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Resonance Raman analysis of cryo-generated ferrous-
superoxy heme is performed for the first time, and its
structure and reaction mechanism are rationalized by DFT
calculations. The presence of another electronic tautomer of
ferrous-superoxy heme is predicted computationally.

Studies of the structure/reactivity correlations of partially reduced
oxygen species (PROS) of iron porphyrin adducts are essential in
order to characterize the biological dioxygen activation mechanism.
Such studies are expected to provide the necessary insights to design
efficient molecular catalysts.'” In the dioxygen reduction reaction
(ORR), the first one electron reduction process is the most energy
demanding and has a large overpotential® In nature, this step is
overcome using ferrous iron porphyrin, wherein free energy gained
through binding of dioxygen to the ferrous iron drives single
electron reduction of O, to yield a ferric-superoxo species.” '
Subsequent electron transfer to the ferric-superoxo complex may
yield either a ferric-peroxo [Fe™-(0,7)] or a ferrous-superoxo [Fe'-
(0;,7)] species. These two species are electronic tautomers which
differ with respect to occupation of electrons among the Fe d and O,
valence orbitals.'> When electron transfer is coupled with
protonation, a ferric hydroperoxo species is formed.'*"® This species
undergoes O-O bond cleavage to yield a highly oxidized iron
porphyrin. While several spectroscopic studies have focused on
highly oxidized intermediates,'® there have been relatively few
vibrational spectroscopic studies of peroxy level intermediates
despite their key roles in the generalized ORR mechanism.”'#2%2!
Since the ferrous superoxy adduct of heme has been characterized
solely on the basis of EPR spectroscopy,’”* further concrete
experimental evidence of its structure is desired. Herein, we present
the first resonance Raman (rR) characterization of the ferrous-
superoxy heme intermediate, which is prepared by cryo-reduction by
y-ray irradiation of a ferric-superoxo precursor dissolved in a frozen
aprotic solvent. New insights into the structure and reactivity of the
ferrous-superoxo heme complex are gained through DFT
calculations. In addition, another electronic tautomer of the ferrous-
superoxo heme is described.

The single electron reduction of the ferric-superoxo species was
carried out by y-ray irradiation of the sample at 77 K in 20%
MeCN/2MeTHF (2MeTHF = 2-methyltetrahydrofuran). The EPR
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Fig. 1 (A) EPR spectra of the control sample (i), the y-ray irradiated sample (ii)
and the annealed sample (iii). (B) IR spectra of ferrous superoxo prepared by '°O,
(i), "0, (ii), and the difference ("°0,— '*0,) (iii) obtained by 429.6 nm laser
excitation at 77 K.
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Scheme 1 Formation of ferrous-superoxo porphyrin upon one-electron reduction of
ferric-superoxo porphyrin (R = mesityl group).

spectrum of the irradiated sample does not show a sign.!
corresponding to a ferric heme, but rather a signal with g, = 2.10 is
observed and the g. signal was hidden under the intense signals 1
the g = 2.0 region derived from radicals arising from solver.
radiolysis (Fig. 1A).*>* The g, = 2.10 signal is absent in the # »n
porphyrin-free sample composed of O, saturated solvent. Wher. the
irradiated sample is annealed at 173 K, the signal at g = 2..1¢
disappears and a new set of signals (g = [2.30, 2.17, 1.95]) ascrib¢ .
to a low-spin ferric-hydroperoxo porphyrin is observed.'* Ther
observations clearly indicate that the species associated with the g -
2.10 signal is a ferrous-superoxo porphyrin species as reported
previously (Scheme 1).%*%*
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Fig. 2 (A) Schematic drawings of geometric and electronic structures of ferric-superoxo porphyrin (1), ferrous-superoxo porphyrin (2), ferric-superoxo porphyrin anion radical
(27), and ferric-hydroperoxo porphyrin (4). Squares and the distorted square indicate planar and ruffled iron porphyrin, respectively, and axial imidazole ligation is indicated by
N. (B) Overlaid calculated structures of ferric-superoxo porphyrin anion radical (2°, S = 1/2)(yellow) and ferrous-superoxo porphyrin (2) (cyan).

Next, we carried out cryo-resonance Raman analyses on the
ferrous-superoxy heme. Both 160, and '®0, heme adducts were
irradiated with y-rays for rR analyses. The y-ray irradiated sample
shows an oxygen isotope sensitive band at 459 em’! (160)/435 em’!
(24 cm™ for *0) (Fig. 1B). Thus the iron-oxygen stretching (Vpc.o)
frequency of the ferrous-superoxo is significantly lowered relative to
that of the ferric-superoxo complex observed at 579 cm™. The low
Vee.o frequency is comparable to the vnio frequency (437 cm'l)
observed in a Ni*"-superoxo species.”* The O-O stretching mode (vo.
o) was not observed, and this mode is known to be difficult to detect
in the case of the ferric-superoxo complex unless a H-bond
interaction is present for heme bound 0,.2% In the high frequency
region of the rR spectra, the v, band of the heme shows a clear shift
from 1367 cm’™ for the ferric-superoxo species to 1357 cm™ for the
irradiated sample, indicating that ferrous iron is involved (Fig. S2).
Single electron reduction of the ferric-superoxy complex may yield a
high-spin ferric side-on peroxo complex in the absence of an axial
ligand.27 However, heme iron is located in the plane of the porphyrin
in the presence of an axial imidazole ligand stabilizing the end-on O,
low-spin electronic configuration.'***? To the best of our
knowledge, this is the first rR characterization of cryo-generated
ferrous superoxo heme.

To rationalize the structure and reactivity of ferrous-superoxo
species, DFT analyses were performed. The ferric-superoxo complex
and its one-electron reduced species with a doublet spin state were
geometry optimized using the B3LYP DFT functional. The choice of
basis sets for the calculation includes the 6-311+G* for Fe, N, O,
atoms, and the 6-31G* basis set was used for the rest of atoms (See
the ESI).

Table 1 Spin densities of heme-O,(H) intermediates”

Fe o ‘0 Ca cs Cm Npor
1 -L12 039 067 003 001 001 0.10
> 111 035 058  -0.16 029 041  -0.18
2 0.18 0.41 055 009  -004 002 001
4 0.92 0.14 001 001 000  -001  -0.06

* The numbering scheme of intermediates is shown in Figure 2. "0 and “O are proximal
and distal O atoms with respect to Fe, respectively. Ca, CB, Cm are alpha, beta, and
meso C atoms of porphyrin, respectively. N, is four N atoms of porphyrin.

The Fe-O, and O-O bond distances of ferric-superoxy in the
broken-symmetry singlet state were computed as 1.87 A and 1.34 A,
respectively (Figs. 2 and S1), and nearly one spin density distributes
in heme-bound-O, and the iron in an anti-parallel manner (Table 1).
This is in good agreement with the computational results of Shaik
and coworkers in terms of Fe-O, bond distance.* Upon one-clectron
reduction, ferrous-superoxo heme was expected to form. However, a
ferric-superoxy porphyrin radical anion, in which the spins of Fe-O,
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(S = 1) and the porphyrin radical (S = 1/2) are coupled in an ant:-
parallel manner, was also optimized, lying 15.6 kcal/mol above tl
potential energy surface of the ferrous-superoxo species (Tabl~
S1).>! Hessian analysis of the newly calculated electronic tautom.r
showed no imaginary eigenvalue indicative of a local minimum
structure.*® The formation of the radical anion is accompanied 1 y
distortion (ruffling) of the porphyrin plane (Figs. 2 and S1),
implying that porphyrin deformation®*** is an important struci ..
mechanism in the reactivity of O,-activating heme catalysts.

The Fe-O, and O-O bond distances of the ferrous-superoxy spe
were calculated as 1.93 and 1.37 A, respectively, while those of
ferric-superoxy porphyrin radical anion were calculated as 1.92 on
1.36 A, respectively. Thus, DFT calculations predict elongation = f
the Fe-O, bond in both cases compared to ferric-superoxy. This
must be related to the observed 120 cm™ downshift in Fe-C,
stretching frequency. Vibrational frequency analysis of ferrous
superoxo heme predicts that the Fe-O, stretching frequency is 5¢° *
cm™, showing fairly good agreement with the experimental result if
a scaling factor of 0.96 is taken into consideration. An expandec 1
porphyrin core calculated for the ferrous-superoxo compared o
ferric-superoxo species is also consistent with the observation of t} -
downshifted v, band in the rR spectra (Fig. S1 and S3).

Protonation of the ferrous-superoxy species causes an increase ¢ .
Fe-O, bond covalency with the bond distance of 1.81 A with
concomitant increase of the O-O bond distance to 1.52 A, and near/-
one spin is located on the iron, indicating formation of ferri
hydroperoxy complex.

To elucidate the reaction mechanism of the ferrous-super-
species, thermochemical analyses were performed as shown in Fig. _
The reduction potential of the ferric-superoxo complex (1) to yield
ferrous-superoxo (2) was calculated as -1.7 V (vs. SHE) in THF as
one aprotic solvent. Complex 2 has high proton affinity with a pK, « £
39. In fact the cryo-generated ferrous-superoxy heme when annealc «
at -80 °C is protonated to yield a ferric-hydroperoxy complex eve..
in the absence of any external proton source, indicating that it c¢
abstract a proton from an adventitious water molecule in the solver
or from a cation radical species of 2MeTHF produced by y-ra -
irradiation. The pK, of the electronic tautomer of the ferric-superoxo
porphyrin anion radical was calculated as 48, indicating high r
reactivity with respect to proton abstraction.

Reduction of the protonated oxy complex (3), the electre ic
structure of which can be described as a ferric porphyrin rac cal
cation, involves a significantly higher positive potential of 0.6 V. ...
ORR, the PCET reaction would occur depending on the local protc .
concentration, and the reduction should occur at a potential betwee
the value of the proton-assisted and the non-assisted mechanisn
Thus, the incorporation of a proton donor into the active site is
crucial to reduce the large thermodynamic barrier of the sing =
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Fig. 3 DFT-calculated thermodynamic diagram of one-electron reduction and
protonation of ferric-superoxo heme based on the Born-Haber cycle method in
conjunction with a solvation model in THF (¢ = 7.6). Complexes 1, 2, 3, and 4
correspond to ferric-superoxy, ferrous-superoxy, protonated ferric-superoxy, and
ferric-hydroperoxy complexes, respectively. The absolute potential of SHE used
was 4.43 eV, and the hydration of proton (AG,,(H")) was assumed to be -266
kcal/mol (see the ESI).

electron reduction of the ferric-superoxy species. Design of a

porphyrin-based oxygen reduction catalyst is a topic of current

interest in energy conversion chemistry.>>*’

In summary, the Fe-O, stretching frequency of the ferrous-
superoxy species generated by cryo-reduction in an aprotic
environment was characterized, and its formation and reactivity was
rationalized by DFT calculations. The computational prediction of
the structure and reactivity of the ferric-superoxy porphyrin neutral
radical is intriguing considering porphyrin deformation is a common
occurrence in protein matrices.*
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