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The formation of the diiron(III) cluster-tyrosyl radical cofactor
of the R2 protein of ribonucleotide reductase ofE. coli (RNR
R2ox)1 from its diiron(II) precursor and O2 has been the subject
of intense recent investigation.2 The reduced diiron center (R2red)
appears likely to traverse through peroxo (R2-P) and high-valent
(R2-X) intermediates en route to R2ox with oxidation states
designated in Scheme 1. To date, this redox process has not been
modeled in its entirety by one biomimetic system, although
synthetic precedents for the individual steps of the cluster
assembly reaction have been reported.3-5 Building on our earlier
success in generating Fe(III)Fe(IV) species from the reaction of
diiron(III) precursors with H2O2,4 we report herein the first
example of a synthetic diiron(II) complex that reacts with
dioxygen to generate in sequence an Fe(III)Fe(III)-peroxo species
and an Fe(III)Fe(IV) complex.6

The anaerobic reaction of equimolar amounts of Fe(ClO4)2,
6-Me3-TPA,7 and NaOH in methanol yields an orange powder1,
which can be recrystallized from MeCN/Et2O.8 X-ray crystal-
lography shows that1 corresponds to [Fe2(µ-OH)2(6-Me3-TPA)2]-
(ClO4)2 (Figure 1) with a centrosymmetric Fe2(OH)2 core. The
four nitrogen atoms of the tetradentate ligand complete the iron
coordination sphere to form a distorted octahedral environment.
The Fe2(µ-OH)2 diamond core hasC2h symmetry, with Fe-OH
bond lengths of 1.973(2) and 2.168(2) Å. The 1.973(2) Å distance
associated with Fe1-O1 is trans to the tertiary amine N and is

one of the shortest FeII-OH bonds thus far observed,9 comparable
in length to the FeIII-µ-OH bonds in diiron(III) complexes that
range from 1.937 to 2.055 Å.5b,10 On the other hand, the Fe1-
O1* bond length of 2.168(2) Å associated with the Fe-µ-OH
trans to a pyridine is one of the longest FeII-OH bonds observed
to date.11 The two FeII-OH bonds average 2.07 Å, which is
comparable to that found for [Fe2(µ-OH)2(Tp3,5-iPr2)2] (2.03 Å).9b

The diiron center of1 thus appears to result from the weak
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Scheme 1

Figure 1. Representation of the crystal structure of [FeII
2(µ-OH)2(6-Me3-

TPA)2]2+. Ellipsoids are drawn at the 50% probability level, and the ligand
hydrogen atoms are omitted for clarity. Selected interatomic distances
(Å) and angles (deg): Fe1-O1, 1.973(2); Fe1-O1*, 2.168(2); Fe1-
N1, 2.222(2); Fe1-N3, 2.285(2); Fe1-N2, 2.326(3); Fe1-N4, 2.290(3);
Fe1-Fe1*, 3.187(1); Fe1-O1-Fe1*, 100.55(9).
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association of two Fe(OH)(6-Me3-TPA) units. This core, how-
ever, remains intact in solution, as evidenced by the presence of
an X-band EPR feature atg ) 16 in parallel mode at 2 K that is
characteristic of weakly coupled diiron(II) centers.12

Bubbling dioxygen into a CH2Cl2 solution of 1 at -40 °C
generates within 5 min an EPR-silent, metastable green species,
2 (λmax ) 490 and 640 nm,ε ) 1100 M-1 cm-1 for both bands),
which is very similar to that derived from the reaction of
[FeIII

2(µ-O)2(6-Me3-TPA)2]2+ (3) with H2O2.4c A comparison of
absorption features indicates that1 is quantitatively converted to
2. Electrospray mass spectral data of2 reveal a positive ion with
m/z 923 with a mass and isotope pattern corresponding to the
peroxo species{[Fe2(µ-O)(O2)(6-Me3-TPA)2](ClO4)}+. The reso-
nance Raman spectrum of2 shows features at 848 and 462 cm-1,
both of which downshift with18O2 (Figure 2).13 The 848 cm-1

peak (∆18O ) 46 cm-1) and the Fermi doublet centered at 462
cm-1 (∆18O ) 21 cm-1) are respectively assigned toν(O-O)
and νs(Fe-O), by analogy to features found for other (µ-1,2-
peroxo)diiron complexes.3a-c Unlike the latter compounds,2 also
shows an intense feature at 531 cm-1 with an 18O shift of 21
cm-1, which is consistent with anotherν(Fe-O) mode. We assign
this feature to theνas(Fe-O) mode, recently found for the peroxo
intermediates of W48F/D84E RNR R2, stearoyl-ACP∆9 desatu-
rase, and ferritin.14 Thus,2 serves as the first model diiron(III)-
peroxo species to contain the three prominent oxygen-sensitive
vibrations seen for these enzyme peroxo intermediates.15

Intermediate2 decays slowly at-30 °C in the presence of 1
equiv of HClO4 to a brown species, following first-order kinetics
over at least seven half-lives (Figure 3,k ) 1.2 × 10-3 s-1).
When this decay is monitored by EPR, a species with an isotropic
signal atg ) 1.999,4, is observed to grow with a time course
commensurate with the decay of2 (Figure 3). This signal is
identical to that seen for an Fe(III)Fe(IV) species in the reaction
of 3 with H2O2.4c At 20 K, this signal exhibits a peak-to-peak
width of 2.9 mT that broadens by 0.3 mT when H2

17O is added
to the solution of1 prior to the addition of O2 (Figure 3, inset),
a broadening comparable to that seen for [FeIIIFeIV(O)2(6-Me-
TPA)2]3+ and R2-X.4d,16 These observations support the notion
that the isotropic signal arises from a high-valent metal complex
that has solvent exchangeable oxygen atoms.

Double integration of the isotropic signal arising from the decay
of 2 in the presence of 1 equiv of HClO4 reveals that4 is generated
in 30% yield from1. Addition of 2,4,6-tri-tert-butylphenol to this

solution results in the formation of the phenoxy radical in 34%
yield from 1, showing that4 is capable of oxidizing phenols in
a manner similar to that seen for R2-X. At present, the source of
the electron needed for the conversion of2 to 4 is not established.
One possible candidate is H2O2, which could dissociate from2,
but more work is needed to confirm this hypothesis. In summary
1 represents the first synthetic diiron(II) complex that can access
each step of the cluster assembly process proposed for RNR R2.2

Because all of these species can be identified spectroscopically,
this system can provide valuable insight into the oxygen activation
mechanisms of RNR R2 and other nonheme diiron enzymes.1
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Figure 2. Resonance Raman spectra of frozen solutions of2 generated
in CH2Cl2 at -40 °C with (A) 16O2 and (B)18O2; excitation wavelength
632.8 nm.

Figure 3. Comparison of decay of the peroxo species2 and the formation
of 4. The solid line follows the UV-vis decay of2 at 640 nm. The dotted
line represents the predicted amount of4 formed from the decay of2,
assuming a 30% conversion of1 to 4. The solid circles are the actual
amounts of4 generated as determined by EPR. The inset is of the EPR
spectra of4 with (dotted) and without (solid) enrichment in17O from
H2

17O. Conditions: T ) 20 K, 0.1008 mW.
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