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The synthesis and characterization of [Fe2(µ-O2CArTol)4L2] com-
plexes, where L is benzylamine or 4-methoxybenzylamine (BAp-OMe),
are described. The reaction of the latter diiron(II) complex
with dioxygen at −78 °C affords a metastable mixed-valent Fe(II)-
Fe(III) green intermediate. When O2 is introduced at ambient
temperature, N-dealkyation occurs to yield anisaldehyde, eliminating
N-oxidation as a viable pathway for the reaction. Use of [Fe2(µ-
O2CArTïl)4(R-d1-BAp-OMe)2] allowed a deuterium kinetic isotope of
∼3 to be determined.

Dioxygen activation and O-atom transfer reactions pro-
moted by iron- and copper-containing metalloenzymes are
of considerable current interest. Monooxygenases,1-3 which
catalyze the hydroxylation of unactivated hydrocarbons, are
of particular interest because of their ability to hydroxylate
methyl groups bearing a range of substituents.4 The hy-
droxylase component of soluble methane monooxygenase
(MMOH) performs this function by first activating dioxygen
to afford reactive intermediate(s).5 The resulting oxidant can
insert one oxygen atom selectively into a C-H bond.
Understanding this remarkable process in molecular detail
is an important objective which, if accomplished, could both
reveal how the metalloproteins work and facilitate the design
of catalysts for O2 activation and selective hydrocarbon
oxidation.

In pursuit of our goal to prepare diiron(II) complexes that
mimic the functional chemistry of MMOH, we reported the
carboxylate-bridged diiron(II) complex, [Fe2(µ-O2CArTol)2-
(O2CArTol)2(N,N-Bn2en)2], where ArTolCO2

- is 2,6-di(p-tolyl)-
benzoate andN,N-Bn2en is N,N-dibenzylethylenediamine,

which oxidativelyN-dealkylates a tetheredN-benzylamino
functionality upon reaction with dioxygen.6,7 One of the
proposed reaction pathways was sequential one-electron
oxidation of the nitrogen atom by a putative diiron(IV) oxo
intermediate, followed byR-proton abstraction and oxygen
rebound (Scheme 1). This possibility was suggested by the
proximity of the lone pair electrons on the uncoordinated
nitrogen atom of the Bn2en ligand to the proposed high-valent
intermediate and by the precedence for such chemistry in
heme iron oxidations.8 In order to test this mechanism, we
devised a system to achieveN-dealkylation under similar
conditions but which lacks the nonbonded electron pair of
the uncoordinatedN-benzylamino group.

In the present report we describe the synthesis and
characterization of [Fe2(µ-O2CArTol)4L2] complexes, where
L is benzylamine (BA) or 4-methoxybenzylamine (BAp-OMe),
and the reactions of the latter with dioxygen (Scheme 2).
Addition of 2 equiv of BA or BAp-OMe to [Fe2(µ-
O2CArTol)2(O2CArTol)2(THF)2]9 in CH2Cl2 afforded the tet-
racarboxylate-bridged diiron(II) complexes [Fe2(µ-O2CArTol)4-
(BA)2] (1) and [Fe2(µ-O2CArTol)4(BAp-OMe)2] (2), respec-
tively. Structural characterization of both compounds by
X-ray crystallography revealed Fe‚‚‚Fe distances and square
pyramidal coordination geometry that closely resemble those
of previously reported diiron(II) paddlewheel complexes
(Table 1; Figures 1 and S1).10,11 The N-donor ligands are
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coordinated to the metal in axial positions through pockets
that are generated by the four bulky carboxylate ligands of
the diiron center.

The zero-field Mo¨ssbauer spectra of solid samples of1
and2 at 4.2 K displayed isomer shift and quadrupole splitting
parameters that are characteristic of high-spin iron(II) species
(Table 1; Figures S2 and S3).9,11,12 The effective magnetic
moments (µeff values) (Figure 2,2; Figure S4,1) steadily
increase from 7.9µB at 300 K to a maximum of 9.7µB at 15
K, before decreasing to 8.6µB at 5 K. This behavior signals
weak exchange coupling between the two high-spin iron(II)
centers of the tetracarboxylate-bridged dimer. More work is
necessary to derive the appropriate exchange coupling and

zero field splitting parameters. The significant difference
between the magnetic behavior of1 and2 compared to that
previouslyreportedforthepaddlewheelcomplex[Fe2(µ-O2CArTol)4-
(4-tBuC5H4N)2]9 may reflect small differences (∼0.03-0.06
Å) in Fe‚‚‚Fe distance as well as the electronic character of
the axial ligands.

Since1 is not very soluble in most aprotic organic solvents,
further studies were performed exclusively with compound
2. Cyclic voltammetry in CH2Cl2 solution revealed a quasi-
reversible, one-electron oxidation (E1/2 ) 770 mV vs NHE;
∆Ep ) 112 mV, scan rate) 25 mV/s) (Figure S5). When a
CH2Cl2 solution of2 was allowed to react with dioxygen at
-78 °C, a green color developed (λmax ) 645 nm) over a
period of 200 s. This metastable solution decayed within∼6
h at -78 °C to form a yellow species (Figure 3). Clues to
the identity of the green intermediate were provided by
resonance Raman (rR) and EPR spectroscopic measurements.
The frozen solution rR spectrum revealed no18O-sensitive
bands, which indicates that the chromophore does not contain
an Fe-O bond derived from dioxygen (Figure S6). The
X-band EPR spectra of the green intermediate measured at
5 K exhibited two distinct signals atg ) 12 andg ) 2.0
(Figure 4). By analogy with previous work,13 these results
suggest that the broadg ) 12 signal may originate from a
high-spin Fe(II)Fe(III) unit with anS) 9/2 ground state, the
green intermediate thus being a ferromagnetically coupled
[FeII,III

2(µ-O2CArTol)4(BAp-OMe)2]+ cation. This assignment
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Figure 1. ORTEP drawing of2 showing 50% probability thermal
ellipsoids. CH2Cl2 solvent molecules and hydrogen atoms are omitted for
clarity.

Scheme 2

Table 1. Summary of Pertinent Structural and Physical
Characterization Data for [Fe2(µ-O2CArTol)4(BA)2] (1),
[Fe2(µ-O2CArTol)4(BAp-OMe)2] (2), and the Related
[Fe2(µ-O2CArTol)4(4-tBuC5H4N)2] (3) Compounds

1 2 3

Fe‚‚‚Fe distance (Å) 2.7937(6) 2.7638(17) 2.8229(9)
δ (mm/s) 1.08(2), 1.12(2) 1.06(2), 1.14(2) 1.12(2)
∆EQ (mm/s) 2.12(2), 2.58(2) 2.12(2), 2.44(2) 3.05(2)
µeff/µB 7.8 (5 K) 8.6 (5 K) e1 (5 K)

8.6 (65 K) 9.6 (15 K)
8.0 (300 K) 7.9 (300 K) 6.5(300 K)

E1/2 vs NHE 770 mV 284 mV
ref this work this work 9, 13

Figure 2. Plots of the temperature dependence of the effective magnetic
moment (µeff) (b) and molar susceptibility (øM) versus temperature (O) for
a solid sample of2. Data were recorded at an external magnetic field of 1
T.

Figure 3. (a) Spectral changes that occur during the reaction of2 (1.46
× 10-4 M) with excess dioxygen in CH2Cl2 at -78 °C. (Inset) Kinetic
trace for the development and decay of the intermediate recorded at 645
nm. (b) UV-vis spectrum of [Fe2(µ-O2CArTol)4(BAp-OMe)2](PF6) in CH2Cl2.
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was confirmed by both the UV-vis and EPR spectra of the
chemically synthesized, mixed-valent [Fe2(µ-O2CArTol)4-
(BAp-OMe)2](PF6) complex (Figures 3b and 4b). Theg ) 2.0
signal (Figure 4) would then arise from an antiferromag-
netically coupled Fe(III)Fe(IV) unit with anS) 1/2 ground
state. These mixed valence products might form in the
following scenario. Reaction of2 with dioxygen affords a
transient adduct [2-O2] that never builds up, possibilities
for which are as Fe2II,III (O2

-), Fe2
III (O2

2-), or Fe2
IV(O2-)2.

On the basis of theE1/2 value for oxidation of2 measured
electrochemically, outer-sphere electron transfer upon reac-
tion with dioxygen to form{Fe2

II,III + O2
-}14 is unlikely to

occur, due to the low reduction potential of dioxygen (O2/
O2

- ) -550 mV vs NHE in CH2Cl2).15 We therefore
conclude that, although a transient [2-O2] adduct must form,
before this species builds up to any spectroscopically
detectable concentration, it reacts rapidly with unconverted
2 to afford an equimolar mixture of the green mixed-valent
FeIIFeIII complex and the FeIIIFeIV species. A similar sequence
of reactions was proposed for the chemistry of [Fe2(µ-
O2CArTol)4(4-tBuC5H4N)2] with dioxygen.13

The products formed upon exposure a CH2Cl2 solution of
2 to dioxygen at ambient temperature as analyzed by GC-
MS include anisaldehyde with an average yield of 26(7)%,
based on FeII2, corresponding toN-dealkylation of putative
hydroxylation at the benzylic position. This supposition was

confirmed by an experiment in which [Fe2(µ-O2CArTol)4-
(R-d1-BAp-OMe)2] in CH2Cl2 solution at-78°C was oxidized
to afford anisaldehyde andd1-anisaldehyde in a ratio of∼1:3
(Figure S7). This kinetic isotope effect is consistent with
C-H bond cleavage in a product-forming step of the
reaction, the benzyl substituent in2 being positioned such
that the C-H bonds to be activated areR to the metal-bound
nitrogen atom.

OxidativeN-dealkylation of this kind may proceed by one-
electron oxidation at the nitrogen atom followed by proton
transfer and rebound (Scheme 1), stepwise oxygen recoil/
rebound,16,17 or by a concerted18 mechanism.6 The absence
of a lone pair of electrons in the coordinated BAp-OMe ligand
eliminates electron transfer from nitrogen as the initiating
step for the present reaction. Determining which of the
remaining two pathways effects theN-dealkylation reaction
and the nature of the diiron species, Fe2

III (O2
2-), Fe2

IV(O2-)2,
or some as yet unconsidered possibility, responsible for it
remain important objectives for future work.
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Figure 4. X-band EPR spectra of a frozen CH2Cl2 solution sample of (a)
intermediate species generated by the oxygenation of2 at -78 °C and (b)
[Fe2(µ-O2CArTol)4(BAp-OMe)2](PF6), measured at 5 K.
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