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Abstract

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 G-reduction chemistry, we compare the molecular and electronic structure of two high-

spin heme-peroxo-copper [fte0,2-Cu']* complexes containing Netradentatel) or Ng-

tridentate 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 compléxesi2, which establish -(0,2") side-

on to the F¥ and end-on to Qu( - % 1) binding for the complek but side-on/side-on { % 2)
-peroxo coordination for the compl@xWe also compare and summarize the differences and

similarities of these two complexes in their reactivity toward COgPaiid and phenols. The

comparison of a new X-ray structure ebxo complex2a with the previously reporteti X-ray

structure, two thermal decomposition products respectivelyanid1, reveals a considerable

difference in the Fe-O-Cu angle between the twaxo complexes {Fe-O-Cu = 178.2° ida,

"Fe-O-Cu = 149.5° iRa). The reaction o2 with one equivalent of exogenous N-donor axial base

leads to the formation of a distinctive low-temperature stable, low-spin herier@omplex 2b),

but under the same conditions the addition of an axial bddeaals to the dissociation of the heme-

peroxo-Cu assembly and the release £f2D reacts with phenols performing hydrogen-atom(e

H*) abstraction resulting in O-O bond cleavage and the formation of high-valent fet#(He

complex @c). The nature ofc 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 Aveulable UV-VISIb|e slpectra of the reaction @) with 1 equiv. of 2,4-dtertbutylphenol (Figure S1), UV-
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XAS spectra and computational data.
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Introduction

In the last few years, we have been engaged in heme/coppea@ivity studies using

synthetic systems, with the goal being to provide fundamental information of possible
relevance to biological heme-copper oxidases (HCO's) which include cytochimiitase

(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,

0:+4— e (from cyt—Crequcea) +8 H' (from inside membrane)

—>2 H>0+4 H' (membrane translocated) +4 eyt—Coxidized

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 fuAiions.

In the heme-copper active-site mediatedr€@luction by HCO's, dioxygen reacts with a fully
reduced F&---Cd binuclear center (Scheme 1) initially forming a detectable transient, the
Fée!l i(0,)---CU complexA. A exhibits UV-vis and resonance Raman (rR) spectroscopic
properties very similar to those known for oxy-hemoglobin or myoglobin. A DFT calculated
structure ofA supports the F&(0,")---CU formulation with the Cu ion positioned very close
to the superoxo O-atom, Cu---O = 2.12 Rhe 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, dyjnm which a closeby
coupled Tyr (Scheme 1) or nearby Frpsidue efficiently provides a needed electron. A
peroxo-bridged FB-(0,27)-Cu transient has been discussed as possibly formingArprior

to Py formation®12 Also discussed and calculated is an electron-transfer frgshiCA

which is accompanied by*Hiptake to give a-hydroperoxo transient, g¢''-O-O(H)-

Cug''; the protonation event in this scenario would trigger electron transfer (from the heme

ag and the Tyr244) yielding a cleaved O—O product ferryl moiety (RigteScheme 1§%
1315

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®18 Of particular interest is th® to Py; conversion, as O-O cleavage
chemistry is of broad fundamental and practical importance in the utilization of molecular
oxygen such as in biological “&activation” occurring in heme, non-heme iron and copper
oxidases or oxygenases. The use gfftdm 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-{ad@uct structure, bonding and
reactivity. In our earlier studies, we have employed a systematic approach varying the design
of heme/Cu complexésThe 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/
O, derived structures, along with the resulting complex B@dBbonding and electronic

structure (i.e., spin state, level of reduction of dioxygen, etc.). fagtdrs have been shown

Inorg Chem Author manuscript; available in PMC 2011 April 19.
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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 coworké&r¥ and Naruta and coworkéPs?1 have been very active

and have made major contributions. Collman has also presented a longtime program in
biomimetic electrode surface electrocatalysis of the four-electsenediction to wate?:22

23 Despite the many achievements and advancements from all groups, there remains a
considerable lack of detail concerning structure (i.e., of heme-sQigfved 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.

In our initial attempts to mimic the @eduction chemistry of €, we utilized TMPA-Cl
complexes, where TMPA (tris(2-pyridylmethylamine)) is a tetradentalegiind. We

observed that a low-temperature stable heffleperoxo-Cll complex [(B)Fé!'-(0,2)-
CUu!'(TMPA)]* (1, Chart 1) could be generated from ther@action with an equimolar mixture

of (Fg)Fe! and [CUW(TMPA)]* (see discussion below), werg Etetrakis(2,6-difluorophenyl)
porphyrinateZ24 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(lll) (overall hexa-
coordinate with the iron out of the porphyrinate plane) and end-on to the copper(ll) (overall
penta-coordinate), thus an'ft& - 2: 1-peroxo)-Cill coordination modé>26 An

intraperoxide stretching band was observed in the rR spectrum at 808 éaiThe

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?’ There, .o was determined to be 790 @nfFigure 1).

We also established the sameZ 1 coordination mode in three other peroxo complexes
containing tetradenate copper ligands (Chart 1) Sy fe'!! -(0,2)-Cu']* (3), the tetradentate
TMPA ligand is covalently appended to the periphery of a 2,6-difluorophenyl-substituted
porphyrin and g.o = 788 cmt.28 29 |n [(Fg)Fe!l-(0x2)-Cull (LN4OH ]+ (5a) and [(R)Fée! -
(0,2)-Cul(LN4OMey + (5h) the copper ligand is a modified version of TMPA were one
pyridine is replaced by protecteshj or non-protectedbg) imidazole-phenol moiety to mimic
the cross-linked histidine-tyrosine ircQ active site. The O-O stretching frequencieSan
and5b are 813 crit and 815 cri, respectively.6C Extensive previous (and ongoing)'Cu
O, 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.332 Tetradentate ligands, such as TMPA, induce formation of end-b2)
peroxo dicopper(ll) structures (Chart 2), whereas tridentate ligands generate side-on (

2. 2) peroxo dicopper(ll) speci€S.The former possess relatively averageg values,
typically above 800 crt (Chart 2). However, the latter side-on complexes have reduced (<
760 cnt)) o_gvalues (Chart 2), ascribed to back bonding from copper to the peroxo
antibonding * orbital, which considerably weakens the O—O béhd®

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 high-
spin heme-peroxo-Cu complexes with tridentate copper ligands (Chart 1)g)Bel(F
(0,2)-Cu'(AN)]* (2) (AN = bis(3-dimethylaminopropyl)aminéy,2) [(Fg)Fe''-(0x2)-
cul(LMe2Ny1+ () (LMe2N = N, N-bis[2-(2-pyridyl)ethyllmethylamine¥® and 3) [EL)Fe! -
(0,2)-Cu"1* (4) (2L = tethered prophrymd,N-bis[2-(2-pyridyl)ethyllmethylamine§>40 In
concordance with expectations from copper-dioxygen homodimer chemistry (Chart 2), the
three complexes present O-O stretching frequencies below 76themeby suggesting a side-

on ( - % 2) mode of coordination for the peroxo bridge. Thus, the heme-peroxo-copper
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complexes depicted in Chart 1 were tentatively assigned a¢%lrcthis paper, this point is
addressed in detail, following new rR and EXAFS spectroscopic studies supported by DFT
calculations.

Further, in this report we have selectegs]Je!' -(0,2)-Cu! (TMPA)]* (1) and [(Fg)F€! -
(0,2)-Cu'(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+ ) donors.

Results and Discussion

Generation of High-Spin Heme-Peroxo-Cu Complexes

Coordination

As mentioned, [(BF€"-(0,2)-Cu!(TMPA)]* (1) has been structurally characterized,
through a variety of spectroscopic studies, computational chemistry and comparison to the
Naruta complex. These possess & 1-peroxo ligation. A major goal of the present work is
to elucidate or confirm the- 2: 2- side-on peroxo structure previously proposediftand
thus6) employing [(R)F€" -(0,2)-CU' (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.

As previously described, [gFF€!'-(0,2)-Cu! (TMPA)]* (1) and [(R)Fe!-(0%)-

CUu'(AN)]* (2) can be cleanly generated by bubblingaDlow temperature through an
equimolar solution of F€' and [CUAN)](B(CgFs)4) or [CU(TMPA)](B(CgFs)4,637

Scheme 2. With tridentate chelating ligands for the copper ion, com@gkesd6 possess

the same UV-Vis features in the Q-band region, but which are clearly distinguishable from
those ofl, 3 and5 with their tetradentate copper ligant¥dn the former case &2prominent
absorption occurs, e.g. at 538 nmZ¢Bcheme 2). Low-temperatutid NMR characterization

of the -peroxo productd and2 show a downfield-shifted pyrrole resonance at ~ 95 ppm
which has been confirmed B NMR studies using the pyrrole-deuteratdgHftg)Fé!

analogue) in the synthesis This finding exclude the possibility that the product observed is (i)
the 2-peroxo compound [@F€'], i(0,2) (~ 17.5 ppm,i80° C), (ii) an iron—superoxide
complex, that is, @Fe" i(0,) (~ 8.9 ppm,i80° C), (iii) the ferryl species gFeV=0 (~

3.5 ppm, i80° C) or (iv) ()F€E" {OH (~ 135 ppm,i80° C)4! In fact, the 95 ppm pyrrole
resonance is in the range expected for a high-spih(B& S= 5/2) system which is strongly
antiferromagnetically coupled to a €ion (d° S= 1/2), giving an overalb = 2 spin system
(confirmed inl by solution magnetic moment measuremegt= 5.1 g at i40° C). Further,

in the case of [(§F€E"-(0,%)-Cu' (TMPA)]* (1) MALDI-TOF-MS reveal the presence of a
dioxygen adduct with a stoichiometry ofgfFe: Cll(TMPA):O, = 1:1:1 ratio and solution
mass spectral data give the corregtdiived moiety (for which m/z increases by four when

using180y).26

Geometry and Electronic Structural Comparisons of 1 and 2

Cu EXAFS— Thek3-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 first-
shell EXAFS data were fit best with five Cu-O/N contributions at 2.98 Fhe 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

Inorg Chem Author manuscript; available in PMC 2011 April 19.
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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 A). The paths corresponding to the FT peak iRth@—2.8 A range was fit using single
scattering (SS) and multiple scattering (MS) contributions from the AN alkyl backbone. The
FT peak in thk = 2.8-3.8 A range was fit with a Cu---Fe SS contribution at 3.62 A with its
corresponding MS Cu-O-Fe vector refined to 3.75 A when both distance® aaliies were
allowed to float independently for these paths. Linking fhealues for these paths resulted

in a fit with Cu---Fe distance of 3.63 A and Cu-O-Fe MS distance of 3.76 A vifithaue of
627x10° A2, 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 A.

Fe EXAFS—Thek3-weighted Fe K-edge EXAFS spectroscopic data and FZTaoé shown

in Figure 3. The first backscattering shell was fit best using one Fe-O/N contribution at 1.94
A and five Fe-N/O contributions at 2.09 A. The second-shell FT peak R2-3 A range

was fit using the porphyrin pyrrolecarbon SS and MS contributions, along with the SS
contribution from the meso carbons. The Fe---Cu contribution was fit at 3.64 A with its
corresponding MS Fe-O-Cu vector refined to 3.71 A when theBwalues were linked to

each other. Floating th#& 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 pyrrolearbons 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 Rt8e5-5 A

FT range was fit with SS and MS components from the pyrraled carbon atoms.

Comparison of EXAFS between 1 and 2— The Cu K-edge EXAFS and FT of frozen
solutions ofl and2 are compared in Figure S6. Both species have a first-shell coordination of
5 Cu-N/O, which in the case tifcan be split to obtain a short Cu-O/N of 1.87 A. The two
EXAFS patterns betwedn= 4-12 Al are significantly different and account for the
contrasting copper ligands and Cu---Fe vectors in the two species. The slight phase shift to
lowerk in 1 is consistent with a lenghthened Cu---Fe vectdrah3.72 A compared to 3.63

A'in 2. The higher EXAFS intensity ihis reflected in the higher FT intensity in which a major
difference is observed froR= 3—4 A. The signal in this region originates from the Cu---Fe
interaction, which irl 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 ofii3@Gompared to 134° in

2. Both angles have been calculated from EXAFS paranf&t@ise 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 wav8ame of the intensity

in theR = 3—4 A region is a result of SS and MS contribution from the light atoms of TMPA.
The remainder of the difference betwé®n 2.5-5 A 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 datharfid2 are compared in Figure S7. Both

have a split first-shell with a short 1Fe-O/N at 1.92 A and 1.94 A, respectively, and 5Fe-N/O
at 2.09 A. 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 ifhis again from the stronger Fe-O-Cu MS. This higher intensity translates
into the FT peak at 3.5 A ihthat is missing i. Both1 and2 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 Bsl transition that is dipole forbidden but
guadrupole 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.

Resonance Raman Spectroscopy— The O—O stretching frequencies of bdtand2

have been previously reported as 810 and 756 m@spectively?*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, namély&for 2

relative to the - 2 1found inl. To evaluate this possibility and an alternati¥eoordination

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
4 was recorded. From the spectra in Figure 4, ftt@nd of2 is observed at 1362 chwhich

compares well to that df(1360 cml). A bona fide end-on dioxygen bound hemegj(FHF)

Fe(0)]2426:3844 wjith the iron in the porphryn plane was measured as a control, and exhibits

a 40f 1370 cmt.

Geometric Structures— Spin-unrestricted DFT calculations were performed using the
BP86 functional on [(§)Fe-O-Cu(TMPA)T* (1) and [(Fg)Fe-O-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 hehveasf
previously reported>2% however, the full structure dfwas reoptimized herein to facilitate
structural comparisons betwegand2. The metrical parameters of the 2 1 Fe—Q—Cu

core in the present structurelodgrees 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 structuré of likewise very analogous to that of the
crystallographically characterized tethered complex of Naruta and co-wéfKKEMP)Fe]-
O,-[Cu(5MeTPA)J}*. Both molecules display a degree of ruffling of the porphyrin
macrocycles, a feature not observed in the previous calculatidnpresumably 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
A'in the case of) is reported as an average displacement.

In contrast to the- 2: 1 structure ofl, the geometry optimized core structur@afisplays

the peroxo moiety spanning the metals in & 2 configuration, where the peroxo ligand has
gone from 1to 2on Cu in going from to 2. This is the first example of such coordination

in heme-peroxo-Cu chemistry. The most notable metrical parameters predicted by DFT of
and listed in Table 2 are: 1) an O—O bond length of 1.463 A, 2) an intermetallic Fe---Cu distance
of 3.727 A, 3) slightly inequivalent Cu—O bond lengths of 2.094 and 2.001 A (compared to
the 1 structure ofl, where a Cu-O bond length of 1.945 A is calculated), 4) slightly
inequivalent Fe—O bond lengths of 2.060 and 1.902 A, 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 A. 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 A) in good agreement with the
Fe---Cu vector observed from Cu and Fe EXAFS (3.63 A). Furthermore, the predicted O—O
bond length (1.463 A) is well within the classical peroxo manifold. Analytical frequency
calculations were performed drand2, yielding o_o energies of 889 and 821 @m

respectively, which parallel the observed ordering and difference of 810 and ‘#5fdwed
experimentally il compared t@. 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, a2: 1 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 : 2 2(by ~ 65 kcal/mol), and deviates from the experimentally observed Fe---Cu distance
by 0.5 A (the predicted distance for this coordination mode is ~ 4.2 A).

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
Sr = 2 ground state electronic structures, in which thé &ed Clf are anti-ferromagnetically
coupled. In both molecules, ondole is localized on the Cu whereas fivholes are localized

on the Fe (Figures 4 and %) The magnitude of the coupling Inand2 between th&; = 2

andSr = 3 states;§J|, calculated using Equation 1, is 4552 and 4627 mspectively (using

the Hamiltonian -23;+S)), 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 &f given the propensity of TMPA for 5-coordinate trigonal bypyramidal
molecular geometry with £8- bound in a end-on fashion, the singly occupied orbital is of
3d,2 character. In contrast, with the less conformationally demanding AN ligand which allows
for square pyramidal geometry and bi-dentaj& @he singly occupied Cu d orbital ®is of
3dy2.y2 character. As depicted graphically in Figure 6, the superexchange pathaysdin

2 are via the sigma bonding framework. Specifically, the coupling involves fhekital of

the Fe (z' to the heme plane andcto the O—O vector) with the singly occupied orbital of
the Cu, 3¢ of 3d,2.2 respectively.

In both molecules, the Fe,® bonding is characterized by two interactions (Figures S5 and
S6). The in-planelinteraction is between the Fe,3@énd the @ (&, orbitals and the out-
of-plane /interaction is between the Fg,dind the & @, orbitals. The orbital basis for the
interactions are similar ih and2, but do reflect the differences in peroxo-copper bonding
(Tables 3 and 4). In the caselpthe spin downlbonding contributions are 12.0 % and 39.4
% for 0,2~ and Fe (Figure 4, Table 3, orbit@10) and the/ bonding contributions are 15.9

% and 76.7 % for 6% and Fe (Figure 4, Table 3, orbit&l03). In2, the spin downlbonding
contributions are 18.5 % and 61.9 % fgr?CGand Fe (Figure 5, Table 4, orbit&l84) and the

/ bonding contributions are 13.4 and 80.5 % fet"@nd Fe (Figure 5, Table 4, orbit@l79).
Given that the Fe-porphyrin fragmentdiand2 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-® anti-bonding molecular orbital &f the Cu 3¢R (38.7%) interacts
strongly with the in-plane 9 @&; (31.9%), which does contain some contribution from the Fe
(10.9%) and ligands (Figure 4, Table 3, orbita07). The unfilled spin-up Cu-® anti-
bonding orbital of indicates Toverlap of the 3¢k.2 (41.4%) with the in-plane O&;

(29.6%), with some Fe (9.7%) and ligand contributions (Figure 5, Table 4, o28@). In

both molecules, the out-of-plane @, is largely non-bonding with the otherwise filled Cu d
manifold.

Comparison to the bonding observedin? 2and - 1. 1Cu0, homo-dimers is instructive.
46 |n the side-on peroxo complex, [{Cu(Tp)fO2)], which displays a relatively lowg__g of
~760 cml, the unoccupied Cu d —QFE; orbital was calculated to be composed of 68 % Cu
and 22 % @. In contrast, in the end-on complex [{Cu(TMPANO,)]%*, which displays a
o—o 0f 830 cm! , the unoccupied Cu d -QE; orbital consists of 43 % Cu and 9 %.0
Thus, the low intraperoxide stretch observed in the side-on case was not a result of differences
in the 1bonding framework (i.e. in the side-on complex [{Cu(TpjP,)], the peroxo is a
better G, donor which removes density from an anti-bonding orbital, thus, tie_o should
be greater), but rather backbonding into thé G (0,2- ¥ mixing into occupied,
predominantly Cu d orbital€y. On this basis, the ~2.3 % calculated difference in Gu-O
covalency in thelframework ofl and2 does not sufficiently explain the ~50 drdownward
shift in the intraperoxide stretching energy observed experimentally betveaeR (2 having
more (E; character) and reproduced by DFT calculations. The more covalent (as defined by
the mixing of the filled peroxd®; orbital into the unfilled Cu d orbitallinteraction in fact
would argue for &igher g_gin 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 orbitalsarid2 for 0,2~ ¥ character indicates ~ 4x

greater ¥ character in the occupied valence orbital2 abmpared to those &f The % in

2 acts as adacceptor, which weakens the O—O bond, leading to adpwy stretching energy.

Due to the fact that thé orbital is strongly antibonding, a few percent increase of the mixing

of the ¥ character into an occupied metal based orbital is enough to greatly impact the observed
o—o- Thus, as for in the GO, dimers, the low observe@__gin 2 is a result of#*

backbonding in the- 2 2 core structure.

65 E —°F ((52)m ~6)

-'IL_:: .
12 - (S._>HS (T

Thermal Decomposition of 1 and 2— The thermal decompoasition of high-spin heme-
peroxo-Cu complexekand? yields the correspondingoxo compound [(§F€!!-(0%)-
Cul'(TMPA)]* (1a) and [(Fp)Fe!"'-(02)-CU' (AN)] * (24) with distinct UV-vis bathochromic
shifts in their Soret and Q bands (max= 412, 526 nf81a: max = 433, 553 nrf?>0 and

2. max= 418,538,561 nnBa max= 440, 557 nm). The-oxo complexes also have
distinct!H-NMR features at —80° C with a pyrrole resonance signal at ~105 ppm. Separate
measurementg indicate that ~0.5 equiv. of dioxygen is released during-{peroxo to -oxo
conversion, indicating this process involves a disproportionation reaction!' 2({F-8°)-

cull*t : 2 [Fd"-(0%)-Cu!']* + O,. 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 speci€:52

X-ray Structure of  -oxo complex [(F g)Fe'!l-(02")-Cu''(AN)]* (2a)—The comparison
between a new X-ray structure of gfFe!'-(0%)-Cu!(AN)]* (2a), presented here (also see
Supporting Information), and the previously described X-ray structure §)Fgit)-(02)-
Cul(TMPA)]* (18)*° (Figure 7), reveals that in both cases the metal-oxygen bond distances
are all similar and characteristically she?£* The Fe-O bond length ia[1.740 A] and?a
[1.747 A] are similar to those ofoxo-diiron(ll)-(porphyrinates$? and the short Cu-O bond
distances [1.856 A iaand 1.815 A ir2a] are not far off from values observed for bis-
oxodicopper(lll) complexes (Cu-O = 1.8 A):38 To further compare, a high-spin (heme)
Fé!l-hydroxide Fe-O bond lengths is 1.86Awnhile for example Clrhydroxide Cu-O(H)
bond lengths in complexes with the!'GO(H)-Fé!' (1.89-1.95 A58 or ClH,(OH), /
Cul'(OH") core (1.9 — 2.0 A) are greaf¥67

Most interestingly, there is a large difference inzFe — O — Cu bond angle between the two
structures. Compleka, as most other (porphyrinate}teD-Cu' complexes with tetradentate
copper ligand4:® have near-linear core structures, but the Fe-O-Cu brid2imseverely
bent to an angle of 149.5° as observed in the other compg@E=0O-Cu' (LMe2Ny]+ (6)

with tridentate copper ligant® We note that a somewhat relatetlydroxo complex, [(OEP)
Fe-(OH)-Cu(Medien)(OCIQ)](C10;4) (OEP = octaethylporphyrinatg; Me5dien = tris(2-
(N,N-dimethylamino)-ethyl)amine), possesses a betit-g@H)-Cu'! core

(4Fe — (OH) — Cu=157.0" 58 35 would be expected for a protonated oxo group changing its
hybridzation fromsp ( -oxo) tosp? ( -hydroxo). For the -oxo complexes [(§)Fe-(C*)-Cu
(TMPA)]* (1a) and [(Fg)Fe-(G*)-Cu(AN)]* (2a), the differences in observed structures once
again illustrate how the nature of the copper chelatevérsustetradentate) influences the
structure of heme-copper/dioxygen adducts. Such structural (Chart 2) and reactivity effects are
already well known in copper-dioxygen chemisth?268

Inorg Chem Author manuscript; available in PMC 2011 April 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

Reactivity of high-spin heme—peroxo—copper complexes 1 and 2

We have previousf/ described the reactivity of [gfFe-(Q2)Cu(TMPA)T* (1) and [(Fg)Fe-
(0,2)-Cu(AN)]* (2), along with peroxo complex8sand4 (Chart 1), toward different reagents,
HCI, Co(Cp), CO, PPhandBu-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 coniexi2{Scheme

3).

Hydrochloric acid was added1@nd2, in order to study the possibility of forming and studying
protonated dioxygen species (e.g. hydroperoxo compléxek) 2 Protonation and formation

of such species are likely important in triggering HCO enzymatic O-O reductive cleavage
events. When peroxo complexiesnd2 were exposed to one or two equivalents of HCI, neither
low-temperature UV-vis notH 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 formatiorg&E-Cl and Cli-Cl. H,O, was released
providing complementary evidence that &@lductsl and2 have a peroxidic nature.

Peroxo complexeband2 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 (Gp®@as, thus, used to provide these reducing
equivalent£93748 Reaction of two equivalents of Coggioes effect O-O cleavage and the
formation of the corresponding previously structurally characterizid-bridged

compounds [(pF€"-(0%)-Cu'(TMPA)]* (1a) and [(Fg)Fe!'-(0?%)-CU' (AN)] * (24).37 This

result differs from an earlier work of Collman and coworkers where they showed that the
addition of CoCp to heme—dioxygen-copper complexes containing appended imidazole axial
base for iron lead to fully reduced'#€u’ and the reduction of £1o0 H,0,.6%72

1 and2 were also exposed to carbon monoxide angPPreagents known to either displace
the peroxide or to be subject to oxidation giving,&id the case of CO (in€®))’3 or
O=PPHin the case of triphenylphosphine. Compo@méacted with excess @gto form the
CO-adduct (THF)(E)F€!-CO and copper monoxide adduct [@AN)(CO)]* while also
releasing dioxygen. Surprisingly,does not react with CQ.reacts with PPfito displace the
peroxo ligand from copper, but not from iron, thus involving a formally partial reduction
reaction. The products are the iron—superoxo species (solg@Rg{F (0,") and the reduced
Cu'—phosphine adduct [&AN)(PPy)]*. Interrogation of the product solutions usfig-
NMR spectroscopy showed only the presence ogR&id no O=PP{). Unexpectedly,
complexl displays no reaction toward PRImder these conditions. In summary, there are
clear differences in B&{(0,%) iCu' reactions with CO or PRlthat reflect variations in the
detailed nature of the peroxo structure and reactivity induced by the nature of the copper ligand
(tri- vstetradentate).

The examination of the addition of phenols to heme—-gafducts was inspired by reactivity
observed for the “mixed-valent”d® 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 b&ltheh either
2,44Buy-phenol or 2,4,8Bus-phenol, i.e. good hydrogen atom*(He") donors, was added

to low-temperature solutions @for 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-workefé recently reported that a phenol as hydrogen-atom source can be
added to a heme—superoxo—copper complex, (i.e. a low-3pi05e)---CU moiety) resulting
in reductive O—O cleavage and formation of a phenoxyl radical (A, Chart 3). This heme—Cu
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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 witém.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 stug)ed!! (B,)---Cu

species are transient (but detectable) intermediates (Figdiie 8)e reduction of @from the
Fe!...Cd to Fé''-(0,%)-Cul!((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'ttéOOR complexes, low-spin rather than high-spin
species are amenable to reductivB0xleavage chemistry as a consequence of weakened
peroxide OO bonds and strengthened Fe—O bof?d€.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 Bei(0,2") iCu' 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

The low-spin heméO, icopper complex which we formulate as [DCHIg)fe! -(0,%)-
Cu'(AN)]* (2b) was generated by the addition of one equivalent of 1,5-dicyclohexylimidazole
(DCHIm) to a solution of high-spin [gfFe!'-(0,2)-Cu' (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, CKart:3)vhen a
solution of [(.3TACN .Acr)Fé!Cu]* is mixed with large excess (500 equiv.) of DCHIm and
subsequently exposed to dioxygen, rapid and irreversible formation of a low-spin adduct
[(DCHImM)( .3TACN .Acr)Fe!' {(0,%)-Cu']* occurs.

With our system, the UV-vis monitoring show that only one equivalent of DCHIm is required
for the complete transformation of high-spin spe2i¢$18, 538, 561 nm) to low-spin species
[(DCHIM(Fg)Fe"-(0,2)-Cu' (AN)]* (2b) (421, 537 nm) (Figure 9). AH-NMR study of

2b formation was performed using pyrrole-deuterated versiog (ffigure 10). After the
generation of the high-spin perox) (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
(/pyrrole ~ 8.3 ppm). This behavior suggests thalinthe presence of antiferromagnetic
coupling between the low-spin (S = 1/2) six-coordinate Fe(lll) and%i@u(Il) (also S = )
centers occurs through the peroxo bridge. The latter's peroxidic nature is not yet unequivocally
determined.” However, evidence that that [DCHImgjFe"'-(0,2")-Cu' (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 specie2b as either 1) a mixture of gfFe"' -(0,%)-Fe' (Fg) (/pyrrole 15-19 ppm},

26 and [(AN)CU'-(0,2)-CU! (AN)] * (formed by disproportionation @b) or 2) a O—O

cleaved® product give ferryl complex [(DCHImM)@FF€V =0] (20) (/pyrrole 4-5 ppm), can be

ruled out based on ithyrole ~ 8.3 ppm assignment and UV-vis spectroscopic peak positions.
41 The formation of an analogous complexX@towas 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 solutiog)of [(F
Fell-(0,2)-Cu'(TMPA)]* (1) effects the release of,@nd the formation of a mixture of
[CU/(TMPA)]* and six-coordinate low-spin compoundg)fFe'—(Base) (Scheme 4). The

reaction was followed by UV-vis spectroscopy as shown in the Supporting Information (Figure
S2): the peroxo compouridexhibits Q band at 558 nm with a shoulder at 535 nnsCGDH

—40° C) and upon addition of 1 to 5 equiv. of DMAP a new spectrum with= 527 nm is
formed assigned to gfFe! (DMAP),. To support this assignment a control experiment was

Inorg Chem Author manuscript; available in PMC 2011 April 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Halime et al.

Page 11

conducted in which the addition of DMAP to a solution of the mixture g/

[CU/(TMPA)]* yielded the same spectrum because of the formatiogfdRDMAP),. The
evolution of 0.9 equiv @was determined by exposing evolved gases to an alkaline pyrogallol
test solution’: within experimental error, this finding is consistent with the quantitative
oxidation of the peroxide moiety to molecular oxygen.

Reactivity of low-spin peroxo [DCHIm(F  g)Fe'!l-(0,2")-Cu''(AN)]* complex (2b) toward phenols

To study the reactivity of the low-spin peroxo [DCHIg(Fe!! -(0,2)-Cul' (AN)] * (2b)

complex toward phenols, 2{Bu,-phenol was employed first as substrate. The rationale for
selection of this phenol was if hydrogen atom abstractidn+(&l) 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 produ#t:84 We have shown above (Scheme 3) that the high-spin peroxo
complex2 doesn't react with phenols. The addition of 1 equiv. otBu4-phenol to a solution

of low-spin peroxo comple&b in THF at -80° C leads to the formation of the coupled phenol
product (3,3',5,5'tetrdert-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 formatidh of Cu
hydroxide complex ([CYi(AN)(OH)]*) and ferryl heme [(DCHIm)@FeV=0] (2¢) (Scheme

5). The evidence for the presence of [AN)(OH)]* comes from observation of a

characteristic C{+OH EPR signal of the frozen reaction mixturesA127 x 16* cnil, A

=35 x 10*cnl, g.= 2.24 and g = 2.06) (Figure S3) and from ESI-MS spectrometry at room
temperature (calculated m# 267.1 for GgHogCUuNzO; found, mz = 267.5). The EPR

spectrum of the reaction mixture after warming up to room temperature presents the same
signal for Cl{-OH in addition to a characteristic signal for the well known stable compound
(Fg)F€!'-OH (g = 5.8), which derives from thermal decay of [(DCHIrg)feV=0] (2¢).41

The UV-vis monitoring of the O-O cleavage reaction shows a shift @tilgg band at 535

nm to a new band at 540 nm (Supporting Information, Figure S1). This band was also observed
for an authentic [DCHImEFeVY=0] generated by the reaction of g{Fé''],-(0,2) with

DCHIm in noncoordinating solvefit:8% The ferryl nature of the product solution and presence

of 2cwas also established by its reactivity toward different substrates: (a) the low-temperature
addition of one equivalent of [QiAN)]* leads to the formation of [gfFé€!!-(02)-

CU!(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
(FEV=0) specie$§®

To confirm the electron and proton transfer from the phen2b@nd the formation of the
phenoxyl radical prior to the phenol coupling, we used 2,4 @tributylphenol and the 2,6-
di-tert-buyl-4-methoxyphenol (Scheme 6), two phenols known to form relatively stable and
detectable phenoxyl radicdl§89 The reaction of EPR-sile@b 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 2,4,8drt-butylphenol and at 2.008 in the case of 2,6-di-
tert-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
(0,%) side-on to the P& ion and end-on to Clu(i.e., - 2 1-peroxo) center binding in the
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complex with tetradentate copper ligandgjfre!! -(0,2")-Cu' (TMPA)]* (1). However, in new
investigations described here, side-on/side-eré( 2) -peroxo coordination for the complex
with tridentate copper ligand is established fog]fe! -(0,2)-Cu'! (AN)]* (2). Insights into
the electronic-structure/bonding ®find comparisons tbare described. A structural
difference, for tridentateersustetradentate copper ligand, was also directly observed by
comparison of the X-ray structures of thexo complexes [(gF€e" -(OZ-Cu(TMPA)]*

(1a) and newly reported species g(Fe"' -(02-Cul' (AN)] (2a), these obtained respectively by
thermal decomposition df and2.

These electronic and structural differences between the two dioxygen adducts result in a
difference in their reactivity toward substrates such as CO qy. RRine interestingly, the
difference between the two high-spin heme-peroxo compleaxrd? is the ability of the latter

with tridentate copper ligand to form a new low temperature stable low-spin complex [DCHIm
(Fg)Fe!'-(0,2)-CU!(AN)]* (2b) in the presence of an axial base, tentatively assigned as a
peroxo complex. Under the same conditions, compl@ztradentate copper ligand) reacts

with DCHIm only to break apart the heme-peroxo-copper assembly, essentially reversing its
formation and releasing-0

In this study, we have also shown that in contrast to the behavior of the high-spin complexes
1 and2, the new low-spin comple2b reacts with phenols performing O-O bond cleavage
which is accompanied by formation of the high valent ferryl heme species [DC&Im(F
FeV=0] (20).”” This reaction occurs as a net hydrogen atom abstraction &)l from the

phenol with generation of a phenoxy! 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. Itis intruiging to consider if a bridging
peroxo species could be identified as a fleeting intermediate in cytochroxgase, 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 suggesteasipememal 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.

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
guestions, 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 (EN) was purified over and activated alumina column.
Preparation and handling of air-sensitive compounds were performed under MBraun
Labmaster 130 inert atmosphere (<1 ppga <1 ppm HO) 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.

Low-temperature UV-vis Low-temperature UV-vis spectra were recorded on a Hewlett-
Packard Model 8453A diode array spectrometer with HP Chemstation software; the instrument
was equipped with a variable-temperature Dewar and cuVitend?H 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
/ (ppm) were referenced either to an internal standard§Mer to residual solvent peaks.
Electron paramagnetic resonance (EPR) spectra were obtained in frozen solutions with 4 mm
0.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 chromatography-
mass 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
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

The Cu and Fe K-edge X-ray absorption spectra gjffg!' -O,-Cu'' (AN)](CIO,) 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 L~df50

the solution samples were loaded into 2 mm Delrin XAS cells with aBBapton 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 30-
element array detector was used to collecfldorescence data. Data reported here are up to
k=12.8 Al for Cuin order to avoid interference from the Zn K-edge, and kg tt6 A1 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
atthe 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 three-
region 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 EXAFSPAWas used to fit the data. Initial ab

initio theoretical phase and amplitude functions were generated in FEPRISity
crystallographic parameters of the oxo complex)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 deviatiBr( i) were varied for all
components. The threshold enerdg¥g) was also allowed to vary for each fit but was
constrained to the same value for all components in a given fit. Coordination nuNjlveese
systematically varied to provide the best chemically viable agreement to the EXAFS data and
Fourier transform but was fixed within a given fit.

Resonance Raman

Samples were prepared as previously described as 1mM THF solutions in NMR tubes. Samples
were excited at 413 nm using a Coherent 190C-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

Density functional calculations were performed using Gaussi#hii®dels ofl and2 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 aSHS), and a

previous assessment of functional dependence for the truncated [(P)Fe-O-Cuf@dp]ex
supports the choice of the BP86 functional). A tripleasis set with polarization (6-311G*)

was used on the Cu, Fe, ang 8 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 $r = 3) surface, followed by a single point calculation to obtain a spin-polarized
broken-symmetry solution. The models were then reoptimized on th§{BS? 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?

Generation of [(F g)Fe-(0%)-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 (Fg)Fe! and 186 mg (0.2 mmol, 1.0 equiv.) of [[AN)JBArF), to which was added
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air-free freshly distilled THF (20 mL). The reaction mixture was cooled to -80° C (dry ice-
acetone bath) and stirred for 30 min. The solution was subjegftor@ing 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%3).

NMR (CD,Cly): / (s, 8H, pyrrole), 9.8-9.14 (d, 8H, m-phenyl), 7.67-7.51 (m, 16H, 8H BArF

+ p-phenyl); UV-visible (CHCIl,): 440, 557 nm.

Generation and Characterization of [[DCHImM)(F  g)Fe!'-(0,2)-Cu''(AN)]* (2b)

(a) UV-vis Spectroscopy— [(Fg)Fe''-(0,2)-Cul' (AN)]* (2) was synthesized as previously
reported®’” To 4 mL of 0.36 mM THF solution of dioxygen addug), (1.0 equiv. (100L of

14.4 mM, 0.30 mg) of DCHIm was added to generate low spin [(DCHE®ét -(0,%)-
Cu'(AN)]* which was characterized by UV-vis spectrady (Q mM-1cml) = 421 (soret:

146.5), 537 (8.2) nm]. Upon warming up the solution leads to the formation of hydroxo complex
[(Fg)FE"'-OH] with ax (0 mMlenil) at 412 (156.3) and 572 nm (9.3).

(b) 2H NMR Spectroscopy— In the glovebox, 1:1 mixture ofi-Fg)Fée'.H,0 (3.0 mg, 3.5

mM) and [CU(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)®afg)Fe'! . H,0 and
[CU'(AN)]*, 2 mL of G 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 [(iBFg)Fe!'-(0,%2)-Cu' (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 [(F~ g)Fe!'-(0,2)-Cu'(TMPA)]* (1) with axial

ligand bases

In a modified low-temperature cuvette assembly equipped with a Schlenk-type sidearm, a
solution of (1) was generated in GJEN at — 40° C as previously describ&d stock solution

of equimolar amounts of gfFe'«H,0 (13 mg) and [CTMPA)(CH3CN)](ClO,) (8 mg) in

6 g deoxygenated GJEN 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 adgget (558, 535 (sh)

nm) is accomplished by bubbling excess dioxygen to the solution at -40° C. Removal of excess
O, is performed by application of 3-5 vacuum/Ar cycles. Then 1, 3 and 5 equiv of 4-
(dimethylamino)pyridine (DMAP) (50, 150 and 250respectively of DMAP stock solution
prepared with 19.5 mg DMAP in 10 ml GEIN) were added and the respective spectra recorded
at — 40° C (see Figure S2). The new Q-band spectral feafye=527 nm) is assigned to

the formation of (E)Fe!'(DMAP),. A control experiment by addition of DMAP to a solution

of the mixture of (g)F€!/[Cu'(TMPA)(CHsCN]" yielded the same spectrum. The experiment
was repeated in the non-polar solvent,CH (instead of CHCN) and also using 1,5-
(dicyclohexyl)imidazole (DCHIm) as axial ligand base (instead of DMAP) ig@\{ and the
results were essentially the same in both cases.

Reaction of [(F g)Fe-(0,2)-Cu'(TMPA)]* (1) with DMAP — Determination of dioxygen

evolution

Dioxygen evolution was quantitatively determined using an alkaline pyrogallol solution (1,2,3-
trihydroxybenzene), following a methodology used frequently in our labor&?@%.In the
glovebox, equimolar amounts ofgJFe'«H,0 (40 mg) and [CYTMPA)(CHsCN)](CIO,) (24

mg) were dissolved in 10 ml of deoxygenatedsCN, 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,@vas 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/frgis @moved 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 CHCN) was added to the peroxo adduct solution thus allowing

Oy, release. The ©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@gh a cannula

to the pyrogallol flask. The £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 O, released was determined using a calibration curve where absorbance (400 nm) = (0.0716
x mL Oy) + 0.0252° Based on the stoichiometry of the reaction where 1 equiv. of peroxo
compound decomposes to give 1 equiv. gft@o experiments yielded 90 and 91% O

detection.

Reaction of [(F g)Fe'll-(0,2")-Cu'(TMPA)]* (1) with DMAP — Characterization of the product
(Fg)Fe!(DMAP),

In the same experiment described abovgH& (DMAP), 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 solidg)iFé' (DMAP),.H,0, Desert Analytics

CsgH4oNgFgFeO found/calc: %C 64.5/64.8; %H 3.6/3.9; %N 10.1/10.4; UV-visz(@¥H 293

K) max= 418.5 nm (Soret), 527 nm (Q-banth-NMR showing a typical spectrum of low-

spin iron(Il) porphyrin, 400 MHz, CELCl5, 300 K, / (ppm) = 7.6 (pyrrole-H); 7.2 (phenyl-H);

1.5 (H,0); MALDI-TOF mass spectrum shows a peak characteristic of the monolkase (F
Fé!(DMAP) (probably the other base is lost by effect of the laser): [M — DMABG] k/z

=935, [M — 2 DMAP — HO] m/z= 812.

UV-vis spectroscopy monitoring of the reaction of [DCHImM(F ~ g)Fe'l'-(0,2)-Cu''(AN)]* (2b) with
2,4-di-tert-butylphenol

In a UV-vis cuvette assembly, a solution of [(DCHIng)fe" -(0,2)-Cu' (AN)] * (0.36 mM)
was generated in THF at —80° C as described above; 1.0 equiv oft@rélitylphenol (0.29
mg, 14.4 mM) was then added. UV-vis absorptionat (9 mM-1cnrl) = 419 (Soret: 133.8),
541 (8.5) nm] corresponds to high-valent oxyferryl [(DCHIrg)feV =0] (spectra are given
in Supporting Information, Figure S1).

Reactivity of [DCHImM(F g)Fe'-(0,2))-Cu''(AN)]* (2b) in presence of HCI and quantitive
determination of H ,0,

Equimolar amounts of gfFée'-H,0 (20 mg) and [CAN)(CH3CN)]CIO,4 (9.8 mg) were
dissolved in 10 mL of CECN (conc = 3 mM) in the glovebox. The solution was brought out
of the glovebox and immersed in a cold bath4®° C, and dioxygen was then bubbled through
the solution to generate the high-spin peroxo comp@anixcess @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 com@bx10 equiv. of HCI (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 (g)F€"! iCl in the solvent mixture. $D, was determined
spectrophotometrically (at 408 nm) upon addition of 1 mL of titanyl reagent (titanium(lV)
oxysulfate in sulfuric acid, Riedel de Haén) to a 10 mL suspension, followed by centrifugation.
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A calibration curve was made in the same solvent mixture of the reactia (ZEther/
H50). The yield of HO, was determined to be 70% on the basis of two experiments.

UV-vis spectroscopy monitoring of the reaction of [(DCHIm)(F g)Fe!V=0] (1c) with [Cu (AN)]

[B(C6Fs5)a]

To the UV-vis cuvette containing THF solution of [(DCHIngYIFeY =0] (prepared by
reaction of 2b) with 2,4-di-tert-butylphenol. as discussed above, 1.0 equiv. &4 *
(2.33mg in 0.1 mL in THF) at — 80° C. UV-vis absorptionaix 440, 553 nm corresponds
to [(Fg)Fe''-(0%)-Cu' (AN)]*.

EPR spectroscopy ldentification of [Cu  "(AN)(OH)]* as product of the reaction of [(DCHIm)
(Fg)Fe'll-(0,2°)-Cu''(AN)] * (2b) with 2,4-di- tert-butyl phenol

In the glove box, 1.6 mg of gfFe! . H,0 and 1.8 mg of [CEAN)]* 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 corfimuid

equiv. of DCHIm (50 L of 40 mM acetone solution of DCHIm) was added to the reaction
mixture followed by addition of 50L of 40 mM acetone solution of 2,4-téft-butylphenol

(1 equiv.). Then, the EPR spectrum was recorded at 77 K. [EPR paramgtet2 A33 x

104 cnil, A5 =35 x 10* cnl, 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 ffFe!'-OH] (g = 5.8) and [CYi(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 gfFe' H,0 and 18.5 mg of [C(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 2tdrdi-
butylphenol (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 CECN. The coupled phenol generated in this reaction was
guantitatively determined by GC-MS. Yield of 3,3',5,5-teteat-butyl-(1,1'-biphenyl)-2,2’-

diol is 68.5 % (GC-MS trace is given in Supporting Information, Figure S4).

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-tritert-butylphenol or 2,4-dtert-butyl-4-methoxylphenol was used. Then, the EPR
spectrum was recorded at 77 K, g value for 2,4,&ttibutylphenoxy radical and 2,4-di-
tert-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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[(Fg)Fe'"-(0,2%)-Cu"(AN)]* (2)
Vo.o = 808 cm®! vo-.0 =756 cm®!

[(SL)FBIH'(O22$)'CU_"]+ (3) [(2 L)Fe' II_(OZS)_CUII]+ (4)

vo.o = 788 cm®'! vo.o = 747 cm®'

[(Fg)Fe"-(0,%%)-Cu'(LN*OH)]* (5a) . Fell-(0,25)-Cull(LMe2Ny* (6
[(Fg)Fe!"-(0,2%)-Cu"(LN*OMe)]* (5b) e fo_c(. =275)2, L'jze(i' cng' ©
vo.o = 813em®! (a) vo.o = 815cmS! (b)

Chart 1.
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({TMP)Fa!-{C % )-(BMetpa Cu'l]*

vo.a = 790 cm !

Figure 1.
X-ray structure of [(TMP)P¥-(0,2)-(5Metpa)Cll]* synthesized and characterized by
Naruta and coworkers.
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Figure 2.

Cu K-edge EXAFS data to= 12.8 A1 (inset) and non-phase-shift-corrected Fourier transform
of the EXAFS data fo2 in solution. Phase shift in the first shell is ~0.4 A. Data
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Figure 3.
Fe K-edge EXAFS data to= 16 A1 (inset) and non-phase-shift-corrected Fourier transform
of [(Fg)F€!"-0,-Cul' (AN)](CIO ) in solution form. Phase shift in the first shell is ~0.4 A. Data

( ); fit ).
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[(F8)Fe-0,-Cu(TMPA)]"
[(F8)Fe-0,-Cu(AN)]*
[(F8)(THF)FeO,]

1400 1350 1300 1250 1200

Raman Shift (cm™)

Figure 4.
Resonance Raman spectra with 413 nm excitatidn(lofue), 2 (green), [(B)(THF)FeQ)]
(red).
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| Z£(Cu-01-02-Fe)=172.7°
Cu---Fe=3993 A

£(Cu-01-02-Fe) = 166.1°
CuswFe =3.727T A

Figure 5.

Unrestricted DFT (BSSr = 2) optimized molecular structures of gfFe-(02")-Cu
(TMPA)]* (1) (right) and [(F)Fe-(02)-Cu(AN)]* (2) (left). Hydrogen atoms omitted for
clarity.
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Isosurface plots (isovalue 0.05 a.u.) of unfilled Cu and Fe d orbithfsarh a spin-unrestricted
BP86 calculation in the BSf = 2) state.
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Figure 5.
Isosurface plots (isovalue 0.05 a.u.) of unfilled Cu and Fe d orbitafsarh a spin-unrestricted
BP86 calculation in the BSf = 2) state.
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Figure 6.
Isosurface plots (0.05 isovalue) and schematic diagrams of the dominant superexchange
pathways oP (top) andl (bottom).
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[(Fg)Fe-(0%)-Cu'(TMPA)]* (1a)
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i 74
®

P o
" W “ / | V -
/ 'III i.‘.l iy @ “_ u'k E& s i : f x_ ‘%‘
. - - 9 QJI \0—' = i &’_
/ @ - » W/ &
¢ J/v_ w .rf::W
W
— Cu == (S
| 1856 A u\1.815A
3596A | O £ Fe—0O—Cu=178.2° 3437 A 0 £ Fe—0O—Cu=149.5°
| 1.740A rd 17474
Fe
Figure 7.

Core structure depiction ofoxo complexes [(gFe-(G*)-Cu(TMPA)]* (1a) and [(Fg)Fe-
(O%)-Cu(AN)]* (28). An ORTEP diagram of the cationic portion2afalong with other X-
ray crystallographic data are given in the Supporting Information.
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Figure 8.

UV-vis detction of the transientq()Fé'l'-(0,")...CU(NCE®)]* preceding the formation of
[(2L)Fé'!-(0,%)-Cul' (NCED)]" by oxygenation of RL)Fe€'---CU(NCEt)]" at -90° C in EtCN/
CH,Cl, 6%.
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Scheme 4.
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Figure 9.

UV-visible spectra monitoring the generation of the low-spin peroxo complex [DCigym(F
Fe!l-(0%)-Cu'(AN)]* (2b) ( maxc 421, 537 nm) from the high-spin peroxo complex)(F
Fe''-(0,2)-Cu'(AN)]* (2) ( max= 418, 538, 561 nm) in THF at -80° C.
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Figure 10.

2H NMR spectra of the generation of gjFe!'-(0,2)-Cu' (AN)]* (2) and [DCHIm(F)Fe' -
(0,2)-Cu'(AN)] * (2b) successively from oxygenation of a 1:1 mixture of [BM)]* and the
pyrrole-deuterated version of ffFée'] (Acetoned® at — 80° C).
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Figure 11.

a) EPR spectra recorded at 77 K of generated phenoxyl radicals by the reaction of [DCHIm
(Fg)FE!-(0,2)-CU!(AN)]* (2b) and 2,4,6-tritert-butylphenol (A) or 2,4-dtert-butyl-4-
methoxylphenol (B) at -80° C in THF. As determined in separate experiments, at equal
concentrations of a phenoxyl radical with a copper(ll) 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(ll) 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.9®1 b) UV-vis monitoring of the reaction @b with 2,4-ditert-butyl-

phenol at -80° C.
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Selected DFT optimized bond distances (A) and angles (°) of modglBd¢F,2")-Cu(TMPA)I" (1) and [(Fp)
Fe-(0?)-Cu(AN)]* (2).

Cu—O (A)

0—0 (A)

Fe—O (A)

Fe---Cu (A)
Cu—0—0 (°)
Fe—0O—O0 (°)
Fe—O—O0O—=Cu (°)

DFT optimized coordinates of 1 DFT optimized coordinates of 2

1.945, 2.764 2.094, 2.001
1.433 1.463

2.066, 1.889 2.060, 1.902
3.994 3.727

109.4 72.5,65.7
75.7,62.4 74.2,62.7
172.7 166.1
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