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Postulated mechanisms for the functionalization of aliphatic C-H
bonds by mononuclear nonheme iron(II) enzymes often invoke
C-H bond cleavage by an FeIVdO intermediate that is generated
by dioxygen activation.1,2 Such transformations include the hy-
droxylation of prolyl or aspargine residues by enzymes that are
involved in sensing hypoxia in mammalian cells,3 ring-forming
reactions in the biosynthesis ofâ-lactam antibiotics such as
penicillin, cephalosporin, and clavulanic acid,4 and the first step in
the biodegradation of the herbicide 2,4-D.5 The general features of
these transformations parallel the mechanism widely accepted for
heme enzymes such as cytochrome P450, except that the nonheme
enzymes employ an FeII/FeIVdO redox couple in place of the
formally FeIII /FeVdO couple associated with heme enzymes. In
support, direct spectroscopic evidence for an iron(IV) intermediate
in this class of enzymes has just been reported for the 2-oxoglut-
arate-dependent enzyme TauD.6 While it is well established that
the high-valent heme intermediate, best described as [FeIV(O)-
(porphyrinπ-cation radical)]+, can hydroxylate the C-H bonds of
cyclohexane (DC-H ≈ 99.3 kcal/mol),7 the proposed mechanisms
for nonheme enzymes raise the interesting question as to whether
the corresponding one-electron reduced FeIVdO unit in a nonheme
ligand environment has sufficient oxidizing power to cleave
aliphatic C-H bonds as strong as those found on the C-3 and C-4
positions of proline. We recently reported the high-yield generation
of synthetic oxoiron(IV) complexes using tetradentate N4 ligands
such as the macrocyclic TMC and the tripodal TPA ligands8,9 and
obtained a high-resolution X-ray structure of the former.9a While
the TMC complex can effect oxygen-atom transfer only to PPh3 at
-40 °C, the TPA complex is able to epoxidize cyclooctene at this
temperature. We now report the synthesis and characterization of
corresponding FeIVdO complexes of the pentadentate N5 ligands
N4Py and Bn-tpen.8 Most striking of their properties are their higher
temperature stability and their ability to hydroxylate C-H bonds
as strong as those in cyclohexane.

Treatment of [FeII(N4Py)(CH3CN)]2+ 10 with excess solid PhIO
in CH3CN at 25°C affords a green species1 that persists for several
days (t1/2 ≈ 60 h). The green color is associated with a band at 695
nm (ε 400 M-1 cm-1) (Figure 1) with a shoulder near 800 nm.
Like treatment of [FeII(Bn-tpen)(O3SCF3)]+ 11 also affords a green
species2 with λmax at 739 nm (ε 400 M-1 cm-1) and a shoulder
near 900 nm, but this species is less stable (t1/2 ≈ 6 h). Similar
near-IR bands have been reported for [FeIV(O)(TMC)(CH3CN)]2+

(3) (λmax 820 nm) and [FeIV(O)(TPA)(CH3CN)]2+ (4) (λmax 720
nm).9

The nature of these green species can be established by other
spectroscopic techniques. Thus, high-resolution electrospray mass
spectrometry reveals respective molecular ions atm/z 538.0559
and 644.1227, mass values fully consistent with their formulation
as {[FeIV(O)(N4Py)](ClO4)}+ (1) (m/z calcd 538.0583) and
{[FeIV(O)(Bn-tpen)](O3SCF3)}+ (2) (m/z calcd 644.1247) ions
(Figure S1, Supporting Information). Mo¨ssbauer spectra confirm
the presence of the iron(IV) state in both complexes, as indicated
by ∆EQ and δ values of 0.93 mm/s and-0.04 mm/s for1 and
0.87 and 0.01 mm/s for2 (Figure S2, Supporting Information). The
isomer shifts are similar or identical to the 0.01 mm/s value
associated with4. Thus,1 and2 belong to an emerging class of
low-spin FeIVdO complexes with nonheme ligand environments
with a near-IR spectral signature. As illustrated in the inset of Figure
1, theλmax values of the five established oxoiron(IV) complexes
correlate well with the number of pyridine ligands. The observation
that more pyridine ligands give rise to higher energy transitions
supports the notion that this near-IR band is ligand field in character,
rather than charge transfer in origin,9 but more detailed investiga-
tions (in progress) are needed to establish the spectral assignment.

Although closely related to4, 1 and2 are thermally more stable,
presumably due to the pentadentate ligands in the latter two
complexes. Despite their higher room-temperature stability,1 and
2 react with a number of hydrocarbons at room temperature. Figure
2 shows that the addition of 25 equiv of triphenylmethane results
in a rapid decay of1 concomitant with the nearly quantitative
appearance of its iron(II) precursor (λmax 450 nm) with an isosbestic
point at 560 nm. Ph3C-OH is obtained in 90% yield, demonstrating
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Figure 1. Electronic spectra of1 and 2 in CH3CN at 25 °C. Inset:
Correlation between the number of pyridine ligands and the absorption
maxima of [FeIV(O)(L)] complexes (L) N4Py (a), Bn-tpen (b), TPA (c),
BPMCN (d), and TMC (e)).
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that1 is capable of effective oxygen-atom insertion into an activated
C-H bond. Complex1 also reacts with other substrates having
stronger C-H bonds at slower rates and with lower yield (Table
S1, Supporting Information). As shown in Figure 3, there is a linear
correlation between logk2′ and C-H bond dissociation energy
(DC-H) from Ph3C-H to cyclohexane. A similar plot is observed
for 2, but with faster rates of reactions, in line with its lower
stability. Analogous linear correlations have been obtained for [FeIII -
(Py5)(OMe)]2+ and [RuIV(O)(bpy)2(py)]2+,12 but1 and2 are clearly
capable of oxidizing hydrocarbons with stronger C-H bonds.

The inset in Figure 2 compares the decay rates of1 in the
presence of Ph3CH and ethylbenzene, showing the slower reaction
of the substrate with the stronger C-H bond. More significantly,
its d10 isotopomer shows a large kinetic isotope effect of 30. The
corresponding experiments for2 affords a KIE of 50. Such high
KIE values are similar to those reported for the reaction of
ethylbenzene with [Fe2O2(TPA)2]3+ at -40 °C13 and the hydroxy-
lation of cyclohexane by [Fe(O)(porphyrin)]+ at 20°C,14 but this
is the first instance of a large KIE observed at ambient temperature

for a synthetic nonheme iron complex. Such large isotope effects
have been observed for hydrogen atom abstraction reactions by the
iron(IV) intermediates of the monoiron TauD6b and the diiron
enzyme methane monooxygenase,15 for which hydrogen tunneling
mechanisms may be involved. The observation of a large kinetic
isotope effect for a synthetic mononuclear FeIV(O) species provides
the opportunity to explore this phenomenon with a simple system.

In summary, we have obtained and characterized nonheme
oxoiron(IV) complexes of two pentadentate ligands with properties
similar to the closely related tetradentate TPA counterpart reported
earlier. However, unlike the TPA complex, the pentadentate
complexes have considerably longer lifetimes at room temperature.
This greater thermal stability has allowed the hydroxylation of
alkanes with C-H bonds as strong as 99.3 kcal/mol to be observed
with large deuterium KIEs. These observations lend strong credence
to postulated mechanisms of mononuclear nonheme iron enzymes
that invoke the intermediacy of oxoiron(IV) species.
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Figure 2. Conversion of1 (1 mM) to its iron(II) precursor in CH3CN
upon addition of Ph3CH at 25°C. Inset: time course of the decay of1 (2
mM) monitored at 695 nm upon addition of 0.1 M Ph3CH (A), 0.5 M PhEt
(B), and 0.5 M PhEt-d10 (C) in CH3CN at 25°C.

Figure 3. Correlation between the C-H bond dissociation energies of
various hydrocarbons and logk2′ (25 °C) for their reactions with1 (b) or
2 (O); k2′ is the second-order rate constant divided by the number of
equivalent C-H bonds on the substrate. See Supporting Information for
further details.
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