were exposed to one or two equivalents of HCl, neither
low-temperature UV-vis nor 1H NMR spectroscopic investigations showed any evidence for
a hydroperoxo intermediate, i.e., formation of a new absorption feature was not found in the
reaction. Further, electron paramagnetic resonance (EPR) spectroscopic and ESI-MS analyses
of the reactions products revealed the formation of F8FeIII-Cl and CuII-Cl. H2O2 was released
providing complementary evidence that O2 adducts 1 and 2 have a peroxidic nature.37
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Peroxo complexes 1 and 2 possess dioxygen in its two-electron reduced state. Thus, to complete
the reductive cleavage of dioxygen to the level of water, two more electrons are needed. The
strong outer-sphere reductant cobaltocene (CoCp2) was, thus, used to provide these reducing
equivalents.29,37,48 Reaction of two equivalents of CoCp2 does effect O-O cleavage and the
formation of the corresponding previously structurally characterized μ-oxo-bridged
compounds [(F8)FeIII-(O2-)-CuII(TMPA)]+ (1a) and [(F8)FeIII-(O2-)-CuII(AN)]+ (2a).37 This
result differs from an earlier work of Collman and coworkers where they showed that the
addition of CoCp2 to heme–dioxygen-copper complexes containing appended imidazole axial
base for iron lead to fully reduced FeII/CuI and the reduction of O2 to H2O2.69-72
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1 and 2 were also exposed to carbon monoxide and PPh3,37 reagents known to either displace
the peroxide or to be subject to oxidation giving CO2 (in the case of CO (in CcO))73 or
O=PPh3 in the case of triphenylphosphine. Compound 2 reacted with excess CO(g) to form the
CO-adduct (THF)(F8)FeII-CO and copper monoxide adduct [CuI(AN)(CO)]+ while also
releasing dioxygen. Surprisingly, 1 does not react with CO. 2 reacts with PPh3 to displace the
peroxo ligand from copper, but not from iron, thus involving a formally partial reduction
reaction. The products are the iron–superoxo species (solvent)(F8)FeIII−(O2•–) and the reduced
CuI–phosphine adduct [CuI(AN)(PPh3)]+. Interrogation of the product solutions using 31PNMR spectroscopy showed only the presence of PPh3 (and no O=PPh3). Unexpectedly,
complex 1 displays no reaction toward PPh3 under these conditions. In summary, there are
clear differences in FeIII−(O22-)−CuII reactions with CO or PPh3 that reflect variations in the
detailed nature of the peroxo structure and reactivity induced by the nature of the copper ligand
(tri- vs tetradentate).
The examination of the addition of phenols to heme–Cu/O2 adducts was inspired by reactivity
observed for the “mixed-valent” CcO enzyme form, wherein an active-site tyrosine, found
crystallographically to be covalently tethered to a copper bound histidine, is thought to act as
a net hydrogen atom donor (see the Introduction and further discussion below).4 When either
2,4-tBu2-phenol or 2,4,6-tBu3-phenol, i.e. good hydrogen atom (H+ + e–) donors, was added
to low-temperature solutions of 1 or 2, no reaction occured (Scheme 3). This is an important
finding, especially when contrasted with the chemistry of a low-spin analog (vide infra).
Collman and co-workers74 recently reported that a phenol as hydrogen-atom source can be
added to a heme–superoxo–copper complex, (i.e. a low-spin FeIII(O2•–)···CuI moiety) resulting
in reductive O—O cleavage and formation of a phenoxyl radical (A, Chart 3). This heme–Cu
Inorg Chem. Author manuscript; available in PMC 2011 April 19.
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complex possesses an internal (i.e., appended) imidazole axial base for iron. A closely related
complex possessing an internal phenol group (i.e., with one of the R-groups, Chart 3 (A), is a
phenol) can electrocatalytically reduce dioxygen to water.22 In that system, electronic
structural and spin-state issues have not been addressed beyond the superoxo complex and
possible intermediates after O-O cleavage. In systems we have studied, (F8)FeIII(O2-)···CuI
species are transient (but detectable) intermediates (Figure 8)39 in the reduction of O2 from the
FeII···CuI to FeIII-(O22–)-CuII((ligand) complex stage, the latter being stable at –80° C and
amenable to study, i.e., those complexes in Chart 1.
It is notable that for non-heme iron FeIII−OOR complexes, low-spin rather than high-spin
species are amenable to reductive O−O cleavage chemistry as a consequence of weakened
peroxide O−O bonds and strengthened Fe–O bonds.75,76 From all the information available,
as discussed thus far in this report, it was clear one should investigate, compare and contrast
the chemistry of high-spin FeIII−(O22-)−CuII complexes with low-spin analogues, if we could
generate the latter. This was accomplished, as described below.
Generation of a low-spin heme-peroxo-copper Complex
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The low-spin heme−O2−copper complex which we formulate as [DCHIm(F8)FeIII-(O22-)CuII(AN)]+ (2b) was generated by the addition of one equivalent of 1,5-dicyclohexylimidazole
(DCHIm) to a solution of high-spin [(F8)FeIII-(O22-)-CuII(AN)]+ (2) in THF at -80° C (Scheme
4). Collman's research group reported the first example of a well-characterized discrete
dioxygen adduct in a heme/Cu assembly using a sophisticated superstructured “capped”
porphyrin with appended triazacyclononane as ligand for copper (B, Chart 3).69,71 When a
solution of [(α3TACNαAcr)FeIICuI]+ is mixed with large excess (500 equiv.) of DCHIm and
subsequently exposed to dioxygen, rapid and irreversible formation of a low-spin adduct
[(DCHIm)(α3TACNαAcr)FeIII−(O22-)-CuII]+ occurs.
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With our system, the UV-vis monitoring show that only one equivalent of DCHIm is required
for the complete transformation of high-spin species 2 (418, 538, 561 nm) to low-spin species
[(DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ (2b) (421, 537 nm) (Figure 9). A 2H-NMR study of
2b formation was performed using pyrrole-deuterated version of F8 (Figure 10). After the
generation of the high-spin peroxo (2) (pyrrole resonance at ~ 95 ppm), the addition of 1 equiv.
of DCHIm is accompanied by the shift of the pyrrole signal to the diamagnetic region
(δpyrrole ~ 8.3 ppm). This behavior suggests that in 2b, the presence of antiferromagnetic
coupling between the low-spin (S = 1/2) six-coordinate Fe(III) and the d9 Cu(II) (also S = ½)
centers occurs through the peroxo bridge. The latter's peroxidic nature is not yet unequivocally
determined.77 However, evidence that that [DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ (2b)
possesses a peroxidic intact O-O bond is suggested by its reactivity with hydrochloric acid to
release hydrogen peroxide in good yield (see Experimental Section). Alternative formulations
of the new species 2b as either 1) a mixture of (F8)FeIII-(O22-)-FeIII(F8) (δpyrrole 15-19 ppm},
26 and [(AN)CuII-(O 2-)-CuII(AN)]+ (formed by disproportionation of 2b) or 2) a O—O
2
cleaved78 product give ferryl complex [(DCHIm)(F8)FeIV=O] (2c) (δpyrrole 4-5 ppm), can be
ruled out based on its δpyrrole ~ 8.3 ppm assignment and UV-vis spectroscopic peak positions.
41 The formation of an analogous complex to 2b was also observed using 4-(dimethylamino)
pyridine (DMAP) instead of DCHIm as the exogenous axial ligand.
By contrast, the addition of an axial base such as DCHIm or DMAP to a solution of [(F8)
FeIII-(O22-)-CuII(TMPA)]+ (1) effects the release of O2 and the formation of a mixture of
[CuI(TMPA)]+ and six-coordinate low-spin compound (F8)FeII–(Base)2 (Scheme 4). The
reaction was followed by UV-vis spectroscopy as shown in the Supporting Information (Figure
S2): the peroxo compound 1 exhibits Q band at 558 nm with a shoulder at 535 nm (CH3CN,
– 40° C) and upon addition of 1 to 5 equiv. of DMAP a new spectrum with λmax = 527 nm is
formed assigned to (F8)FeII(DMAP)2. To support this assignment a control experiment was
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conducted in which the addition of DMAP to a solution of the mixture of (F8)FeII/
[CuI(TMPA)]+ yielded the same spectrum because of the formation of (F8)FeII(DMAP)2. The
evolution of 0.9 equiv O2 was determined by exposing evolved gases to an alkaline pyrogallol
test solution;79 within experimental error, this finding is consistent with the quantitative
oxidation of the peroxide moiety to molecular oxygen.
Reactivity of low-spin peroxo [DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ complex (2b) toward phenols
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To study the reactivity of the low-spin peroxo [DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ (2b)
complex toward phenols, 2,4-tBu2-phenol was employed first as substrate. The rationale for
selection of this phenol was if hydrogen atom abstraction (H+ + e-) occured, the phenol would
couple to form 3,3’,5,5’tetra-tert-butyl-2,2’-dihydroxylbiphenyl which can be detected and
quantified as stable product.80-84 We have shown above (Scheme 3) that the high-spin peroxo
complex 2 doesn't react with phenols. The addition of 1 equiv. of 2,4-tBu2-phenol to a solution
of low-spin peroxo complex 2b in THF at -80° C leads to the formation of the coupled phenol
product (3,3’,5,5’tetra-tert-butyl-2,2’-dihydroxylbiphenyl) (Scheme 5). GC-MS analyses of
the reaction mixture at room temperature revealed that the yield of the reaction is greater than
65%. Further spectroscopic investigations show that the oxidative coupling of the phenol is
accompanied by the reductive cleavage of the peroxo bridge and the formation of CuIIhydroxide complex ([CuII(AN)(OH)]+) and ferryl heme [(DCHIm)(F8)FeIV=O] (2c) (Scheme
5). The evidence for the presence of [CuII(AN)(OH)]+ comes from observation of a
characteristic CuII-OH EPR signal of the frozen reaction mixture (A∥ = 127 × 10-4 cm-1, A∞
= 35 × 10-4 cm-1, g∥ = 2.24 and g∞ = 2.06) (Figure S3) and from ESI-MS spectrometry at room
temperature (calculated m/z = 267.1 for C10H26CuN3O; found, m/z = 267.5). The EPR
spectrum of the reaction mixture after warming up to room temperature presents the same
signal for CuII-OH in addition to a characteristic signal for the well known stable compound
(F8)FeIII-OH (g = 5.8), which derives from thermal decay of [(DCHIm)(F8)FeIV=O] (2c).41
The UV-vis monitoring of the O-O cleavage reaction shows a shift of the 2b Q band at 535
nm to a new band at 540 nm (Supporting Information, Figure S1). This band was also observed
for an authentic [DCHIm(F8)FeIV=O] generated by the reaction of [(F8)FeIII]2-(O22-) with
DCHIm in noncoordinating solvent.41,85 The ferryl nature of the product solution and presence
of 2c was also established by its reactivity toward different substrates: (a) the low-temperature
addition of one equivalent of [CuI(AN)]+ leads to the formation of [(F8)FeIII-(O2-)CuII(AN)]+ (2a) (90% yield calculated by UV-vis spectroscopy) (Scheme 5); the same redox
reaction is also observed with the authentic ferryl-oxo complex, as determined in a separate
‘control’ experiment, (b) the addition of triphenylphosphine to the reaction solution led to
triphenylphosphine oxide, also a criterion used to demonstrate the presence of a ferryl
(FeIV=O) species.86

NIH-PA Author Manuscript

To confirm the electron and proton transfer from the phenol to 2b and the formation of the
phenoxyl radical prior to the phenol coupling, we used 2,4,6-tri-tert-butylphenol and the 2,6di-tert-buyl-4-methoxyphenol (Scheme 6), two phenols known to form relatively stable and
detectable phenoxyl radicals.87-89 The reaction of EPR-silent 2b with those phenols in THF
at -80° C leads to the formation of phenoxyl radical which displays an intense and characteristic
EPR signal at 2.006 in the case of 2,4,6-tri-tert-butylphenol and at 2.008 in the case of 2,6-ditert-buyl-4-methoxyphenol (Figure 11).

Summary & Perspectives
Our investigation into the nature of heme-peroxo-copper complexes has revealed that the
denticity (tri- vs. tetradentate) of the copper ligand can have major influence on the molecular
structure and the electronic-structure/bonding in such species. Using rR and EXAFS
spectroscopic analyses coupled to DFT calculations, we have previously established a μ(O22-) side-on to the FeIII ion and end-on to CuII (i.e., μ-η2:η1-peroxo) center binding in the
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complex with tetradentate copper ligand [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1). However, in new
investigations described here, side-on/side-on (μ-η2:η2) μ-peroxo coordination for the complex
with tridentate copper ligand is established for [(F8)FeIII-(O22-)-CuII(AN)]+ (2). Insights into
the electronic-structure/bonding of 2 and comparisons to 1 are described. A structural
difference, for tridentate versus tetradentate copper ligand, was also directly observed by
comparison of the X-ray structures of the μ-oxo complexes [(F8)FeIII-(O2--CuII(TMPA)]+
(1a) and newly reported species [(F8)FeIII-(O2--CuII(AN)] (2a), these obtained respectively by
thermal decomposition of 1 and 2.
These electronic and structural differences between the two dioxygen adducts result in a
difference in their reactivity toward substrates such as CO or PPh3. More interestingly, the
difference between the two high-spin heme-peroxo complexes 1 and 2 is the ability of the latter
with tridentate copper ligand to form a new low temperature stable low-spin complex [DCHIm
(F8)FeIII-(O22-)-CuII(AN)]+ (2b) in the presence of an axial base, tentatively assigned as a
peroxo complex. Under the same conditions, complex 1 (tetradentate copper ligand) reacts
with DCHIm only to break apart the heme-peroxo-copper assembly, essentially reversing its
formation and releasing O2.
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In this study, we have also shown that in contrast to the behavior of the high-spin complexes
1 and 2, the new low-spin complex 2b reacts with phenols performing O-O bond cleavage
which is accompanied by formation of the high valent ferryl heme species [DCHIm(F8)
FeIV=O] (2c).77 This reaction occurs as a net hydrogen atom abstraction (H+ + e-) from the
phenol with generation of a phenoxyl radical.
Given the new reactivity demonstrated by the low-spin complex, considerable future efforts
are needed to determine the geometric and electronic structure of the low-spin system in
comparison to the structure of high-spin system determined here. Such comparisons can
contribute to a better understanding of the differenential reactivity observed dependent on the
spin state in addition to different peroxo bridging modes. It is intruiging to consider if a bridging
peroxo species could be identified as a fleeting intermediate in cytochrome c oxidase, would
its spin state also be of central importance? Based on chemical precedent, and given the
proximal histidine present in heme-copper oxidase enzymes, one would surmise a low-spin
state was at work. Nonetheless, previous studies have suggested heme a3 proximal histidine
dissociation from iron, a mechanism which is known to occur in the evolutionarily related
heme/non-heme diiron NO reductases, suggestive of a high-spin oxidant.
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However, in addition to the spin state contribution to the O—O bond cleavage in heme-copper
oxidases, proton and electron transport must also be considered. The order in which protons
and electrons enter catalysis may shed light on the nature of the active oxidant. Our interest is
especially piqued by the speculation of a discreet hydroperoxo species (either Cu or Fe bound,
or both), given the generality of such a potential reaction. As such we have embarked on studies,
some of which are alluded to herein, to test the possibility of such species and their respective
reactivity for insight into the mechanism of heme-copper oxidases.
Within the context of 1) the nature of the active oxidant and 2) the role of protons and electrons
in driving a particular reaction coordinate, the issue of the active site tyrosine remains intruiging
to us from a mechanistic standpoint. While it is generally accepted that a tyrosine radical forms
at some point during the reaction, it remains an open question as to when its proton and electron
enter the catalytic cycle and by what means. Specifically, 1) does the active site oxidant do
direct H-atom abstraction from the tyrosine, or does the reaction occur stepwise, and 2) do the
transfers occur before or after the O—O bond is cleaved. Stepwise mechanisms would indicate
the importance of the Tyr-His crosslink to form an adequate superexchange pathway for
electron transfer and would significantly enhance the functional role of copper in mediating
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the electron transfer. Finally, how would such a crosslink be formed in an active site?
Presumably one would invoke some sort of oxidative coupling involving reduced oxygen
species in the proenzyme before the first turnover (the cofactor biogenesis reaction), but would
that process require both copper and iron? Hopefully, our foray into small molecule analogs
as probes of these potential mechanistic scenarios continues to shed light on these critical
questions, given the enormous scope of the processes involved and applicability to problems
ranging from disease to energy conversion.

Experimental Section
Materials and Methods
All reagents and solvents were purchased from commercial sources and were of reagent quality
unless otherwise noted. Tetrahydrofuran (THF) was distilled from sodium/benzophenone
under argon, and acetonitrile (CH3CN) was purified over and activated alumina column.
Preparation and handling of air-sensitive compounds were performed under MBraun
Labmaster 130 inert atmosphere (<1 ppm O2, <1 ppm H2O) glove box filled with nitrogen.
Deoxygenation of solvents was effected either by repeated freeze/pump/thaw cycles of by
bubbling with argon for 30-45 min.
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Low-temperature UV-vis Low-temperature UV-vis spectra were recorded on a HewlettPackard Model 8453A diode array spectrometer with HP Chemstation software; the instrument
was equipped with a variable-temperature Dewar and cuvette. 1H and 2H NMR spectra were
measured on a Varian XL-400 NMR instrument and Bruker 400 MHz spectrometer at ambient
or a low temperatures. All spectra were recorded in 5 mm o.d. NMR tubes, and chemical shifts
δ (ppm) were referenced either to an internal standard (Me4Si) or to residual solvent peaks.
Electron paramagnetic resonance (EPR) spectra were obtained in frozen solutions with 4 mm
o.d. quartz tubes in a Bruker EMX spectrometer operating at X-band using microwave
frequencies around 9.5 GHz, with sample temperature maintained at 77 K. EPR spectra were
referenced to 2,2-diphenyl-1-picrylhydrazyl (g = 2.0036). Elemental analyses were performed
by Desert Analytics (Tuscon, AZ). The coupled phenol was analyzed by gas chromatographymass spectrometry (GC-MA) on a Shimadzu GC17A/QP5050A instrument equipped with a
non-polar column (DB-5 ms). Helium was used as the carrier gas at a flow rate of 27 cm s-1.
Injections were made in split mode using an initial column temperature of 100° C. The
temperature was raised by 20° C per min to 300° C with an initial and final hold time of 3 min
and 2 min.
XAS Data Acquisition
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The Cu and Fe K-edge X-ray absorption spectra of [(F8)FeIII-O2-CuII(AN)](ClO4) in solution
form were measured at the Stanford Synchrotron Radiation Lightsource (SSRL) on the focused
16-pole, 2.0-T wiggler beam line 9-3 under storage ring parameters of 3 GeV and 80-100 mA.
A Rh-coated premonochromator flat bent mirror was used for harmonic rejection and vertical
collimation, while a bent cylindrical Rh-coated post-monochromator mirror was used for
focusing. A Si(220) double crystal monochromator was used for energy selection. ~150 μL of
the solution samples were loaded into 2 mm Delrin XAS cells with a 38 μm Kapton window.
The samples were immediately frozen and stored under liquid nitrogen. The samples were
maintained at a constant temperature of ~10 K during data collection using an Oxford
Instruments CF 1208 continuous-flow liquid helium cryostat. A Canberra solid-state Ge 30element array detector was used to collect Kα fluorescence data. Data reported here are up to
k = 12.8 Å-1 for Cu in order to avoid interference from the Zn K-edge, and up to k = 16 Å-1 for
Fe. Internal energy calibration was performed by simultaneous measurement of the absorption
of the corresponding metal foil placed between two ionization chambers located after the
sample. The first inflection point of the foil spectrum was assigned to 8980.3 eV for Cu and
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7111.2 eV for Fe. To reduce photoreduction, data were collected on four distinct and physically
separate spots, two spots for Cu and two spots for Fe. A total of 12 and 19 scans were measured
at the Cu and Fe K-edge respectively with no significant change from photoreduction observed.
XAS Data Analysis
The energy-calibrated averaged data were processed by fitting a second-order polynomial to
the pre-edge region and subtracting this from the entire spectrum as a background. A threeregion spline of orders 2, 3, and 3 was used to model the smoothly decaying post-edge region.
The data were normalized by scaling the spline function to an edge jump of 1.0 at 9000 eV for
Cu and 7130 for Fe. This background subtraction and normalization was done using PySpline.
92 The least-squares fitting program OPT in EXAFSPAK93 was used to fit the data. Initial ab
initio theoretical phase and amplitude functions were generated in FEFF 7.094 using
crystallographic parameters of the oxo complex [(F8)Fe-O-Cu (AN)]+ as the starting model.
The final model used was based on the DFT optimized structure. Atomic coordinates were
further adjusted as necessary as fits were improved. During the fitting process, the bond
distance (R), and the mean-square thermal and static deviation in R (σ2) were varied for all
components. The threshold energy (ΔE0) was also allowed to vary for each fit but was
constrained to the same value for all components in a given fit. Coordination numbers (N) were
systematically varied to provide the best chemically viable agreement to the EXAFS data and
Fourier transform but was fixed within a given fit.
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Resonance Raman
Samples were prepared as previously described as 1mM THF solutions in NMR tubes. Samples
were excited at 413 nm using a Coherent I90C-K Kr+ ion laser while the sample was immersed
in a liquid nitrogen cooled (77 K) EPR finger dewar (Wilmad). Power was 2 mW at the sample.
Data were recorded while rotating the sample to minimize photodecomposition. The spectra
were recorded using a Spex 1877 CP triple monochromator with a 1200 groves/mm
holographic spectrograph grating, and an Andor Newton CCD cooled to -80° C. Spectra were
calibrated to toluene.
Computational methods
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Density functional calculations were performed using Gaussian03.95 Models of 1 and 2 and
were constructed based loosely on crystallographically derived parameters of the monometallic
molecular fragments. Calculations were performed with the BP86 functional within the
unrestricted formalism (B3LYP incorrectly predicts the ground state as HS (S = 3), and a
previous assessment of functional dependence for the truncated [(P)Fe-O-Cu(AN)]+ complex
supports the choice of the BP86 functional). A triple-ζ basis set with polarization (6-311G*)
was used on the Cu, Fe, and O2. A split-valence basis (6-31G) was used on all remaining atoms
(F, C, H), supplemented by polarization functions in the case of N (6-31g*). Density fitting
was employed and models were optimized to default convergence criteria (unless otherwise
noted) on ultrafine integration grids. Models were first subjected to a coarse optimization on
the high-spin (ST = 3) surface, followed by a single point calculation to obtain a spin-polarized
broken-symmetry solution. The models were then reoptimized on the BS (ST = 2) surface to
yield final atomic coordinates. Analytical frequency calculations were performed to ensure
stationary points on the models’ respective potential energy surfaces had been reached. No
imaginary frequencies were obtained. Mulliken population analysis was performed with
QMForge.96
Generation of [(F8)Fe-(O2-)-Cu(AN)]+ BArF- (2a)
In a 100 mL Schlenk flask equipped with a stir bar were placed, in the drybox, 210 mg (0.2
mmol) of (F8)FeII and 186 mg (0.2 mmol, 1.0 equiv.) of [(AN)CuI](BArF), to which was added
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air-free freshly distilled THF (20 mL). The reaction mixture was cooled to -80° C (dry iceacetone bath) and stirred for 30 min. The solution was subject to O2 purging and finally allowed
to warm slowly at room temperature and then layered with 50 mL of deoxygenated heptane.
After 12 h, the solution was filtered and the black microcrystalline solid dried in vacuo (245
mg, 70% yield). Anal. Calcd. (found): C, 53.28 (53.22); H, 2.58 (2.59); N, 5.58 (5.63). 1ååH
NMR (CD2Cl2): δ (s, 8H, pyrrole), 9.8-9.14 (d, 8H, m-phenyl), 7.67-7.51 (m, 16H, 8H BArF
+ p-phenyl); UV-visible (CH2Cl2): 440, 557 nm.
Generation and Characterization of [(DCHIm)(F8)FeIII-(O22-)-CuII(AN)]+ (2b)
(a) UV-vis Spectroscopy—[(F8)FeIII-(O22-)-CuII(AN)]+ (2) was synthesized as previously
reported.37 To 4 mL of 0.36 mM THF solution of dioxygen adduct (2), 1.0 equiv. (100 μL of
14.4 mM, 0.30 mg) of DCHIm was added to generate low spin [(DCHIm)(F8)FeIII-(O22-)CuII(AN)]+ which was characterized by UV-vis spectra [λmax (ε, mM-1cm-1) = 421 (soret:
146.5), 537 (8.2) nm]. Upon warming up the solution leads to the formation of hydroxo complex
[(F8)FeIII-OH] with λmax (ε, mM-1cm-1) at 412 (156.3) and 572 nm (9.3).

NIH-PA Author Manuscript

(b) 2H NMR Spectroscopy—In the glovebox, 1:1 mixture of (d8-F8)FeII.H2O (3.0 mg, 3.5
mM) and [CuI(AN)]+ (3.32 mg, 3.5mM) was taken in 5 mm NMR tube and dissolved in 0.5
mL of THF. To the cold THF solution (at – 80° C, dry ice – acetone) of (d8-F8)FeII.H2O and
[CuI(AN)]+, 2 mL of O2 was bubbled and the NMR was recorded at -80° C. A peak at 96 ppm
was observed as reported previously, corresponds to the chemical shift of pyrrole deuterium
atoms of [(d8F8)FeIII-(O22-)-CuII(AN)]+. To the same NMR tube 1.5 equiv. (1.2 mg of DCHIm
in 0.05 mL of THF) of DCHIm was added, new peak at upfield 8.31 ppm was observed.
UV-vis spectroscopy monitoring of the reaction of [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) with axial
ligand bases
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In a modified low-temperature cuvette assembly equipped with a Schlenk-type sidearm, a
solution of (1) was generated in CH3CN at – 40° C as previously described.37 A stock solution
of equimolar amounts of (F8)FeII•H2O (13 mg) and [CuI(TMPA)(CH3CN)](ClO4) (8 mg) in
6 g deoxygenated CH3CN is prepared in glovebox and 0.3 g of stock solution is diluted to 10
g and transferred to the UV-vis cuvette. Generation of the peroxo adduct (λmax = 558, 535 (sh)
nm) is accomplished by bubbling excess dioxygen to the solution at -40° C. Removal of excess
O2 is performed by application of 3-5 vacuum/Ar cycles. Then 1, 3 and 5 equiv of 4(dimethylamino)pyridine (DMAP) (50, 150 and 250 μl respectively of DMAP stock solution
prepared with 19.5 mg DMAP in 10 ml CH3CN) were added and the respective spectra recorded
at – 40° C (see Figure S2). The new Q-band spectral feature (λmax = 527 nm) is assigned to
the formation of (F8)FeII(DMAP)2. A control experiment by addition of DMAP to a solution
of the mixture of (F8)FeII/[CuI(TMPA)(CH3CN]+ yielded the same spectrum. The experiment
was repeated in the non-polar solvent CH2Cl2 (instead of CH3CN) and also using 1,5(dicyclohexyl)imidazole (DCHIm) as axial ligand base (instead of DMAP) in CH3CN, and the
results were essentially the same in both cases.
Reaction of [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) with DMAP – Determination of dioxygen
evolution
Dioxygen evolution was quantitatively determined using an alkaline pyrogallol solution (1,2,3trihydroxybenzene), following a methodology used frequently in our laboratory.29,37 In the
glovebox, equimolar amounts of (F8)FeII•H2O (40 mg) and [CuI(TMPA)(CH3CN)](ClO4) (24
mg) were dissolved in 10 ml of deoxygenated CH3CN, transferred to a 50 ml Schlenk flask
with a stir-bar and capped with a rubber septum. The flask was taken out of the glovebox, the
solution was cooled down to –40° C (adding dry ice to acetone bath, temperature followed by
thermocouple), and then O2 was gently bubbled into the solution using a syringe with long
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needle. To ensure complete formation of the peroxo compound, the solution was allowed to
stand in the cold bath for 30 minutes. Excess/free O2 is removed via 5 freeze-pump-thaw cycles.
In parallel with the reaction, 4.0 g of pyrogallol were dissolved in 25 ml of deoxygenated 50%
KOH solution in a specially designed 100 ml Schlenk flask possessing a 2 mm path length
cuvette; its UV-vis spectrum was recorded. Excess DMAP (10 equiv.: 1 ml solution prepared
with 293 mg DMAP in 5 ml CH3CN) was added to the peroxo adduct solution thus allowing
O2 release. The O2 was then moved from the reaction flask to the pyrogallol flask by passing
slowly argon through the headspace of the reaction flask thus moving the O2 through a cannula
to the pyrogallol flask. The O2 was then bubbled directly into the pyrogallol solution whose
color changed from faint beige to dark brown after some minutes. After 20-30 minutes, the
pyrogallol solution ceased becoming darker and its UV-vis spectrum was recorded. The amount
of O2 released was determined using a calibration curve where absorbance (400 nm) = (0.0716
× mL O2) + 0.025.29 Based on the stoichiometry of the reaction where 1 equiv. of peroxo
compound decomposes to give 1 equiv. of O2, two experiments yielded 90 and 91% O2
detection.
Reaction of [(F8)FeIII-(O22-)-CuII(TMPA)]+ (1) with DMAP – Characterization of the product
(F8)FeII(DMAP)2
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In the same experiment described above, (F8)FeII(DMAP)2 precipitated spontaneously and
was isolated by filtration under argon, washed, vacuum-dried for 2 hours and finally stored in
glove box. Yield was 70 %. The purple solid was characterized by elemental analysis consistent
with a formulation as monohydrate solid, (F8)FeII(DMAP)2.H2O, Desert Analytics,
C58H42N8F8FeO found/calc: %C 64.5/64.8; %H 3.6/3.9; %N 10.1/10.4; UV-vis (CH3CN, 293
K) λmax = 418.5 nm (Soret), 527 nm (Q-band); 1H-NMR showing a typical spectrum of lowspin iron(II) porphyrin, 400 MHz, CD2Cl2, 300 K, δ (ppm) = 7.6 (pyrrole-H); 7.2 (phenyl-H);
1.5 (H2O); MALDI-TOF mass spectrum shows a peak characteristic of the monobase (F8)
FeII(DMAP) (probably the other base is lost by effect of the laser): [M – DMAP – H2O] m/z
= 935, [M – 2 DMAP – H2O] m/z = 812.
UV-vis spectroscopy monitoring of the reaction of [DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ (2b) with
2,4-di-tert-butylphenol
In a UV-vis cuvette assembly, a solution of [(DCHIm)(F8)FeIII-(O22-)-CuII(AN)]+ (0.36 mM)
was generated in THF at –80° C as described above; 1.0 equiv of 2,4-di-tert-butylphenol (0.29
mg, 14.4 mM) was then added. UV-vis absorption at λmax (ε, mM-1cm-1) = 419 (Soret: 133.8),
541 (8.5) nm] corresponds to high-valent oxyferryl [(DCHIm)(F8)FeIV=O] (spectra are given
in Supporting Information, Figure S1).
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Reactivity of [DCHIm(F8)FeIII-(O22-)-CuII(AN)]+ (2b) in presence of HCl and quantitive
determination of H2O2
Equimolar amounts of (F8)FeII·H2O (20 mg) and [CuI(AN)(CH3CN)]ClO4 (9.8 mg) were
dissolved in 10 mL of CH3CN (conc = 3 mM) in the glovebox. The solution was brought out
of the glovebox and immersed in a cold bath at − 40° C, and dioxygen was then bubbled through
the solution to generate the high-spin peroxo compound 2a. Excess O2 was removed by several
vacuum/Ar cycles; then 1.0 equiv. of 1,5-dicyclohexylimidazole (DCHIm) (5.6 mg in 0.1 mL
of CH3CN) was added to form the low-spin peroxo complex 2b. 10 equiv. of HCl (0.24 mL
of 1.0 M diethyl ether solution of hydrogen chloride, Aldrich) was added, and the dark red
solution turned to dark green. The solution was removed from the cold bath, followed by
addition of 20 mL of distilled water (final volume = 30.3 mL). A suspension is formed because
of the insolubility of (F8)FeIII−Cl in the solvent mixture. H2O2 was determined
spectrophotometrically (at 408 nm) upon addition of 1 mL of titanyl reagent (titanium(IV)
oxysulfate in sulfuric acid, Riedel de Haën) to a 10 mL suspension, followed by centrifugation.
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A calibration curve was made in the same solvent mixture of the reaction (CH3CN/Ether/
H2O). The yield of H2O2 was determined to be 70% on the basis of two experiments.
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UV-vis spectroscopy monitoring of the reaction of [(DCHIm)(F8)FeIV=O] (1c) with [CuI(AN)]
[B(C6F5)4]
To the UV-vis cuvette containing THF solution of [(DCHIm)(F8)FeIV=O] (prepared by
reaction of (2b) with 2,4-di-tert-butylphenol. as discussed above, 1.0 equiv. of [CuI(AN)]+
(1.33 mg in 0.1 mL in THF) at – 80° C. UV-vis absorption at λmax 440, 553 nm corresponds
to [(F8)FeIII-(O2-)-CuII(AN)]+.
EPR spectroscopy Identification of [CuII(AN)(OH)]+ as product of the reaction of [(DCHIm)
(F8)FeIII-(O22-)-CuII(AN)]+ (2b) with 2,4-di-tert-butyl phenol
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In the glove box, 1.6 mg of (F8)FeII.H2O and 1.8 mg of [CuI(AN)]+ is dissolved in 0.4 mL of
deoxygenated acetone in a EPR tube. Outside the glovebox, the solution was cooled to -80° C
(acetone/dry ice bath) and bubbled with dioxygen to generate the peroxo compound (2b). 1
equiv. of DCHIm (50 μL of 40 mM acetone solution of DCHIm) was added to the reaction
mixture followed by addition of 50 μL of 40 mM acetone solution of 2,4-di-tert-butylphenol
(1 equiv.). Then, the EPR spectrum was recorded at 77 K. [EPR parameters A∥ = 127.33 ×
10-4 cm-1, A⊥ = 35 × 10-4 cm-1, g∥ = 2.24 and g⊥ = 2.06]. The solution was warmed up to
room temperature, and again an EPR spectrum was recorded at 77 K. The thermally
decomposed products [(F8)FeIII–OH] (g = 5.8) and [CuII(AN)(OH)]+ were formed (spectra are
given Supporting Information, Figure S3).
Identification and quantification of coupled phenol (3,3’,5,5’-tetra-tert-butyl-(1,1’biphenyl)-2,2’-diol) by GC-MS
In the glove box, 16.6 mg of (F8)FeII.H2O and 18.5 mg of [CuI(AN)]+ was dissolved in 2 mL
of THF in a Schlenk flask. Outsied the glovebox, the solution was cooled to -80 °C and bubbled
with dioxygen to generate the peroxo adduct. The excess dioxygen was removed by employing
vacuum and Argon bubbling through the solution for 2 cycles. To the solution, 4.6 mg of
DCHIm in 0.2 mL of THF (1 equiv.) was added, followed by addition 1 equiv. of 2,4-di-tertbutylphenol (4.6 mg of phenol in 0.4 mL of THF). Then the solution was stirred for 2 hrs and
warmed up to RT. The volume of the solution was reduced to 0.5 mL and the metal complexes
are precipitated by the addition of 10 mL of pentane, and separated by filtration. The filterate
was carefully collected and pentane was removed by vacuum, the organic residue was
redissolved in 4 mL of CH3CN. The coupled phenol generated in this reaction was
quantitatively determined by GC-MS. Yield of 3,3’,5,5’-tetra-tert-butyl-(1,1’-biphenyl)-2,2’diol is 68.5 % (GC-MS trace is given in Supporting Information, Figure S4).

NIH-PA Author Manuscript

Identification of 2,4,6-tri-tert-butylphenoxy radical and 2,4-di-tert-butyl-4-methoxylphenoxy
radical by EPR spectroscopy
This reaction was carried out in a manner similar to that described above except that either
2,4,6-tri-tert-butylphenol or 2,4-di-tert-butyl-4-methoxylphenol was used. Then, the EPR
spectrum was recorded at 77 K, g value for 2,4,6-tri-tert-butylphenoxy radical and 2,4-ditert-butyl-4-methoxylphenoxy radical are 2.0056 and 2.0077 respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
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Chart 1.
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Figure 1.

X-ray structure of [(TMP)FeIII-(O22-)-(5Metpa)CuII]+ synthesized and characterized by
Naruta and coworkers.
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Chart 2.
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Scheme 2.
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Figure 2.

Cu K-edge EXAFS data to k = 12.8 Å-1 (inset) and non-phase-shift-corrected Fourier transform
of the EXAFS data for 2 in solution. Phase shift in the first shell is ~0.4 Å. Data
(
); fit (
).
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Figure 3.

Fe K-edge EXAFS data to k = 16 Å-1 (inset) and non-phase-shift-corrected Fourier transform
of [(F8)FeIII-O2-CuII(AN)](ClO4) in solution form. Phase shift in the first shell is ~0.4 Å. Data
(
); fit (
).
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Figure 4.

Resonance Raman spectra with 413 nm excitation of 1 (blue), 2 (green), [(F8)(THF)FeO2]
(red).
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Figure 5.

Unrestricted DFT (BS, ST = 2) optimized molecular structures of [(F8)Fe-(O22-)-Cu
(TMPA)]+ (1) (right) and [(F8)Fe-(O22-)-Cu(AN)]+ (2) (left). Hydrogen atoms omitted for
clarity.
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Figure 4.

Isosurface plots (isovalue 0.05 a.u.) of unfilled Cu and Fe d orbitals of 1 from a spin-unrestricted
BP86 calculation in the BS (ST = 2) state.
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Figure 5.

Isosurface plots (isovalue 0.05 a.u.) of unfilled Cu and Fe d orbitals of 2 from a spin-unrestricted
BP86 calculation in the BS (ST = 2) state.
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Figure 6.

Isosurface plots (0.05 isovalue) and schematic diagrams of the dominant superexchange
pathways of 2 (top) and 1 (bottom).
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Figure 7.

Core structure depiction of μ-oxo complexes [(F8)Fe-(O2-)-Cu(TMPA)]+ (1a) and [(F8)Fe(O2-)-Cu(AN)]+ (2a). An ORTEP diagram of the cationic portion of 2a along with other Xray crystallographic data are given in the Supporting Information.
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Scheme 3.
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Figure 8.
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UV-vis detction of the transient [(2L)FeIII-(O2-)...CuI(NCEt)]+ preceding the formation of
[(2L)FeIII-(O22-)-CuII(NCEt)]+ by oxygenation of [(2L)FeII···CuI(NCEt)]+ at -90° C in EtCN/
CH2Cl2 6%.
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Scheme 4.
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Figure 9.
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UV-visible spectra monitoring the generation of the low-spin peroxo complex [DCHIm(F8)
FeIII-(O22-)-CuII(AN)]+ (2b) (λmax= 421, 537 nm) from the high-spin peroxo complex [(F8)
FeIII-(O22-)-CuII(AN)]+ (2) (λmax= 418, 538, 561 nm) in THF at -80° C.
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Figure 10.
2H
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NMR spectra of the generation of [(F8)FeIII-(O22-)-CuII(AN)]+ (2) and [DCHIm(F8)FeIII(O22-)-CuII(AN)]+ (2b) successively from oxygenation of a 1:1 mixture of [CuI(AN)]+ and the
pyrrole-deuterated version of [(F8)FeII] (Acetone-d6 at – 80° C).
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Scheme 5.
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Scheme 6.
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Figure 11.

a) EPR spectra recorded at 77 K of generated phenoxyl radicals by the reaction of [DCHIm
(F8)FeIII-(O22-)-CuII(AN)]+ (2b) and 2,4,6-tri-tert-butylphenol (A) or 2,4-di-tert-butyl-4methoxylphenol (B) at -80° C in THF. As determined in separate experiments, at equal
concentrations of a phenoxyl radical with a copper(II) complex, the radical g ~ 2 signal peak
intensity is vastly greater than the peak intensities for the g ~ 2.0-to-2.3 signals resultant from
the copper(II) ion due to the differences in peak width, which is why the latter is essentially
not observable. Also, within the resolution of the EPR experiments conducted, the g-values
are indistinguishable.90,91 b) UV-vis monitoring of the reaction of 2b with 2,4-di-tert-butylphenol at -80° C.
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Selected DFT optimized bond distances (Å) and angles (°) of models [(F8)Fe-(O22-)-Cu(TMPA)]+ (1) and [(F8)
Fe-(O22-)-Cu(AN)]+ (2).
DFT optimized coordinates of 1

DFT optimized coordinates of 2

Cu—O (Å)

1.945, 2.764

2.094, 2.001

O—O (Å)

1.433

1.463

Fe—O (Å)

2.066, 1.889

2.060, 1.902

Fe···Cu (Å)

3.994

3.727

Cu—O—O (°)

109.4

72.5, 65.7

Fe—O—O (°)

75.7, 62.4

74.2, 62.7

Fe—O—O—Cu (°)

172.7

166.1
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Fe z2

β305

Fe xy - O2π*ν

Fe xz

β310

Fe yz

Fe x2-y2

β313

β303

Cu – O2π*σ

α307

β304

level

orbital

-0.36

spin density

0.0

2.3

1.7

0.1

38.7

Cu

1.2

-5.126

-4.825

-4.108

-3.661

-5.417

E(eV)

-5.482

0

0

0

0

0

0

occ

0.20, 0.02

15.9

9.2

6.2

12.0

2.46

31.9

O2

3.76

76.7

66.2

70.4

39.4

67.5

10.9

Fe

6.2

24.7

21.1

47.0

30.0

18.5

rest

Mulliken population analysis of molecular orbitals from a spin-unrestricted BP86 calculation of 1 in the BS (ST = 2) state.
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Fe xy - O2π*ν

β279
0.5

-0.56

spin density

0.6

1.2

2.4

0.3

41.4

Cu

-5.834

0

-5.511

-5.121

0

0

Fe

Fe yz

β281

β280

-4.508

0

z2

-5.653
-4.021

Fe

0
0

Fe xz

x2-y2

E(eV)

b284

Cu – O2π*σ

α283

occ

β285

level

orbital

0.10, -0.19

13.4

5.6

5.9

18.5

2.5

29.6

O2

0.85

80.5

72.6

75.6

61.9

68.3

9.7

Fe

5.7

21.2

17.3

17.2

28.9

19.3

rest

Mulliken population analysis of molecular orbitals from a spin-unrestricted BP86 calculation of 2 in the BS (S = 2) state.
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