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High valent iron-oxo intermediates are frequently invoked as
the key oxidants in the oxygen activation mechanisms of iron
enzymes that carry out the two-electron oxidations of alkanes to
alcohols and of olefins to epoxides.1,2 Such high-valent intermedi-
ates have been characterized in heme enzymes and are best
described as an oxoiron(IV) porphyrin ligand radical complex.1,3

The corresponding intermediate for the soluble diiron enzyme
methane monooxygenase (MMO) is a diiron(IV) species called
Q.4 EXAFS analysis reveals a short Fe-Fe distance of 2.5 Å,
which has led us to propose an Fe2O2 diamond core structure.5

Model compounds have played an important role in establishing
the credibility of the [FeIV(O)(porphyrin radical)]+ description for
the heme enzyme intermediate;6 however, our current understand-
ing of MMO-Q is at a more rudimentary stage, due in part to the
paucity of appropriate model compounds. While DFT calculations
from a number of groups support the stability of such an FeIV

2-
(µ-O)2 core,7 to date there is only one structurally characterized
high-valent model complex with an Fe2O2 diamond core,8 namely
[Fe2(µ-O)2(5-Et3-TPA)2](ClO4)3.9 However, this complex has an
FeIIIFeIV oxidation state, which is one-electron reduced relative
to that of MMO-Q. Our synthetic efforts have led us to explore
ligands related to the TPA framework, and in this report we
provide evidence for the generation of a diiron(IV) complex with
an Fe2O2 diamond core.

A precursor to the diiron(IV) complex is the mononuclear iron-
(II) complex [Fe(BPMCN)(OTf)2] (1). The crystal structure of
the 5-methyl-substituted analogue shows a six-coordinate iron-
(II) site with the two triflates bound cis to each other and the
tetradentate BPMCN ligand wrapped around the iron such that
the two pyridines are also coordinated cis to each other (Figure
1, see Supporting Information for further details). Complex1 is

isostructural, based on the similarity of their1H NMR spectra
(Figure S1).

Treatment of1 in CH2Cl2 solution at-80 °C with 10 equiv of
tBuOOH (5-6 M in nonane) results in the immediate formation
of a blue species2 (λmax 566 nm,ε ∼ 2500 M-1 cm-1) with EPR,
Mössbauer, and Raman properties that identify it as an FeIII -OO
tBu complex, like those previously described for related Fe(TPA)
complexes.10 Upon standing at-80 °C, 2 converts monotonically
to metastable3 with intense absorption features at 656 and 845
nm (Figure 2, left). Addition of pentane allows3 to be precipitated
at-80 °C; this solid affords an elemental analysis that establishes
3 to have an Fe:ligand:OTf ratio of 1:1:2 (% C 37.17, % H 4.70,
% Fe 7.18, % F 14.57, % N 7.10, % S 8.02; see Supporting
Information).

The 4.2 K Mössbauer spectrum of3 in butyronitrile exhibits a
single sharp quadrupole doublet withδ ) 0.10 mm/s and∆EQ )
1.75 mm/s (Figure 2, right). Spectra recorded between 4.2 and
100 K in applied fields of up to 8.0 T are characteristic of an
integer spin paramagnet with a large positive zero-field splitting
(ZFS). The hyperfine parameters of3 compare favorably with
those ofS) 1 FeIV sites found in porphyrin11and non-porphyrin
complexes.12 Our data set (11 spectra) can be fit very well either
to (i) a mononuclearS ) 1 FeIV species or (ii) a symmetric
exchange-coupled FeIVFeIV dimer (H ) JS1‚S2, S1 ) S2 ) 1)
provided that|J| < 5 cm-1. Figure 2 (right) shows theoretical
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Figure 1. Formation of diiron(IV) complex3 from 1.

Figure 2. Left panel: Conversion of2 to 3 in CH2Cl2 at -80 °C as
monitored by UV-vis spectroscopy over a 16 h period witht1/2 ∼ 4 h.
Right panel: Mo¨ssbauer spectra of57Fe-enriched3 recorded at 4.2 K in
zero field (top) and in parallel applied fields as indicated. The solid lines
are simultaneous fits to groups of four spectra based on the spin
Hamiltonian for a symmetric exchange coupled FeIVFeIV dimer with S1

) S2 ) 1 for J ) -5 cm-1. H ) JS1‚S2 + ∑i)1
2 {Si‚Di‚Si + âSi‚gi‚B +

Si‚A i‚I i - gnânB‚Ii + HQ(i)}. For each site theA-tensor (Ax ) -30.2
MHz, Ay ) -23.6 MHz,Az ) -1.5 MHz) is tilted by Euler anglesR, â,
γ (73°, 111°, 163°) with respect to the ZFS tensor (D ) +19 cm-1, E/D
) 0.15), while the EFG tensor (∆EQ ) +1.75 mm/s,η ) 0.8) is rotated
by (85°, 107°, 210°) relative to the ZFS-tensor.
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spectra based on case (ii); details are given in the Supporting
Information.

We have also fit the Mo¨ssbauer spectra to models involving
high-spin (S ) 2) FeIV sites; these attempts, however, yielded
unreasonably small values for the isotropic part of theA-tensor,
e.g.Aiso ) -6 MHz compared toAiso ∼ -22 MHz observed for
the high-spin FeIV sites of [FeIIIFeIV(O)2(L)2](ClO4)3 (L ) 6-Me-
TPA or 6-Me3-TPA).13,14 Fits to an exchange-coupled dimer
comprising low-spin (S1 ) S2 ) 1/2) FeIII sites required an
unreasonably largeAiso ) -36 MHz. (For comparison, low-spin
FeIII complex2 hasAiso ) -17.7 MHz, a value typical for this
type of coordination environment). Thus, if3 is formulated as a
dimer, it must be FeIVFeIV.

The resonance Raman spectrum of3 in MeOH shows features
at 686, 679, and 653 cm-1 (Figure 3A), which downshift to 658
and 627 cm-1 when tBu16O18OH is used (Figure 3B). The
vibrations must thus arise from a species that incorporates the
terminal oxygen atom oftBuOOH. The observed downshifts of
23-26 cm-1 approach the 30 cm-1 value calculated from Hooke’s
law for an Fe-O vibration. Given the Mo¨ssbauer evidence for
an FeIV site, a terminal FeIVdO assignment for3 immediately
comes to mind, but the FesO vibrations for such species are
usually observed between 800 and 850 cm-1.14,15 Interestingly,
oxygen-isotope sensitive vibrations in the 600-700 cm-1 region
are the spectroscopic signature for an M2(µ-O)2 diamond core.16

If 3 has a diamond core, the complex must contain the terminal
oxygen atoms derived from two ROOH units. This is indeed the
case as experiments on3, generated with a mixture oftBu16O-

16OH andtBu16O18OH (Figure 3D), reveal additional vibrations
at intermediate frequencies that are absent in the combined spectra
of the pure16O and18O isotopomers (Figure 3C).

The Fe K-edge EXAFS spectrum of3 also supports the
presence of an Fe2(µ-O)2 diamond core (Figure 3 right, see
Supporting Information fork-space data and fit). The best fit to
the data consists of four shells: 1 O at 1.79 Å, 3 N at1.99 Å, 1
Fe at 2.81 Å, and 7 C at2.92 Å, parameters comparable to those
found for the crystallographically characterized [Fe2(µ-O)2(5-Et3-
TPA)2](ClO4)3.8 Thus the 1.79 Å shell is associated with the oxo
bridges of the diamond core, the 1.99 Å shell with the N atoms
of the BPMCN ligand bound to low-spin FeIV, and the 2.92 Å
shell with the carbon atoms adjacent to the ligating nitrogen
atoms. The 2.81 Å Fe-Fe distance attributed to3 is well within
the 2.6-2.9 Å range of metal-metal distances found for high-
valent M2(µ-O)2 complexes.17 Taken together,3 can thus be
formulated as [Fe2O2(BPMCN)2](OTf)4.

The reactivity of isolated3 toward hydrocarbon substrates
significantly differs from that of [Fe2(µ-O)2(TPA)2](ClO4)3. The
latter FeIIIFeIV complex acts as a one-electron oxidant, and reacts
only with substrates containing activated C-H bonds such as
ethylbenzene and cumene.18 In contrast,3 acts as a two-electron
oxidant and oxidizes hydrocarbons with stronger C-H bonds.
For example, at-40 °C and under Ar,3 reacts with adamantane
to afford 1-adamantanol and 2-adamantanone in 56% and 20%
yield, respectively. Thus3 can attack unactivated aliphatic C-H
bonds, commensurate with the expected higher oxidizing power
of its diiron(IV) oxidation state.

To date, 3 represents the closest analogue of MMO-Q,
mimicking key aspects of its core structure and hydrocarbon
oxidizing ability. However, there are key differences in the iron
spin state and ligand environment (the FeIV sites of MMO-Q are
high spin4 and carboxylate-rich19) that yieldJ-values and optical
bands that differ from those observed for MMO-Q. Nevertheless,
the synthesis and isolation of3 attest to the chemical viability of
an FeIV2O2 diamond core structure, lending credence to the
assignment of such a core structure for MMO-Q.
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Figure 3. Left panel: Resonance Raman spectra of3 obtained in frozen
methanol solution with 632.8 nm excitation: A, fromtBu16O16OH; B,
from tBu16O18OH; C, computer generated sum of A and B; D, from a
mixture oftBu16O16OH andtBu16O18OH. Right panel: Fourier transform
of the Fe K-edge EXAFS data (‚‚‚) and fit (s) in r′ space of3 (k, 2-13.5
Å-1) in frozen butyronitrile solution. Fitting: 1 O at 1.79 Å (∆σ2, -0.0007
Å2), 3 N at 1.99 Å (∆σ2, 0.0038 Å2), 1 Fe at 2.81 Å (∆σ2, 0.009 Å2),
and 7 C at2.92 Å (∆σ2, 0.010 Å2).
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