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Iron(IV)-oxo species are proposed to be the key reactive
species that effect substrate oxidation in many heme1 and nonheme
iron enzymes.2-4 In cytochrome P450, the iron(IV)-oxo moiety
is used in conjunction with a porphyrin radical to effect hydroxy-
lations of alkanes and arenes. In methane monooxygenase
(MMO), two iron(IV)-oxo species work in concert to achieve
oxidation of methane to methanol.5 In contrast, mononuclear
nonheme iron enzymes such as isopenicillin N synthase, 2-oxo-
glutarate-dependent enzymes, and the pterin-dependent phenyla-
lanine, tyrosine, and tryptophan hydroxylases are proposed to
carry out these 2-e- oxidations solely by an Fe(IV)-oxo moiety
via an Fe(IV)dO/Fe(II)+ [O] couple.3,4 The Fe(IV)-oxo moiety
is also frequently invoked in the mechanisms proposed for model
systems, but there is no unequivocal evidence for the involvement
of such a species in the literature.6 Additionally the reactivity of
the two well-characterized Fe(IV)dO systems is limited, and
neither is capable of the 2-e- oxidations of relatively inert
hydrocarbon substrates.7 Thus, the important question remains
as to whether an Fe(IV)dO alone is capable of such chemistry.
In our efforts to learn more about the reactivity of an Fe(IV)dO
species, we have taken advantage of the demonstration by Ingold
and co-workers that alkylperoxoiron(III) complexes with tris(2-
pyridylmethyl)amine (TPA)8 decompose via O-O bond homoly-
sis to generate an alkoxy radical and the desired iron(IV)-oxo
species.9 In this paper we demonstrate that the latter can then be
trapped by introduction of a pendant phenyl group on one of the
pyridines of TPA10 to form a hydroxylated arene.

Mixing a 1:1 ratio of Fe(ClO4)2‚6H2O and 6-Ph-TPA10 in CH3-
CN followed by addition of Et2O induces crystallization of [Fe-
(II)(6-Ph-TPA)(CH3CN)2](ClO4)2 (1). X-ray crystallography (Fig-
ure 1) confirmed the structure and further revealed the phenyl
substituent to be well placed to react with a high valent Fe(IV)d
O center.11 Indeed, rotation of the phenyl substituent about the
Cpyridyl-Cphenyl bond brings the ortho hydrogen to within 1.9 Å
of the iron center.12

Treatment of1 with 3 equiv oftBuOOH under Ar in CH3CN
affords a product that exhibits a resonance Raman spectrum
typical of ortho substituted Fe(III)-phenolates (see Supporting
Information).6e,13 Addition of triethylamine and NaBPh4 to a
methanol solution of this complex induces precipitation of [Fe2-
(µ-O)(6-C6H4O-TPA)2](BPh4)2 (2) as an orange solid (70%).14

Recrystallization from methanol/DMF affords crystals suitable
for structure determination by X-ray crystallography.15 As il-
lustrated in Figure 2, the pendant phenyl groups of the 6-Ph-
TPA ligands have been oxygenated at the ortho position and the
resulting phenolates coordinate to the iron(III) centers. The
geometry about the two iron(III) centers is octahedral, and they
are related by an inversion center that also enforces a linear Fe-
O-Fe bond.

When the reaction is performed at low temperature (-60 °C),
we observe a transient blue species formulated as [Fe(III)(OO-
tBu)(6-Ph-TPA)]2+ (intermediateA in Scheme 1), based on the
strong resemblance of its UV-visible, resonance Raman, and EPR
spectra to those of the related [Fe(III)(OOtBu)(6-Me-TPA)]2+.16,17

This blue alkylperoxo species decays over ca. 4 h at-60 °C to
a yellow species that gives rise to the final Fe(III) complex of
the hydroxylated ligand (see Supporting Information). The nature
of the yellow species has not yet been determined but may beB
or C. However its observation suggests that O-O bond homolysis
occurs prior to hydroxylation of the phenyl moiety, as reaction
of the phenyl substituent with the alkylperoxoiron(III) species
(A) would form 2 directly.

The alkoxy radical formed in the homolysis of intermediateA
is not likely to participate directly in the oxidation. For example,
no phenol is formed in the reaction of [Fe(TPA)(CH3CN)2]2+ and
tBuOOH in the presence of 1000 equiv of benzene, conditions
that result in cyclohexane hydroxylation. Furthermore,2 is also
obtained when MPPH8 is used as the oxidant,18 albeit in lower
yield. When1 is oxidized by 2 equiv of MPPH, 0.25 equiv of2,
0.7 equiv of benzyl alcohol, 0.35 equiv of bibenzyl, and 0.1 equiv
of benzaldehyde are formed.19 O-O bond homolysis of MPPH
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affords an alkoxy radical that very rapidly undergoesâ-scission
to give acetone and the relatively stable benzyl radical.9 The
observation of a significant amount of bibenzyl and only 0.1 equiv
of benzaldehyde indicates that little or no dioxygen is generated
in the reaction. We thus ascribe the benzyl alcohol formed in the
reaction to the trapping of the transient Fe(IV)dO species (B)
by the benzyl radical in competition with the pendant phenyl
moiety.9

Isotope labeling experiments strongly support involvement of
an Fe(IV)dO species. The resonance Raman spectrum of2 shows
a ν(Fe-OAr) mode at 619 cm-1 (Figure 3a)20 that downshifts 9
cm-1 whentBuO18OH17 is used as the oxidant (Figure 3b). This
shift confirms that the source of the oxygen atom in the product

is the terminal oxygen atom oftBuOOH. The incorporation of
the label into the phenolate appears nearly quantitative, as
evidenced by the absence of a peak corresponding to the unlabeled
species in both the resonance Raman and ESI mass spectra.21

When1 is oxidized with unlabeledtBuOOH in CH3CN containing
H2

18O (∼20% by vol), peaks corresponding to bothν(Fe16OAr)
andν(Fe18OAr) are observed in the resonance Raman spectrum
of 2 (Figure 3c). The complementary experiment withtBuO-
18OH in CH3CN containing H2

16O (∼20% by vol) (Figure 3d)
corroborates this result, implicating an oxidant capable of
exchange with water. Similar experiments with MPPH and H2

18O
also resulted in approximately 20% incorporation of18O into 2
and benzyl alcohol, consistent with the competitive trapping of
the Fe(IV)dO moiety as discussed above. In these systems there
are no plausible mechanisms for thetBuOOH or MPPH oxidants
to exchange oxygen atoms with water. As high-valent metal-
oxo species are known to be capable of oxygen atom exchange
with water,22 the observation of18O incorporation from H218O
is indirect but compelling evidence for the intermediacy of such
species.

In summary, we have demonstrated arene hydroxylation by a
nonheme Fe(IV)dO species. This reaction mimics that performed
by pterin-dependent hydroxylases23,24and lends additional support
for the hypothesis that Fe(IV)dO species can be the active species
responsible for substrate oxidation in this class of oxygen-
activating nonheme iron enzymes. We are currently examining
the ability of other oxidants to achieve this oxidation, as well as
ligand modifications that may allow for the buildup of the reactive
iron-oxo intermediateB.
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Figure 1. Thermal ellipsoid (50%) plot of1. Hydrogen atoms have been
omitted for clarity. Selected interatomic distances (Å): Fe-N1 ) 2.217
(3), Fe-N2 ) 2.193 (3), Fe-N3 ) 2.211 (3), Fe-N4 ) 2.207 (3), Fe-
N5 ) 2.108 (4), Fe-N6 ) 2.159 (4).

Figure 2. Thermal ellipsoid (50%) plot of2. Hydrogen atoms have been
omitted for clarity. Selected interatomic distances (Å) and an angle
(deg): Fe-N1 ) 2.210 (2), Fe-N2 ) 2.144 (2), Fe-N3 ) 2.167 (2),
Fe-N4 ) 2.191 (2), Fe-O1 ) 1.789 (1), Fe-O2 ) 1.901 (1); Fe-O-
Fe ) 180.

Scheme 1.Proposed Mechanism

Figure 3. Resonance Raman spectra (νFe-OAr region) of2b obtained with
514.5 nm excitation on frozen solutions: (a) from reaction of1 with
tBuOOH in CH3CN, (b) from reaction of1 with tBuO18OH in CH3CN,
(c) from reaction of1 with tBuOOH in CH3CN/H2

18O (20% H2
18O by

vol), (d) from reaction of1 with tBuO18OH in CH3CN/H2O (20% H2O
by vol).
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