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The nature of the reactive intermediates in the catalytic
oxygenation of hydrocarbons by heme and nonheme iron
enzymes has been the subject of intense research in bioinor-
ganic and biological chemistry.[1,2] In cytochrome P450
enzymes (CYP450), high-valent iron(IV) oxo porphyrin
p-cation radicals, the so-called Compound I, have been
considered as the sole active oxidant that effects oxygenation
of hydrocarbons.[1] Similarly, high-valent iron(IV) oxo species
have been invoked as reactive intermediates in nonheme iron
enzymes.[2] In biomimetic studies, synthetic iron(IV) oxo
complexes of heme and nonheme ligands have shown
reactivity in a variety of oxygenation reactions.[3, 4] Thus,
there is no doubt that high-valent iron(IV) oxo species are
involved in oxygenation by heme and nonheme iron mono-
oxygenases and their model compounds.

Recent studies from several laboratories, however, have
provided indirect evidence that, in addition to high-valent
iron oxo intermediates, iron–oxidant adducts 1 also partic-
ipate in the oxygenation reactions catalyzed by heme and
nonheme iron enzymes.[5] A proposed mechanism for the
involvement of 1 as a “second electrophilic oxidant” in
oxygen-transfer reactions is depicted in Scheme 1; there is
competition between oxygen-atom transfer from 1 to organic
substrates (pathway A) and conversion of 1 to high-valent
iron oxo species 2 through O�X bond cleavage (pathway B).
As part of our ongoing efforts to understand the nature of the
reactive intermediates involved in oxygenation reactions,[6,7]

we investigated the reactivity of mononuclear nonheme
iron(III) alkylperoxo species in the oxygenation of organic
substrates.

The nature of the active oxidant(s) involved in the
catalytic oxygenation of organic substrates by nonheme iron
complexes and alkyl hydroperoxides has been controversial
and remains elusive.[8] In the present study, we prepared
nonheme iron(III) alkylperoxo complex [(tpa)FeIII-
(OOtBu)]2+ (3, tpa= tris(2-pyridylmethyl)amine)[9] and stud-
ied its reactivity with various organic substrates under
stoichiometric conditions by monitoring spectral changes of
the intermediate with a UV/Vis spectrophotometer. Complex
3 decayed slowly under the conditions (kobs= 1.2 > 10�3 s�1,
Figure S1 of the Supporting Information). Interestingly, the
rate of disappearance of 3 was not affected by the presence of
substrates such as thioanisole, cyclooctene, cyclooctanol, and
triphenylmethane (Table S1 of the Supporting Information),
that is, 3 does not react with the substrates. Recently, we
similarly reported that nonheme iron(III) hydroperoxo com-
plexes do not react with sulfides and olefins.[7]

Since it was shown recently that addition of an exogenous
Lewis base accelerates the conversion of 3 to [(tpa)FeIV=O]2+

(4) and enhances the yield of 4,[9] we added pyridine N-oxide
to a solution containing 3 and cyclooctene. In this reaction,
rapid conversion of 3 to 4 (Figure 1a) was followed by a slow
conversion of 4 to the starting [(tpa)FeII]2+ complex (Fig-
ure 1b). Furthermore, the conversion of 3 to 4 was not
affected by the presence of substrates (data not shown), but
the rate of disappearance of 4 was markedly influenced by the
presence and nature of substrates (Figure S2 of the Support-
ing Information). The intermediate 4 was stable for several
hours in the absence of substrates, and the rate of reaction of 4
with substrates decreased in the order thioanisole> cyclooc-
tene> cyclooctanol. We have shown previously that 4 reacts
with these substrates to give corresponding oxygenated
products.[4b–e] In conclusion (Scheme 2), we have provided
the first direct spectroscopic evidence that iron(III) alkylper-
oxo species are not capable of oxygenating organic substrates
and that a high-valent iron(IV) oxo complex, generated by
O�O bond homolysis of FeIII�OOR,[9] is the active oxidant
that oxygenates organic substrates.[8e]

Scheme 1. Plausible intermediates in oxygenation reactions.
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The reactivity of [(tpa)FeIII(OOtBu)(CH3CN)]
2+ (3-

CH3CN) in ethylene epoxidation was computed
(Figure 2).[10] Detailed data on optimized geometries are
collected in the Supporting Information. Iron(III) alkylper-
oxo species R forms reactant complex RCper with ethylene,
and this is followed by a transition state for distal oxygen
attack (TSperd) or for proximal oxygen attack (TSperp).

[11–13] In
TSperd, the O�O bond of the alkylperoxo ligand is cleaved and
the distal oxygen atom is transferred to one of the carbon
atoms of ethylene. The activation energy for TSperd is
44.0 kcalmol�1 in the sextet state when measured from the
ground doublet state of RCper; this value is rather high for
olefin epoxidation. Such a transition state was not achieved in
the doublet and quartet states. The activation energy for
proximal oxygen attack in the sextet state is 27.5 kcalmol�1

relative to the ground doublet state of RCper; this value is
significantly lower than that of TSperd. However, this energy is
still higher than that for the O�O bond activation step of 3-
CH3CN (see below). In conclusion, 3-CH3CN does not
participate in olefin epoxidation due to the high energy
barriers of the pathways for distal and proximal oxygen
attack.

We then calculated activation energies for the generation
of iron(IV) oxo species [(tpa)FeIV(O)(CH3CN)]

2+ (4-CH3CN)
through O�O bond homolysis of 3-CH3CN and the ethylene
epoxidation by 4-CH3CN (Figure 3). Detailed data on the
transition-state search for O�O bond homolysis are collected
in Tables S2–S4 of the Supporting Information. The energy
required for this step was computed to be only 23.5 kcalmol�1

on the doublet potential-energy surface, which is in good
agreement with the previously reported data of Lehnert
et al.[14] The (CH3)3COC moiety of the radical intermediate
(IO-O) is then replaced by ethylene in the course of the
reaction to form the reactant complex (RC). Formation of a
covalent bond between the oxo ligand and a carbon atom of
ethylene via TS1C-O yields IC-O.

[15] An activation barrier of
9.9 kcalmol�1 is nearly identical to that of ethylene epoxida-
tion by Compound I of CYP450 (9.3 kcalmol�1 in the quartet
state),[11b] that is, the nonheme iron oxo species has sufficient
power to oxidize olefins.[4b] The lifetime of IC-O is expected to
be very short because of the low activation energy for the
following ring closure (Table S5 of the Supporting Informa-
tion), as seen in alkane hydroxylation by nonheme iron(IV)
oxo complexes.[16]

We also calculated ethylene epoxidation by [(tpa)FeIII-
(OOtBu)(pyridine N-oxide)]2+ (3-pyridine N-oxide) in the

Figure 1. UV/Vis spectral changes for a) the conversion of 3 into 4 on
addition of pyridine N-oxide and b) the decay of 4 to [(tpa)FeII]2+ in the
presence of cyclooctene. Insets show absorbance traces monitored at
a) 595 nm for 3 and b) 745 nm for 4. Reaction conditions: complex 3
was prepared by treating [(tpa)Fe](ClO4)2 (1 mm) with 2 equiv
tBuOOH in CH3CN at �40 8C. Then, cyclooctene (100 mm) was added
to the solution of 3, followed by the addition of pyridine N-oxide
(12 mm) to the resulting solution.

Scheme 2. Iron(III) alkylperoxo and iron(IV) oxo intermediates in oxy-
genation reactions.

Figure 2. Energy diagrams for ethylene epoxidation by 3-CH3CN in the
doublet (quartet) [sextet] state. Energies in curly brackets include
solvation correction (using a dielectric constant of e=35.7 for
acetonitrile). Energies in kcalmol�1 and bond lengths in G.
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presence of pyridine N-oxide (see above). The energy profile
shown in Figure S3 of the Supporting Information is essen-
tially identical to that of ethylene epoxidation by 3-CH3CN
(Figure 2). Interestingly, the activation energy of the O�O
bond homolysis of 3-pyridine N-oxide (21.7 kcalmol�1, Fig-
ure S3 of the Supporting Information) is 2.8 kcalmol�1 lower
than that of 3-CH3CN (24.5 kcalmol�1, Figure 3), which is
consistent with the experimental result that the addition of
pyridine N-oxide accelerates the conversion of 3 to 4
(compare Figure 1a for the reaction of 3-pyridine N-oxide
with Figure S1 of the Supporting Information for the reaction
of 3-CH3CN). Furthermore, the calculations indicate that the
rate-determining step is the oxidation of ethylene by
[(tpa)FeIV(O)(CH3CN)]

2+ (4-pyridine N-oxide; Figure S3 of
the Supporting Information). This prediction matches with
the experimental result that conversion of 3 to 4 is much faster
than oxidation of cyclooctene by 4 (Figure 1).

In summary, reactivity and spectroscopic studies on a
mononuclear nonheme iron(III) alkylperoxo complex
revealed that this intermediate is not capable of oxygenating

substrates and that a high-valent iron(IV) oxo intermediate,
which is generated through O�O bond homolysis of the FeIII�
OOR species, is the active oxidant that effects the oxygen-
ation of organic substrates. These experimental results are
strongly supported by DFT calculations, in which the energy
barrier for O�O bond activation of FeIII�OOR species is
lower than that for direct oxygen-atom transfer from the
intermediate to organic substrates. Recent DFT calculations
on cytochrome P450 reactions revealed that FeIII�OOH is a
sluggish oxidant and that the oxidizing power of this species
cannot compete with that of a high-valent iron(IV) oxo
porphyrin p-cation radical intermediate.[17]
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