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Cytochrome c oxidase (CcO) catalyzes the four electron reduction of dioxygen to form
water in the terminal step of the electron transport chain.[] Dioxygen binds to a unique
heme-copper bimetallic active site, wherein the copper is ligated ~5 A above the heme by
three His residues.[2-3] One of these ligating His residues is covalently crosslinked to a
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nearby Tyr residue. The crosslinked Tyr is thought to participate in catalysis by providing
the fourth electron needed to cleave the O-O bond in a net He abstraction.[4] This hypothesis
stems from the observation of an intermediate state (Py,) in CcO that occurs after O-O bond
cleavage, which is suggested to contain a tyrosyl radical based on chemical and spectral
evidence.[5-8] The only observable enzymatic dioxygen intermediate before O-O bond
rupture has been assigned as a ferric-superoxo species (A),[%-19] leading some to suggest this
species is directly responsible for the net He abstraction from the Tyr.[11-12] We and others
favor an alternative mechanistic scenario, in which an unobserved peroxo intermediate
functions as the active oxidant.[!3-15] A putative peroxo moiety would take advantage of the
His-Tyr crosslink and the copper ion as a pathway to access the fourth electron necessary for
cleavage of its O-O bond. However, heme-peroxo-copper adducts are generally unreactive
towards phenols, motivating efforts towards understanding factors required for O-O bond
rupture by heme-copper sites. Recently, we reported preliminary evidence that the reaction
of a heme-peroxo-copper adduct {[FgFe]-O,-[CUAN]}* (1, Fg = 5,10,15,20-tetrakis-(2,6-
difluorophenyl)-porphyrinate, AN = bis(3-(dimethylamino)-propyl)-amine) with a
coordinating base DCHIm (DCHIm = 1,5-dicyclohexylimidazole) results in formation of a
discrete complex (2) that has enhanced reactivity towards phenols.[6] Herein we report the
molecular and electronic structure of 2, which is an example of a heme-peroxo-copper
complex in which the electronic state of the heme fragment is low-spin (LS).[7]
Concomitant with the change in spin of the heme fragment from high-spin (HS) to LS upon
conversion from 1 to 2, the Fe-O,-Cu core undergoes a change from p-nZ:n? (“side-on”) in
1to p-1,2 (“end-on™) in 2 (Scheme 1). This novel bridging mode has not been observed
previously in heme-copper model complexes, but it has been proposed in recent
crystallographic studies on resting CcO.[18-201 However, comparison of the spectral features
of resting CcO to those described herein for 2 reveal inconsistencies suggesting a
reevaluation of the bridging mode of the peroxo group in resting CcO and providing insight
into the electronic structure requirements for O-O bond cleavage.

Low temperature reaction of a degassed THF solution of 1 with a molar equivalent of
DCHIm generated 2 as indicated by changes in the optical spectrum (Figure 1). Specifically,
a shift in the Soret from 418 nm (e: 133.6 mM~1cm™) to 421 nm (e: 142.7 mM~1cm™1) was
observed in addition to shift and collapse of the split Q-band of 1 (Amax, "M (e, MM~1cm™1)
=538 (8.4), 561 (6.9)) to 537 nm (e: 11.5 mM~1cm™1) in 2. While the spectrum of 2 is
dominated by the heme spectral features, two low energy features were observed at 789 nm
(e: 1.5 mM~1cm™1) and 951 nm (e: 0.9 mM~1em™). 2 is meta-stable at 193 K, decaying
slowly to {[(Fg)Fe]-O-[Cu(AN)]}* with t, = 5 hr. 2 is EPR silent, consistent with the
previously reported 2H-NMR data which indicated a diamagnetic ground state.[16]

Resonance Raman (rR) studies were preformed on 2 over a wide range of excitation
energies. Excitation at 413 nm results in a spectrum dominated by heme vibrational features
(Figure S1). Nonetheless, an isotope sensitive feature was observed at 575 cm™1, which
downshifted to 552 cm™1 in the 180, isotopologue. This feature is identical to an isotope
sensitive feature observed in independently prepared [(Fg)Fe(O,)(DCHIm)], and thus is
assigned on this basis as the vge__o 0of a minor amount (< 20 %) of [(Fg)Fe(O2)(DCHIm)]
present in the sample (see Supporting Information).

In contrast to excitation at higher energies, excitation of 2 at low energy (775 nm) results in
observation of five features, 796, 586, 475, 425, and 394 cm™1, three of which (796, 586,
and 394 cm™1) shift to lower energy in the 180, isotopologue, to 754, 561, and 390 cm™!
(Figure 2). These features are not detected upon excitation of 1 or [(Fg)Fe(O2)(DCHIm)].
The 586 cm™1 vibration is ~5x as intense as the other bands and is assigned as an Fe—O
stretch on the basis of energy and isotopic shift (Agps(calc) = 25 (26) cm™1). This energy
compares well to the vge__g of a variety of n (or “end-on”) heme-dioxygen adducts, such
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as a recent example of a heme-hydroperoxo adduct that displays a vge_g at 570 cm=1.[21]
The vEe_o band of a n?2 (or “side-on”) heme-peroxo adduct would be at significantly lower
energy, as observed in [(tmp)Fe(02)]~ (tmp = 5,10,15,20-tetrakis(2,4,6-trimethylphenyl)
porphyrinate) at 470 cm~1.[21] The 796 cm™ feature is consistent in energy and isotopic
shift (A = 42 cm™1) with assignment as an intra-peroxide stretching (vo_g) mode. The
energy of this vo_q feature in 2 is 40 cm™1 higher than that observed for 1.122] The
relatively low energy of vo__g in 1 was defined as resulting from backbonding of the filled
Cu d orbitals into the strongly anti-bonding peroxo o* orbital in the side-on structure.[16]
Thus, the relatively high energy of the vo_g mode in 2 is indicative of end-on coordination
of the peroxo group to Cu. This increase in the vo__g of the peroxo group upon going from
side-on to end-on coordination to Cu is supported by DFT calculations (vide infra). The final
isotope sensitive feature at 394 cm™1 has too small of an isotope shift (Aqps: 4 cm™) to be a
veu—o Mode (Agaie: 12 cm™1), and also appears at too low an energy when compared to
end-on Cu-peroxo dimers such as {[Cu(tmpa)]»(0,)}2* (tmpa = tris(2-
methylpyridyl)amine)) in which the vc,_o mode was observed at 561 cm™1.[23] The energy
of the 394 cm™1 band is however consistent with its assignment as a trans-axial 8n_re—o
bend mode based on an analogous mode observed in [Fe(BLM)OH] (BLM = bleomycin) at
402 cm~L.124] Taken together, the rR data indicate that the axial coordination of the
imidazole base to 1 causes the peroxo bridge in 2 to adopt a p-1,2 conformation. Further, the
strong enhancement of the vg.__g and the lack of a detectable v¢,_o feature indicate the
assignment of the optical band at 789 nm as a peroxo — Fe charge transfer transition.

To verify the coordination mode of the peroxo ligand in 2 and to obtain metrical parameters,
Fe and Cu K-edge X-ray absorption spectroscopy (XAS) was performed (Figure 3, S2-S3,
and Tables S1-S5). The XAS data confirm a six coordinate Fe(lll) and a four coordinate
Cu(ll), which support a p-1,2 peroxo bridge spanning the copper and heme derived from the
rR data for 2. Specifically, the first shell of the Fe EXAFS was fit using one Fe-O/N
contribution at 1.81 + 0.02 A and five Fe-N/O contributions at 2.02 + 0.02 A. An FesseCu
contribution was fit at 3.99 A with its corresponding multiple-scattering (MS) Fe-O-Cu
vector refined to 4.08 A. However, this FeeesCu vector was not required in the fit due to
overlap with porphyrin contributions. The Fe K-edge XAS of the independently prepared
contaminant [(Fg)Fe(O2)(DCHIm)] was also separately measured to assess its contribution
to the XAS of 2; subtraction of < 20 % of the contaminant from the spectrum of 2 yielded no
significant changes (see Supporting Information). The first-shell of the Cu EXAFS was fit
with four Cu-N/O contributions at 1.98 + 0.02 A. Fits wherein the first shell was split to
accommodate two scattering paths were not justified based on the resolution of the data
(0.14 A), but a split shell is consistent with the high o2 value which reflects a distance
distribution. The peak in the /£ = 3.3-4.3 A range was fit with a CuseeFe single-scattering
contribution at 4.01 A with its corresponding MS Cu-O-Fe vector at 4.15 A; however, this
contribution is also not required by the data.

Density functional theory (DFT) calculations were performed on 2. The calculations
reproduce its spectrocopically deduced structure where the peroxo ligand bridges the Cu and
Fe ions in a p-1,2 fashion (Figure 4) and predict that the environment of the Fe is six
coordinate pseudo-octahedral and the Cu is four coordinate D,y distorted square planar (t =
47.4°, where © = 0° for square planar and © = 90° for tetrahedral). The peroxidic nature of
the bridge is established computationally by a 1.40 A O—O bond length, significantly
shorter than the 1.46 A O—O bond calculated for 1. This decrease in bond length correlates
to the DFT calculated vo__q that increases from 821 cm™in 1to 840 cm™1in 2,
reproducing the experimental vo__q trend (Table S8). The computed Fe—O bond length of
1.82 A compares well to the EXAFS derived distance of 1.81 A and the Cu—O bond at 1.90
A compares reasonably to the EXAFS derived Cu—O/N scatterer envelope of 1.98 A. The
Cu—O0 bond length of 1.90 A is somewnhat shorter than the Cu—O bonds in 1 (2.00 and

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 January 02.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Kieber-Emmons et al. Page 4

2.09 A) which reflects the change in going from five coordinate side-on in 1 to four
coordinate end-on in 2. The Fe—O—O—Cu core dihedral angle is an acute 137.2° which
leads to a relatively short FeeesCu distance of 4.01 A. 2 is well described as a broken-
symmetry (BS) singlet (S7= 0) that is calculated to be 2.2 kcal/mol lower in energy than the
triplet, consistent with the diamagnetism observed in the 1H-NMR spectrum. In the singlet,
the low-spin Fe(l11) and the Cu(ll) are anti-ferromagnetically coupled. The low-spin
electronic configuration of the heme is a consequence of the axial ligation of imidazole, and
leads to improved donation of the peroxo to iron,[2%] contributing to the strong O—O bond.

2 is a LS heme-peroxo-copper adduct in which the peroxo bridges the metals in a p-1,2
fashion based on its spectral features and supported by DFT calculations. Crystallographic
studies on “as-isolated” CcO[26] have suggested the presence of a bridging peroxo moiety
also in a p-1,2 geometry.[18-201 (R data on the resting enzyme show a feature at 755 cm™1
(647.1 nm excitation) which was attributed to an intra-peroxide stretch (vo_p) based on its
disappearance upon exposure to cyanide.[2”] Isotopically labeled (180) resting CcO has not
been reported, and a ligand-metal (vre__g) mode is not present in the spectrum (400-1200
cm™1). In resting CcO, the heme azis HS (S = 5/2) based on: 1) the Anax Of the heme Soret
band at 424 nm, characteristic of a HS heme,[28] and 2) SQUID magnetization studies that
demonstrated the heme a3—Cug pair are antiferromagnetically coupled to yield an overall S
= 2 ground state.[29] Based on the spectral features of the bona fide pi-1,2 peroxo bridged
structure described herein for 2, the proposed coordination mode of the peroxo in resting
CcO is inconsistent with its spectroscopic observables. Specifically, the inconsistencies are:
1) a low intra-peroxide stretch is associated with backbonding from the copper, where the
peroxo o™ orbital accepts charge from a Cu 3d orbital which weakens the O—O bond and is
only possible for a peroxo bound s/ide-onto a copper as demonstrated in 1 (Scheme 1), 2)
end-on coordination of a peroxo to heme in 2 resulted in an intense vge__q that is not
observed in resting CcO, 3) the heme azfound in resting CcO is HS despite the strong ligand
field expected for a peroxo complex which would result in a LS heme electronic structure,
as observed in 2 and in CcO with azide bound.[3%] Taken together, the spectroscopy of
resting CcO requires a weak or non-existent interaction of the peroxo with the ferric heme.
If the spectral features of resting CcO are correctly interpreted, a more likely coordination
mode for the peroxo to Cu is n2,[31] as in the recent crystallographic structure of a side-on
nitrosyl bound to Cug in CcO.[32]

A weak interaction with the heme may also provide insight into the issue of why the peroxo
in resting CcO does not reductively cleave to form Py, the intermediate in CcO formed after
O-O cleavage. A weak interaction would limit overlap of the Fe d orbitals with the peroxo
o* orbital and disfavor the electron transfer required for cleavage.[33] The spin state change
of the heme, which is associated with strong versus weak peroxo interaction with Fe, could
also modulate reactivity. Indeed, the spin state change of HS 1to LS 2 correlates to the
activation of peroxo towards abstraction of the net He from phenol, a prerequisite for
reductive O—O bond cleavage. This spin state change could facilitate this reaction through
thermodynamics (an S= 2 Fe(1VV)=0 heme product is disfavored by > 20 kcal/mol compared
to an S=1 Fe(1V)=0) and the kinetics associated with the spin state change. CcO would
have additional constraints compared to 2 concerning spin, given the His-Tyr crosslink and
proposed magnetic coupling between the Tyr radical and the Cu(ll) ion in Py,. Those factors
that correlate the HS to LS electronic structure change to reactivity are being further
investigated.

Experimental Section

UV/Vis samples were prepared by exposing a 4 mL of 0.36 mM equimolar solution of
[(Fg)Fe!'] and [Cu!(AN)](BArF) in THF at —80 °C to dioxygen to generate 1. After the
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removal of the excess dioxygen, 1.0 equiv. (100 pL of 14.4 mM, 0.30 mg) of DCHIm was
added to yield 2. rR samples were prepared in rubber septum sealed 5mm NMR tubes at
1mM concentration in an analogous manner. XAS samples were prepared at 5SmM
concentration in an analogous manner and loaded into 2 mm Delrin XAS cells with 38 pm
Kapton windows. DFT calculations were performed using Gaussian03. 341, Molecular
structures were optimized using the BP86 functional within the spin-unrestricted formalism.
The basis sets employed on Fe, Cu and O, were of triple-C quality with polarization (6—
311g*). A double-C quality, split-valence basis was used on all other atoms (6-31g), and
was augmented with polarization on the metal bound N atoms (6-31g*). An ultrafine
integration grid was employed as was auto density fitting. Analytical frequency calculations
were performed to ensure a stationary point had been reached and no imaginary frequency
was found. Additional experimental details are available in the Supporting Information.
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Figure 1.

UV/Vis spectra of 1 (—) and 2 (—) at 193 K in THF overlaid with mid-energy region scaled

by a factor of 10 and low-energy region scaled by a factor of 40.
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Figure 2.

Resonance Raman spectra of 2 prepared with natural abundance O, (—) and 80, (- -) with
775 nm excitation at 77 K in THF. The spectrum presented is the composite of two separate
acquisitions on different spots due to the range of the spectral window of the instrument at

this excitation energy (separate ranges denoted by black bar), and the low energy region has
been scaled by a factor of three to aid visualization.
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Figure 3.

EXAFS (inset) and non-phase-shift-corrected Fourier transform (- -), fit (—) of 2 in THF at
10 K. Top: Fe K-edge (data to k= 16 A~1). Bottom: Cu K-edge (data to A= 12.8 A™1).
Phase shifts in the first shells are ~0.4 A
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Figure4.
DFT optimized geometric structure of 2 using the spin-unrestricted BP86 functional on the
BS (St = 0) spin surface.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 January 02.



Page 11

Kieber-Emmons et al.

$watermark-text

Reaction of 1 with DCHIm at cryogenic temperatures yields a discrete intermediate 2.

Scheme 1.
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