J. Am. Chem. S0d.997,119,12683-12684

Models for Nonheme Diiron Enzymes. Assembly of
a High-Valent Fey(u-O), Diamond Core from Its
Peroxo Precursor

Yanhong Dong, Yan Zang, Lijin Shu,
Elizabeth C. Wilkinson, and Lawrence Que, Jr.*

Department of Chemistry and Center for Metals in
Biocatalysis, Uniersity of Minnesota
Minneapolis, Minnesota 55455

Karl Kauffmann and Eckard Mhck

Department of Chemistry, Carnegie-Mellon Waisity
Pittsburgh, Pennsyhnia 15213

Receied September 4, 1997

High-valent intermediates have been identified in the redox

cycles of the oxygen activating nonheme diiron enzymes
methane monooxygenase (MM&d ribonucleotide reductase
(RNR)2 For MMO, a diiron(IV) specie€) has been observéd,
while an iron(lll)iron(1V) speciesX has been characterized for

RNRS5 Rapid-freeze-quench EXAFS studies have shown both

Q andX to have Fe-Fe distances of ca. 2.5%. This unusually

short distance has led us to consider the possibility that these

intermediates may have a his¢xo)diiron diamond coré,as
precedented in synthetic nonheme diiron(l11,1V) complek&ke
latter are obtained from reaction of diiron(Ill) complexes with
H»0,, but no studies of the mechanism of assembly of the Fe
(u-O), diamond core have yet been reported. In this com-
munication, we present evidence that a precursor to thg-bis(
oxo)Fd'FeV complex is a g-o0xo)(u-1,2-peroxo)diiron(lll)

complex; this conversion can serve as a synthetic precedent for

the formation of high-valent intermediates from their peroxo
precursors in the mechanisms of RNR and MMO.

The diiron(Ill) complex [Fe(u-O)x(6-Mez-TPA),](ClO,),1°
(1), the only crystallographically characterized example of a
complex with the Fgu-O), diamond core, exhibits a visible
spectrum is shown in Figuret. Addition of 2 equiv of HO,
to 1 at —40 °C in CH;CN generates a transient dark green
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Figure 1. Visible spectra ofl (- -) and 2 (—) in CHsCN. Inset:
Resonance Raman spectra dfobtained in CHCN using 628-nm
excitation with H®0O, (bottom) and H<O, (top).
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Figure 2. Mossbauer spectra @f(A) and its decomposition products
(B). Spectra were recorded at 4.2 K in zero field (A) and in a parallel
applied field of 8.0 T (B). The solid line in part A is a simulated
spectrum withAEq = 1.68 mm/s and = 0.54 mm/s. The solid line

in part B is a spectral simulation (representing 35% of Fe) outlining
the contributions of the Fe(IV) and Fe(lll) sites of t8e= ¥/, complex

3; the parameters used are the same as those published fdrdFe
(u-O)a(6-Me-TPAY]3+.% The triangles mark contributions of the
monomeric Fe(lll) species<{4% of total Fe). The three bands in the
center of part B belong to the diiron(lll) species. The sample in part B
was frozen 25 min after addition of 1 equiv of HGI® a 70:30 CH-
CN/C,HsCN solution of2 at —30 °C.

specie that exhibits two intense absorption bands at 494 (
= 1100 M1 cm™1) and 648 nm¢ = 1200 M1 cm™1) as well

as a weak band at 846 nm=£ 230 M1 cm™?) (Figure 1). The
Mossbauer spectrum @fat 4.2 K displays a quadrupole doublet
with AEqg = 1.68(4) mm/s an@d = 0.54(2) mm/s (Figure 2A),
which is distinct from the doublet reported fdAEq = 1.93
mm/s andd = 0.50 mm/s):! The value ofd indicates high-
spin iron(lll) sites, which are antiferromagnetically coupled, as
indicated by the observation of &+ 0 ground state by studies
in strong applied magnetic fields. Electrospray ionization mass
spectra oR reveal a prominent negative ion cluster witfz >
1121, corresponding t§[FeO3(6-Mes-TPA),](ClO4)3} —, and
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Figure 3. Fourier transforms of EXAFS datax] and fits (=) for 1
(top, k = 2—15 A %) and2 (bottom,k = 2—14 A~Y). Fitfor 1: 2 O at
1.86 A 4N at2.25 A, 1 Fe at 2.67 A, ah5 C at2.99 A Fit for2:
20at1.84A4Nat223A 6Cat296 A 1Feat3.14A and5C

at 3.52 A. X-ray absorption data were collected at Beamline X9B at
the National Synchrotron Light Source (NSLS).

a prominent positive ion cluster withVz > 923, corresponding

to {[Fe03(6-Mes-TPA)](CIO,)} *. Both ions exhibit isotope
intensity patterns that match the calculated ones. Moreover,
upon addition of H'80, the masses of both ion clusters increase
by 2 units, consistent with the presence of an oxo bridge. Taken
together, the data indicate thatis best formulated as [Ie-
(0)(O2)(6-Mes-TPA)|(CIO4)..

The presence of a peroxide ligand is demonstrated by the
resonance Raman spectrunofBands at 848 and 462 (Fermi
doublet) cnT! are observed (Figure 1 inset) which are unaffected
by the presence of #O but shift to 802 and 441 cm,
respectively, with the use of #4fO,, demonstrating that they
involve vibrations of the peroxidderived oxygens. Compari-
son with related complex&ssuggests that the twdO-sensitive
bands can be respectively assigned toubeo and thevee—o
of a bound peroxide; this assignment is consistent with the
observed!®O shifts of 46 and 21 cmi. Because only one
guadrupole doublet is observed in the $dbauer spectrum of
2, it is likely that the peroxide is symmetrically coordinated to
the diiron unit. Thevoo of 2 is notably below the range of
880-900 cn1! observed for a number ofi{1,2-peroxo)diiron-

(1) complexest? The weaker G-O bond observed perhaps
arises from the presence of the oxo bridge2jrhowever, no
suitable complex for comparison existszagpresents the only
example of ag-peroxo)diiron(lll) complex with an additional
oxo bridge.

The core structure d can be deduced by EXAFS analysis.
The R-space spectra df and2, compared in Figure 3, show
that the principal differences between the two species occur
beyond the first coordination sphere. In fact, the first shells of
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both complexes can be fit with two short +© bonds of ca.
1.85 A and four longer FeN bonds of ca. 2.24 A. Complex

1 exhibits an intense second sphere feature that is characteristic
of an MO, diamond core structu. It derives mainly from a
tightly held Fe scatterer at 2.67 A, in good agreement with the
crystallographically determined distance of 2.71A.In
contrast,2 exhibits weaker outer shell features which indicate
that the diiron core structure has been modified, with the Fe
Fe distance lengthening to 3.14 A. When interpreted together
with the other spectroscopic data, this distance suggest& that
has a f-oxo)(u-1,2-peroxo)diiron core. This conclusion is fully
consistent with the dimensions of the related five-membered
FeO3 ring associated with the«falkoxo)u-1,2-peroxo)diiron
core of [Fe(N-Et-HPTB)(Q:)(OPPh)2]3" (Fee-re 3.462(3) A3
when allowing for the much shorter Ee© bonds of2.

Upon decomposition? gives rise to a species, which
exhibits an isotropi&= %, EPR signal ag = 2.00. This signal
and the 4.2 K Measbauer spectrum @&f(Figure 2B) are nearly
identical with those associated with [IHE€Y (u-O)x(6-Me-
TPA);]3*.% These results suggest thats the corresponding
[FE"FEY (u-O)x(6-Mes-TPA),]3t complex, a conclusion cor-
roborated by a negative ion electrospray mass spectral cluster
of peaks ahvz > 1204 with the appropriate isotope distribution
pattern. Specie8 is obtained in 14% yield as estimated from
the intensities of its EPR signal and'sBbauer spectrum. The
yield increases to 35% (Figure 2B) when the decomposition of
2is carried out in the presence of 1 equiv of HGIO he decay
of 2 monitored at 648 nm follows pseudo-first-order kinetics
with k = 1.6 x 1073 st at —30 °C and the In 2] vs t plot
remains linear over 6 half-lives. The addition of 1 equiv of
HCIO, accelerates the conversion »fto 3 by a factor of 4,
thereby allowing the more efficient trapping 8fprior to its
decomposition. Thus, unlike earlier characterized diiron
peroxo complexes which break down without revealing any
high-valent specie¥;1? this (u-peroxo)diiron(lll) complex
decomposes to afford a metastable disko)diiron(lll,1V)
complex.

Our observations demonstrate that an,{Fe0)(u-O,)]?"
intermediate is the precursor to a high-valent[keO);]3"
diamond core whose spectroscopic properties resemble those
of RNR intermediateX.> This transformation may thus serve
as the prototype for the formation of intermediatefrom its
putative peroxo precurséf,both of which require the addition
of an electron to cleave the @D bond. We have not yet
identified the source of the electron in the conversiog t 3,
although the excessB, present is a likely candidate. Ongoing
efforts are aimed at understanding the mechanism of this
transformation. A particularly intriguing question is whether a
transient diiron(IV) species may be involved; such an intermedi-
ate would also be of relevance to the mechanism of formation
of intermediateQ in the MMO cycle from its g-peroxo)diiron-

(i) precursor?
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