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Abstract: Two tetracarboxylate diiron(II) complexes, [Fe2(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (1a) and [Fe2-
(µ-O2CArTol)4(4-tBuC5H4N)2] (2a), where ArTolCO2

- ) 2,6-di(p-tolyl)benzoate, react with O2 in CH2Cl2 at
-78 °C to afford dark green intermediates 1b (λmax = 660 nm; ε ) 1600 M-1 cm-1) and 2b (λmax = 670 nm;
ε ) 1700 M-1 cm-1), respectively. Upon warming to room temperature, the solutions turn yellow, ultimately
converting to isolable diiron(III) compounds [Fe2(µ-OH)2(µ-O2CArTol)2(O2CArTol)2L2] (L ) C5H5N (1c),
4-tBuC5H4N (2c)). EPR and Mössbauer spectroscopic studies revealed the presence of equimolar amounts
of valence-delocalized FeIIFeIII and valence-trapped FeIIIFeIV species as major components of solution 2b.
The spectroscopic and reactivity properties of the FeIIIFeIV species are similar to those of the intermediate
X in the RNR-R2 catalytic cycle. EPR kinetic studies revealed that the processes leading to the formation
of these two distinctive paramagnetic components are coupled to one another. A mechanism for this reaction
is proposed and compared with those of other synthetic and biological systems, in which electron transfer
occurs from a low-valent starting material to putative high-valent dioxygen adduct(s).

Introduction

Structural modules comprising two iron atoms ligated by four
carboxylate and two imidazole residues occur in selected non-
heme diiron enzymes that activate dioxygen.1 The hydroxylase
component of methane monooxygenase (MMOH),2,3 the R2
component of ribonucleotide reductase (RNR-R2),4,5 and
stearoyl-acyl carrier protein (ACP)∆9-desaturase (∆9D)6,7 are
representative of such metalloenzymes, in which coordinatively

unsaturated dimetallic centers are used to harness the oxidizing
power of dioxygen. In the enzyme reaction cycles, highly
reactive intermediates are accessed through controlled delivery
of reducing equivalents to the metal-bound O2-derived ligands.
Notable functional features of this enzyme family include the
evolution of distinctive higher oxidation state intermediates from
essentially identical initial dioxygen adducts (Scheme 1). Current
information points toward the involvement of high-valent iron-
(IV) species in C-H activation by MMOH and tyrosine
oxidation by RNR-R2. The mechanism(s) by which reductive
activation of an O-O bond affords reactive iron-oxo units,
however, is not fully understood. Specifically, two-electron
reduction of the peroxide ligand by iron in (peroxo)diiron(III)
species affords an FeIVFeIV center in MMOHQ,8-10 whereas
delivery of one external electron is required for a conversion to
the FeIIIFeIV core in RNR-R2 X.11 The fate of these O2-derived
intermediates might be affected by carboxylate shifts,12 the
functional relevance of which needs to be elucidated in con-
junction with the dynamic core conversions implicated in the
catalytic cycle.2
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Well-defined synthetic analogues having chemical properties
comparable to those of non-heme diiron enzymes have comple-
mented our understanding of biological dioxygen activa-
tion.1c,f,13-15 Several examples are now available in which
reactions between diiron(II) complexes and O2 afford (peroxo)-
diiron(III) species (Table S1),16-22 the mechanisms of formation
and decay of which have been investigated by kinetic tech-
niques.20,22-26 A few (peroxo)diiron(III) complexes have been
isolated at low temperatures and structurally characterized,16b,17c,18

providing insights into the geometric and electronic structures
of the transient enzyme intermediates.1g,27-31 High-valent di-
(µ-oxo)iron(III)iron(IV) complexes were prepared by reactions

between diiron(III) complexes and H2O2 and studied as spec-
troscopic and structural models for RNR-R2 X.32 Related
FeIIIFeIV species were accessed by one-electron chemical
oxidation of a di(µ-oxo)diiron(III) precursor33 or by reactions
between a diiron(II) precursor and O2 at low temperatures.22

Most of the model compounds investigated so far, however,
are built on polyamine/imine donor ligands, a coordination
environment significantly different from those of the carboxy-
late-rich active sites in MMOH and RNR-R2. Integrating a
parallel functional chemistry into a well-defined structural
replica of the non-heme diiron enzymes is a long-standing
problem in bioinorganic chemistry, the solution to which would
provide significant insights into the underlying chemical
principles of enzyme action.

Recently, we reported that tetracarboxylate diiron(II) com-
plexes [Fe2(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (1a) or [Fe2-
(µ-O2CArTol)4(4-tBuC5H4N)2] (2a), where ArTolCO2

- ) 2,6-di-
(p-tolyl)benzoate, react with dioxygen in CH2Cl2 at -78 °C to
afford thermally sensitive intermediates having broad intense
visible absorptions at 660-670 nm.34,35 EPR and Mo¨ssbauer
data were consistent with the existence of an equimolar amount
of FeIIFeIII and FeIIIFeIV species as major components of these
intermediates.35 A mechanism for this unprecedented process
was proposed (eq 1), based solely on the observed reaction
stoichiometry.

In this paper, we present a full description of the reactions
of 1a and 2a with dioxygen. Spectroscopic and reactivity
properties of the metastable reaction intermediates are described
and compared with those of independently synthesized mixed-
valence compounds. Mechanistic implications of this novel
transformation are discussed and compared with other synthetic
and biological systems, highlighting the importance of regulated
electron trafficking in reductive activation of dioxygen.

Experimental Section

General Considerations.All reagents were obtained from com-
mercial suppliers and used as received unless otherwise noted.
Dichloromethane was distilled over CaH2 under nitrogen. Diethyl ether,
pentanes, and tetrahydrofuran (THF) were saturated with nitrogen and
purified by passage through activated Al2O3 columns under nitrogen.36

The compounds [H(OEt2)2](BAr ′4)37,38 and 3,3′,5,5′-tetra-tert-butyl-
1,1′-bi-2,2′-phenol39 were synthesized according to literature proce-
dures. Syntheses of the compounds [Fe2(µ-O2CArTol)2(O2CArTol)2-
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(O2CArTol)2(4-tBuC5H4N)2] (2c),35 [Fe2(µ-O2CArTol)4(C5H5N)2](OTf)
(1mv), and [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2](PF6) (2mv)40 were re-
ported previously. Dioxygen (99.994%, BOC Gases) was dried by
passing the gas stream through a column of Drierite.18O-enriched
dioxygen (99%) was supplied by ICON, NY. All air-sensitive manipu-
lations were carried out under nitrogen in a Vacuum Atmospheres
drybox or by standard Schlenk line techniques. Manometric experiments
were performed according to a literature procedure,41awith [IrCl(CO)-
(PPh3)2] as a standard.

Oxygenation of 1a and 2a.In a typical reaction, compound1a or
2a was dissolved in freshly distilled CH2Cl2 and loaded into a vessel
fitted with a rubber septum. The solution was cooled to-78 °C in a
dry ice/acetone bath. Dioxygen was bubbled directly into the solution,
resulting in a color change from yellow to dark emerald green,
indicating the formation of1b or 2b.

X-ray Crystallographic Studies. Intensity data were collected on
a Bruker (formerly Siemens) CCD diffractometer with graphite-
monochromated Mo KR radiation (λ ) 0.710 73 Å), controlled by a
Pentium-based PC running the SMART software package.42 Single
crystals were mounted at room temperature on the tips of quartz fibers,
coated with Paratone-N oil, and cooled to 188 K under a stream of
cold nitrogen maintained by a Bruker LT-2A nitrogen cryostat. Data
collection and reduction protocols are described elsewhere.43 The
structures were solved by direct methods and refined onF2 by using
the SHELXTL software package.44 Empirical absorption corrections
were applied with SADABS,45 part of the SHELXTL program package,
and the structures were checked for higher symmetry by the program
PLATON.46 All non-hydrogen atoms were refined anisotropically unless
otherwise noted. Hydrogen atoms were assigned idealized positions
and given thermal parameters equivalent to either 1.5 (methyl hydrogen
atoms) or 1.2 (all other hydrogen atoms) times the thermal parameter
of the carbon atom to which they were attached. The disorderedtert-
butyl group on 4-tert-butylpyridine in [Fe(O2CArTol)2(2,4-tBu2C6H3O)-
(4-tBuC5H4N)] is equally distributed over two positions and refined
isotropically.

Physical Measurements.1H NMR spectra were recorded on a
Varian Mercury 300 spectrometer; chemical shifts are reported versus
tetramethylsilane and were referenced to the residual solvent peaks.
FT-IR spectra were recorded on a Bio Rad FTS-135 instrument with
Win-IR software. UV-vis spectra were recorded on a Hewlett-Packard
8452A diode array spectrophotometer. The low-temperature UV-vis

experiments were executed by using a custom-made quartz cuvette with
a 1 cm path length fused into a vacuum-jacketed dewar. Low-tem-
perature titration was monitored by using a Spectral Instruments Model
440 CCD Array UV-vis spectrophotometer in conjunction with a
remote fiber-optic dip probe with a 1 cmpath length.

Resonance Raman Spectroscopy.A Coherent Innova 90 Kr+ laser
with an excitation wavelength of 647.1 nm and 50 mV of power was
used to acquire Raman data. A 0.6 m single monochromator (1200
grooves/nm grating), with an entrance slit of 100µm, and a TE-CCD-
1100-PB-VISAR detector (Princeton Instruments, Inc.) cooled to-40
°C were used in a standard backscattering configuration. A holographic
notch filter (Kaiser Optical Systems) was used to attenuate Rayleigh
scattering. Spectra were collected in CH2Cl2 solution at-78 °C with
the same low-temperature dewar used in UV-vis studies. Solutions
were made as concentrated as possible,∼10 mM in the best cases, to
ensure an optimal signal-to-noise ratio. A total of 400 scans, each with
a 1 s exposure time, were typically collected for each sample. Raman
shifts were calibrated with DMF as an external standard. The data were
processed on a Gateway 2000 computer using WINSPEC 3.2.1 software
(Princeton Instruments, Inc.).

Mo1ssbauer Spectroscopy.Field-dependent Mo¨ssbauer spectra were
acquired on a spectrometer equipped with a Janis 12 CNDT/SC
SuperVaritemp cryostat and an 8 T superconducting magnet. Zero-
field Mössbauer spectra were obtained at 4.2 K on an MS1 spectrometer
(WEB Research Co.). The spectrometers were operated in constant
acceleration mode in transmission geometry. Zero velocity of the
Mössbauer spectra refers to the centroid of the room temperature
spectrum of metallic Fe-foil. Solid samples of2b were prepared by
concentrating the oxygenation product of2a (100 mg) in CH2Cl2 (3
mL) at -78 °C by using a diffusion pump operating at<10-5 mm Hg.
A dark green solid material thus isolated was suspended in BN and
stored at 77 K. A solid sample of2cwas prepared by suspending∼0.02
mmol of the powdered material in Apeizon N grease and packing the
mixture into a nylon sample holder. A frozen solution sample of2c
was prepared in THF by loading 1 mL of a∼20 mM solution into a
nylon sample holder and freezing it at 77 K.

The Mössbauer spectra of2b were analyzed by using the spin
Hamiltonian (eq 2), in whichHe represents the electronic properties of
the diiron clusters andHhf describes the hyperfine interactions of the
iron nuclei with their surrounding electrons. The electronic part,He,

contains the zero-field and Zeeman interactions (eq 3), andHhf contains
the quadrupolar (the first summation) and magnetic (the second
summation) hyperfine interactions (eq 4). All symbols have their usual
meaning. The symbolS represents the total electronic spin of the ground

state of the diiron clusters, andA i is the magnetic hyperfine tensor
describing the interaction between the total spinS and the individual
iron nuclear spins,I i. The Mössbauer spectra of2cwere fit to Lorentzian
lines by using the WMOSS plot and fit program.47

EPR Spectroscopy.X-band (9 GHz) EPR spectra were recorded
on a Bruker 300 spectrometer equipped with an Oxford ESR 910
cryostat for low-temperature measurements and a Bruker bimodal cavity

(37) Abbreviations used: [BAr′4]-, [(3,5-(CF3)2C6H3)4B]-; H2XDK, m-xy-
lylenediamine bis(Kemp’s triacid imide); BXDK, the benzyl derivative of
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pylenediamine and 2,6-diformyl-4-methylphenol; L2, N,N′-ethylenebis-
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Me3TACN, 1,4,7-trimethyl-1,4,7-triazacyclononane; 6-Me3-TPA, tris(6-
methyl-2-pyridylmethyl)amine; 6-Me-TPA,N-(6-methyl-2-pyridylmethyl)-
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for generation of the microwave fields parallel and transverse to the
static field. Q-band (35 GHz) EPR spectra were recorded on a Bruker
200 spectrometer equipped with a locally built low-temperature
microwave probe and cryogenic system.48 For both instruments, the
microwave frequency was calibrated by a frequency counter and the
magnetic field was calibrated with an NMR gaussmeter. The Oxford
thermocouple temperature was calibrated using a carbon glass resistor
temperature probe (CGR-1-1000 Lake Shore Cryotronics). For X- and
Q-band EPR, the magnetic field modulation was 100 kHz unless noted
otherwise. All experimental data were collected under nonsaturating
conditions.

EPR Simulations.Interpretation of the EPR spectra utilizes the spin
Hamiltonian given in eq 3. Simulations of the EPR spectra are calculated
from diagonalization of eq 3 with a locally written program. The powder
pattern is generated for a uniform spherical distribution of the magnetic
field vectorB. The transition intensities are calculated from the square
of the transition moment. The spectral line width is dominated by
D-strain and simulations use distributions of theD andE/D to give the
correct line widths. The distributions are specified asσD andσE/D.

The simulations are generated with careful consideration of all
intensity factors, both theoretical and instrumental. This approach allows
direct comparison of simulated spectra to the absolute intensity scale
of the experimental spectrum having a known sample concentration.
The only unknown factor relating the spin concentration to signal
intensity is an instrumental one that depends on the microwave detection
system. This factor, however, is determined by the spin standard,
CuEDTA, for which the copper concentration was accurately deter-
mined from plasma emission spectroscopy.

Magnetic Susceptibility Measurements.Magnetic susceptibility
data for solid samples of1c and2c were measured between 5 and 300
K with applied magnetic fields of 0.1 T using a Quantum Design MPMS
SQUID susceptometer. Samples were loaded in gel capsules and
suspended in plastic straws. The susceptibilities of the straw and gel
capsule were independently determined at the same temperature range
and field for correction of their contribution to the total measured
susceptibility. Underlying diamagnetism of the sample was calculated
from Pascal’s constants.49 The molar magnetic susceptibility data were
fit to the expression derived from the spin-only isotropic HDvV
exchange HamiltonianH ) -2JS1‚S2, whereS1 ) S2 ) 5/2. This
expression is given in eq 5, wherex ) J/kT. No corrections were made
for TIP or paramagnetic impurities.

Titration of 2b with Cp 2Fe or Cp*2Fe. A CH2Cl2 solution of2a,
typically ∼0.45 mM, was cooled to-78 °C and subjected to an O2
purge for 5 min. The development of2b was followed by UV-vis
spectroscopy for 1 h, during which time the 670 nm absorption reached
a maximum. Excess O2 was removed by bubbling argon through the
solution for>20 min. Aliquots of either Cp2Fe or Cp*2Fe in CH2Cl2
were delivered to the solution under argon by using a gas-tight
microsyringe. Spectral measurements were made after each addition
and corrected for dilution.

EPR Kinetics. Kinetic experiments were performed in calibrated
EPR tubes. A CH2Cl2 solution sample of2a (1.12 mM) was prepared
in a drybox, and each 300µL aliquot was loaded into an EPR tube
fitted with a rubber septum. The samples were brought out, placed under
a positive Ar pressure, and held at-78 °C. Dioxygen (2.5 mL) was
bubbled through the solution over a period of 30 s by injection from a
gas-tight syringe. The reactions were kept at-78 °C for varying
periods of time (1-45 min) and quenched by flash-freezing the EPR
tubes at 77 K. The amount ofS) 9/2 species was determined relative

to a quantitative simulation by using the spectral parameters given in
Figure 4. This value was later confirmed, to within 10% of the
concentration, by a pure sample of2mv of known concentration. The
S ) 1/2 component was quantitated by double integration of the EPR
signal.

Generation of 2b in the Presence of H+. Solution samples of2a
(1.21 mM) mixed with [H(OEt2)2](BAr ′4) (0.63 mM) were prepared in
CH2Cl2 and loaded into calibrated EPR tubes. Oxygenation was carried
out in a manner similar to that described for EPR kinetics (see above),
and the reaction was quenched after incubation for 5 min. The amounts
of S ) 9/2 andS ) 1/2 components were quantitated and compared
with those of a kinetics sample quenched after an identical period of
time.

Ligand Recovery. A CH2Cl2 (30 mL) suspension of1a (102 mg,
69.4µmol) was cooled to-78 °C. Dioxygen was bubbled through the
solution for 5 min, and the resulting dark emerald green solution was
stirred for 0.5 h. Unreacted dioxygen was removed by bubbling Ar
through the solution for 0.5 h. The solution was warmed to room
temperature and quenched by adding an aqueous HCl solution (10%,
20 mL). The organic layer was separated, and the aqueous layer was
extracted with 3× 20 mL portions of CH2Cl2. The combined extracts
were dried over MgSO4, filtered, and concentrated under reduced
pressure to afford ArTolCO2H as an off-white solid (79 mg, 0.261 mmol,
94% recovery yield).1H NMR (300 MHz, CD2Cl2) δ 7.52 (t, 1H), 7.35
(d, 2H), 7.31 (d, 4H), 7.22 (d, 4H), 2.41 (s, 6H); FT-IR (thin film
deposited from CD2Cl2 solution on NaCl, cm-1) 3027, 2925, 1699,
1516, 1455, 1294, 816, 803, 781. LRMS (EI):m/z 302 (M+).

Reactions of 1b with 2,4,6-Tri-tert-butylphenol. A CH2Cl2 solution
(10 mL) of 1a (0.37 mM) was purged with dioxygen at-78 °C to
afford 1b. Excess O2 was removed by bubbling Ar through the solu-
tion. A portion of 2,4,6-tri-tert-butylphenol (8.1µmol, 2.2 equiv) in
CH2Cl2 (30 µL) was added, and the spectral change was monitored by
UV-vis spectroscopy. A similarly prepared sample of1b was
transferred to a precooled EPR tube containing an equal volume of
Ar-purged toluene. The mixture was rapidly frozen at 77 K and analyzed
by X-band EPR spectroscopy. The spectra were compared with those
of 2,4,6-tri-tert-butylphenoxyl radical generated independently by a
chemical method.50

Reaction of 2b with 2,4-Di-tert-butylphenol. A CH2Cl2 solution
(10 mL) of 2a (204 mg, 0.129 mmol) was purged with O2 at -78 °C
to afford 2b. The dark green solution was stirred for 2 h at-78 °C,
and excess dioxygen was removed by Ar bubbling. A portion of 2,4-
di-tert-butylphenol (55 mg, 0.27 mmol) was added as a solid. The
mixture was warmed to room temperature to afford an intense blue
solution. Volatile fractions were removed, and the remaining solid
material was extracted into CH2Cl2 (25 mL). A portion of aqueous HCl
(10%, 15 mL) was added, and the organic layer was separated. The
aqueous layer was extracted with 4× 25 mL portions of CH2Cl2. The
combined extracts were dried over MgSO4, filtered, and concentrated
under reduced pressure to provide a pale yellow residue. The mixture
(203 mg, 98% overall recovery yield) comprised ArTolCO2H, 2,4-di-
tert-butylphenol, and 3,3′,5,5′-tetra-tert-butyl-1,1′-bi-2,2′-phenol, as
judged by comparison with the1H NMR spectra of authentic samples.
The amount of the 2,2′-biphenol product (26µmol, 40% based on2a)
was determined by comparison of the integration of the methyl group
peaks (1.45 and 1.33 ppm) against the methyl proton signals from the
unreacted 2,4-di-tert-butylphenol (1.41 and 1.30 ppm).

Reaction of 2mv with 2,4-Di-tert-butylphenol. To a dark green
CH2Cl2 (10 mL) solution of2mv (114 mg, 65.8µmol) was added 2,4-
di-tert-butylphenol (58 mg, 0.28 mmol) under nitrogen. The reaction
mixture was stirred for 2 h atroom temperature and quenched by adding
aqueous HCl (10%, 15 mL). The components in the CH2Cl2 layer were
isolated and analyzed as described above. The mixture (124 mg, 91%

(48) Petasis, D.; Hendrich, M. P.J. Magn. Reson. 1999, 136, 200-206.
(49) Carlin, R. L.Magnetochemistry; Springer-Verlag: New York, 1986.

(50) Goldberg, D. P.; Koulougliotis, D.; Brudvig, G. W.; Lippard, S. J.J. Am.
Chem. Soc.1995, 117, 3134-3144.

øM )
Ng2µB

2

kT
2e2x + 10e6x + 28e12x + 60e20x + 110e30x

1 + 3e2x + 5e6x + 7e12x + 9e20x + 11e30x
(5)
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overall recovery yield) was composed of ArTolCO2H and unreacted 2,4-
di-tert-butylphenol, as judged by comparison with the1H NMR spectra
of authentic samples. No coupling product, 3,3′,5,5′-tetra-tert-butyl-
1,1′-bi-2,2′-phenol, was detected.

Results

Reactions of Diiron(II) Complexes [Fe2(µ-O2CAr Tol)2-
(O2CAr Tol)2(C5H5N)2] (1a) and [Fe2(µ-O2CAr Tol)4(4-
tBuC5H4N)2] (2a) with O2. (a) UV-Vis Spectroscopy.Oxy-
genation of a CH2Cl2 solution of1a at -78 °C resulted in the
formation of a deep green species1b with a broad (ν1/2 = 3700
cm-1) visible absorption centered at∼660 nm (ν̃ = 15 200
cm-1; ε ) 1600 M-1 cm-1) (Figure 1A). Since1a cannot be
regenerated from1b by evacuation or Ar purging, this process
is effectively irreversible. Addition of 2 equiv of [H(OEt2)2]-
(BAr′4) as a source of protons to the solution of1b did not
alter the intensity of the absorption. Although stable for>6 h
at -78 °C, 1b rapidly decayed to a pale yellow solution upon
warming to room temperature (Figure 1A).

Exposure of2a to O2 under similar conditions resulted in an
analogous irreversible color change from bright yellow to deep
green (Figure 1B). The buildup of a broad (ν1/2 = 3400 cm-1)
visible absorption of2b centered at∼670 nm (ν̃ = 14 900 cm-1;
ε ) 1700 M-1 cm-1) was monitored by UV-vis spectroscopy
at -78 °C, affording t1/2 = 7.7 min under the conditions
employed (gentle purging with O2 for 1 min; see Supporting
Information Figure S1). The thermal stability of2b is compa-
rable to that of1b; no diminution in the intensity of the
absorption band occurs up to 12 h at-78 °C. Upon warming
to room temperature, however,2b decays to a bright yellow
material (Figure 1B).

(b) Resonance Raman Spectroscopy.Raman spectra were
obtained for1b and 2b in CH2Cl2 at -78 °C. As shown in
Figure 2, upon excitation at 647.1 nm, a strong resonance

enhanced peak appeared at 851 cm-1 for 1b. This feature is
absent both in the precursor compound1a and in the de-
composition product of1b. Although this frequency falls into
the right range for the O-O stretching mode of a (µ-peroxo)-
diiron(III) species (see Supporting Information Table S1), no
shift in the peak position was observed for samples prepared
by reacting1a with either 18O-labled dioxygen (1b*) (Figure
2) or a 50:50 mixture of16O:18O-labeled material under identical
conditions (data not shown). A similar result was obtained for
2b, which also exhibits a resonance enhanced vibration at 851
cm-1 (see Supporting Information Figure S2). Raman spectra
were obtained for mixed-valence FeIIFeIII compounds1mv and
2mv, which are one-electron chemical oxidation products of
1a and2a, respectively (Scheme 2). Under conditions similar
to those used for1b and2b, resonance enhanced peaks appear
at 851 cm-1 for both1mv and2mv (see Supporting Information
Figure S3).

(c) EPR Spectroscopy.Figure 3A displays the EPR spectra
obtained for frozen CH2Cl2 samples of2b. A strongg ) 2 signal
and a less intense absorption atg ) 9.5 were observed, which
accounted for 70% of the total iron.35 The signal atg ) 2 arises
from anS) 1/2 species (40% based on Fe2), theg-anisotropy
of which is similar to that of the antiferromagnetically (AF)
coupled FeIIIFeIV core in RNR-R2, species X.11c,d,35The signal
at g ) 9.5 originates from anS ) 9/2 species (30% based on
Fe2), which was tentatively assigned as a mixed-valence FeII-
FeIII complex.35 This assignment is now confirmed by the EPR
spectrum of2mv, the independently synthesized, one-electron
oxidized form of2a.

Figure 4 displays X-band (A) and Q-band (B) EPR spectra
obtained for a frozen CH2Cl2 sample of2mv. The signal ob-
served atg ) 9.5 and 2.0 in X-band (hν ) 0.3 cm-1)
perpendicular mode (B1 ⊥ B) originates from a transition within
the ground doublet of theS) 9/2 manifold. In the strong field
limit, the transition occurs betweenms ) (1/2 states. The signal
at g ) 4.3 originates from trace contamination (∼2%) of
rhombic Fe(III) (S ) 5/2). In Q-band perpendicular mode (hν
) 1.2 cm-1), three distinct transitions were observed. ForS)
9/2 complexes withE/D ∼ 0, we expect resonances to occur at
g ) 10, 10, and 2 (ms ) (1/2) andg ) 0, 0, and 6 (ms )
(3/2), based on the standard diagrams ofgobs vs E/D.51 For D
e hν, as is the case here, however, significant mixing of the
doublets occurs, thus invalidating such diagrams. The signals
at g ) 8.9 and 2.9 originate from the ground- (ms ) (1/2) and
first-excited-state doublets (ms ) (3/2) of theS) 9/2 manifold,

Figure 1. Electronic absorption spectra for the formation of dioxygen
adducts of diiron(II) complexes in CH2Cl2 at -78 °C and their thermal
decay products (‚‚‚): (A) [Fe2(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (1a); (B)
[Fe2(µ-O2CArTol)4(4-tBuC5H4N)2] (2a).

Figure 2. Resonance Raman spectra of fluid solutions of [Fe2(µ-
O2CArTol)2(O2CArTol)2(C5H5N)2] (1a), 1a+ 16O2 (1b), and1a+ 18O2 (1b*)
in CH2Cl2 at -78 °C. Excitation wavelength) 647.1 nm. Solvent features
are labeled with asterisks.
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respectively. The signal atg ) 4.2 is novel and originates from
an interdoublet transition between thems ) +1/2 and-3/2
levels. The quantitative simulations overlaid on the data of
Figure 4 confirm this assignment and giveD ) 1.13 cm-1 and
E/D ) 0.007. The line widths are dominated byD-strain, which
is modeled with distributions in the parametersD andE/D of
Gaussian widthσD and σE/D, respectively. The spectral fit
determines both parameters independently, with values ofσD

) 0.03 cm-1 andσE/D ) 0.004. The EPR spectra of2mv and
theS) 9/2 component in2b are essentially identical, indicating

that a valence-delocalized FeIIFeIII species is generated by the
reaction between2a and dioxygen at-78 °C.

Anaerobic thawing at-60 °C of the frozen CH2Cl2 solution
sample of2b resulted in the total loss of the signals arising
from S ) 1/2 andS ) 9/2 species and buildup of two new
signals in the X-band EPR spectra (Figure 3). The signal atg
) 4.3 (Figure 3A), constituting ca. 20% of the diiron starting
material, originates from a rhombic Fe(III) system (S ) 5/2).
Figure 3B displays the parallel mode EPR spectra of the-60
°C thawed sample, showing the appearance of a signal at
g ) 10.2, which was tentatively assigned to an AF coupled
FeIIIFeIII species. A similarg ) 10.2 signal was observed when
the reaction between2a and dioxygen was conducted at room
temperature. This signal, however, is different from theg )
19.8 signal of2c, which arises from a transition within theS)
5 manifold of a ferromagnetically coupled FeIIIFeIII center. This
result confirms that the crystallographically characterized com-

(51) Krebs, C.; Davydov, R.; Baldwin, J.; Hoffman, B. M.; Bollinger, J. M.,
Jr.; Huynh, B. H.J. Am. Chem. Soc.2000, 122, 5327-5336.

(52) Valentine, A. M.; Tavares, P.; Pereira, A. S.; Davydov, R.; Krebs, C.;
Hoffman, B. M.; Edmondson, D. E.; Huynh, B. H.; Lippard, S. J.J. Am.
Chem. Soc.1998, 120, 2190-2191.

Scheme 2

Figure 3. (A) Perpendicular mode (B1 ⊥ B) X-band (9.62 GHz, 10 K)
EPR spectra of a frozen CH2Cl2 solution sample of2b (solid line) and its
thermolysis product (dashed line) prepared by thawing2b for 1 h under a
He atmosphere at-60 °C and re-freezing. (B) Parallel mode (B1 || B)
X-band (9.26 GHz) EPR spectra of2c (I), thermolysis product of2b (II),
and a sample prepared by exposing a CH2Cl2 solution of2a to dioxygen at
room temperature and freezing (III). Spectra I and III were measured at 10
K; II was measured at 18 K.

Figure 4. X-band (A) and Q-band (B) EPR spectra (solid lines) of a frozen
CH2Cl2 solution sample of2mv measured at 11 and 6 K, respectively.
Simulations (dashed lines) are calculated forg ) 2.0261,D ) 1.13 cm-1,
σD ) 0.03 cm-1, E/D ) 0.007, andσE/D ) 0.004. EPR conditions:
frequency, 9.62 (X-band) and 34.2 GHz (Q-band); microwave power, 0.2
(X-band) and 0.02 mW (Q-band).
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plex 2c (vide infra) is not an immediate oxygenation product
of 2a.

(d) Mo1ssbauer Spectroscopy.Previous Mo¨ssbauer studies
of 2b identified three major diiron species.35 Among these
components, only the species havingS ) 1/2 spin state has a
strong dependence on the orientation of the applied field with
respect to the direction of theγ-rays. The presence of the AF
coupled FeIIIFeIV species (36% based on Fe2) was thus revealed
from Mössbauer spectra recorded at 4.2 K with a 50 mT
magnetic field applied parallel and perpendicular to theγ-rays.35

In a complementary approach, the Mo¨ssbauer spectra of2b were
now recorded in higher magnetic fields (4-8 T) and deconvo-
luted into three spectral components through an iterative process.

(1) Spectral Deconvolution.Shown in Figure 5A is the
Mössbauer spectrum of a solid sample of2b (hatched lines)
recorded at 4.2 K in a magnetic field of 8 T applied parallel to
theγ-ray beam. The two well-resolved outermost lines at-6.2
and +7.7 mm/s are closely matched, in both positions and
shapes, by those of the spectrum of a solid sample of2mv (solid
line) recorded under identical experimental conditions,40 indi-
cating that they arise from the valence-delocalizedS ) 9/2
FeIIFeIII species. By matching the intensities of these outer lines
to that of the spectrum of solid2b, it is estimated that 45% of
the total iron in the green mixture is in the form of [Fe2(µ-
O2CArTol)4(4-tBuC5H4N)2]+ (see the caption of Figure 5A), an
amount slightly higher than that (∼34%) estimated from the
50 mT spectral analysis.35

Removal of the contribution of [Fe2(µ-O2CArTol)4-
(4-tBuC5H4N)2]+ from the raw data of2b yields the spectrum
shown in Figure 5B. The lines at-2.7 and+3.4 mm/s are well-
resolved and can be assigned to the valence-trapped FeIIIFeIV

species. The solid line shown in Figure 5B is a theoretical
simulation of this species using the parameters presented in
Table 1 and accounts for 36% of the total iron absorption.
Removal of this component from the spectrum shown in Figure
5B yields the spectrum (Figure 5C) arising from an FeIIIFeIII

species, which shows features at-1, +0.5, and+2.1 mm/s.
The theoretical simulation of this component, which is plotted
as a solid line in Figure 5C, was calculated by using the
parameters given in the caption of Figure 5 and assuming
diamagnetism (S ) 0). The Mössbauer parameters, which are
typical of N/O-coordinate high-spin Fe(III) ions,53-55 and the
diamagnetism are consistent with the assignment that this
component represents an AF coupled FeIIIFeIII species. This
component accounts for approximately 19% of the total
intensity, and the large line width indicates the presence of some
microheterogeneity.

(2) Valence-Delocalized FeIIFeIII Species.As mentioned
above, a major spectral component observed in the spectrum
of 2b recorded at 4.2 K and 8 T is accurately represented by
the spectrum of a solid sample of2mv recorded under the same
conditions. This result indicates that2b includes the valence-
delocalized FeIIFeIII cation [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+.
To illustrate this point, a spectrum of solid2mv (Figure 6A) is
compared to the FeIIFeIII component in2b (Figure 6B). The
similarities between these two spectra are obvious. In Figure
6C is shown the FeIIFeIII component in2b recorded at 4.2 K in
an applied field of 4 T. This spectrum consists of a single six-
line pattern, indicating that both iron sites contribute identical
Mössbauer spectra. This observation demonstrates unequivocally
that the FeIIFeIII component in2b is a valence-delocalized
cluster, [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+. EPR and SQUID
measurements demonstrate that [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+

has a S ) 9/2 ground state.40 Furthermore, the zero-field
parameters have been determined by EPR spectroscopy and are
D ) 1.2 cm-1 and E/D ) 0.013.35 For the analysis of the
Mössbauer spectrum of the [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+

component in2b, we use eqs 3 and 4 and assume that the
electronic relaxation is slow compared to the57Fe nuclear
Larmor precession and thatE/D ) 0.013. With these assump-
tions, the parameterD can be determined from the field-
dependent Mo¨ssbauer data for the following reasons. The size
of the magnetic splitting of a Mo¨ssbauer spectrum depends on
the magnitude of the internal field,〈S〉‚A, where〈S〉 represents
the spin expectation value at the Fe sites. For the case ofD ≈
gâH, which describes the current situation, the expectation
values for the three components,〈Sx〉, 〈Sy〉, and 〈Sz〉, of 〈S〉
depend sensitively on the ratio ofD/gâH. Consequently, it is
possible to determine the value ofD from the field dependence
of the spectra. Such an analysis givesD ) 1.2 ( 0.2 cm-1,
which is in excellent agreement with the value determined by
EPR spectroscopy (vide supra).

(53) Kurtz, D. M., Jr.Chem. ReV. 1990, 90, 585-606.
(54) Gütlich, P.; Ensling, J.Inorganic Electronic Structure and Spectroscopy;

Solomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons: New York,
1999; Vol. I, pp 161-211.

(55) Münck, E.Physical Methods in Bioinorganic Chemistry: Spectroscopy and
Magnetism; Que, L., Jr., Ed.; University Science Books: Sausalito, CA,
2000; pp 287-319.

Figure 5. Deconvolution of the Mo¨ssbauer spectrum of the solid powder
sample of2b recorded at 4.2 K in an applied field of 8 T. (A) Raw data of
2b (hatch marks) and the spectrum of a solid sample of [Fe2(µ-O2CArTol)4(4-
tBuC5H4N)2](PF6) (2mv) (solid line) scaled to 45% of the absorption
intensity of the hatch-marked spectrum. (B) The hatch-marked spectrum is
generated by subtracting the solid-line spectrum of A from the hatch-marked
spectrum of A. The solid line is a theoretical simulation of the FeIIIFeIV

species using parameters from Table 1 and corresponds to 36% of the total
iron absorption. (C) The hatch-marked spectrum is generated by subtracting
the solid-line spectrum of B from the hatch-marked spectrum of B. The
solid line is a theoretical simulation usingδ ) 0.54 mm/s,∆EQ ) 1.05
mm/s,η ) 0.4, and line-widthΓ ) 0.55 mm/s, and assuming diamagnetism.
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From the analysis of the Mo¨ssbauer spectra, other charac-
teristic parameters can also be determined (Table 2). Theoretical
simulations using these parameters are plotted in Figure 6 as
solid lines overlaid with the corresponding experimental spectra.
The agreement between theory and experiment is excellent. In
Table 2, the parameters determined for [Fe2(µ-O2CArTol)4-
(4-tBuC5H4N)2]+ are compared with those of related valence-
delocalized FeIIFeIII compounds. The Mo¨ssbauer parameters of
a valence-delocalized compound are the arithmetic means of
those of the corresponding pure Fe(II) and Fe(III) sites in the
same ligand environment.56 Accordingly, the ranges of isomer
shifts (0.74-0.84 mm/s) and magnitudes of quadrupole splittings
(1.86-2.14 mm/s) observed for valence-delocalizedS ) 9/2
FeIIFeIII compounds are between the typical values for N/O
coordinated high-spin Fe(III) and N/O coordinated high-spin
Fe(II) sites.57-60 In comparison with these values, the isomer
shift, δ ) 0.65 mm/s, and quadrupole splitting,|∆EQ| ) 0.63
mm/s, determined for2mv, are significantly smaller. The smaller
isomer shift observed for2mv can in part be explained by the
fact that the iron centers are five coordinate. The origin of the

smaller quadrupole splitting, however, is unclear. For the
compound [Fe2(µ-OH)3(Me3TACN)2]2+ 37 the value of the
quadrupole splitting,∆EQ ) -2.14 mm/s, was attributed to the
delocalized electron being in adz2 orbital.57 More recently, the
interaction between the two Fe-centereddz2 orbitals (with the
Fe-Fe vector defining thez-axis) was identified as a mechanism
for promoting the electron delocalization between the two Fe
sites.61 The reduced magnitude of the quadrupole splitting in
2mv, ∆EQ ) -0.63 mm/s, however, indicates that the orbital
ground state of2mv is not a puredz2 orbital, but rather a quan-
tum admixture, possibly ofdz2 and dxy orbitals. Sincedz2 and
dxy orbitals generate opposite electric field gradients,62 a quantum
admixture of these two orbitals would reduce the magnitude of
the quadrupole splitting. DFT calculations are currently in
progress to gain further insights into the electronic structure of
2mv and to understand these unusual Mo¨ssbauer parameters.63

(3) Valence-Trapped FeIIIFeIV Species.Figure 7 displays
the Mössbauer spectra (hatch marks) of the FeIIIFeIV species in
2b recorded at 4.2 K in a parallel applied field of 4 (A) or 8 T
(B). These spectra can be deconvoluted into two equal intensity
spectral components corresponding to two valence-localized Fe
sites. Each site contributes approximately 18% of the total iron
absorption. Characteristic parameters obtained for the two Fe
sites are listed in Table 1, and theoretical simulations of each
individual component are displayed in Figure 7 above the
experimental spectra. The solid lines overlaid with the experi-
mental spectra are the superpositions of the two individual
spectral components. The observation that the magnetic splitting
of one of the components (depicted as dashed lines above the
data)increaseswhereas that of the other component (shown as
solid lines above the data)decreaseswith increasing applied
field demonstrates the antiparallel orientation of the individual
spins of the Fe sites in the ground state and establishes
unambiguously the AF coupling nature of FeIIIFeIV. The different
field dependence is reflected in different signs of theA-tensors.
The Fe site with a negativeA-tensor has an isomer shift,δ )
0.56 mm/s, typical of a high-spin Fe(III) ion with N/O
coordination.53-55 In accord with this assignment, theA-tensor
of this site is rather isotropic, as expected for high-spin Fe(III)
compounds. The second Fe site has a positiveA-tensor with

(56) Blondin, B.; Girerd, J.-J.Chem. ReV. 1990, 90, 1359-1376.
(57) Ding, X.-Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A. X.;

Drüeke, S.; Chaudhuri, P.; Wieghardt, K.J. Chem. Phys.1990, 92, 178-
186.

(58) Dutta, S. K.; Ensling, J.; Werner, R.; Flo¨rke, U.; Haase, W.; Gu¨tlich, P.;
Nag, K. Angew. Chem., Int. Ed. Engl.1997, 36, 152-155.

(59) Hagadorn, J. R.; Que, L., Jr.; Tolman, W. B.; Prisecaru, I.; Mu¨nck, E.J.
Am. Chem. Soc.1999, 121, 9760-9761.

(60) Krebs, C. Ph.D. Thesis, Ruhr-Universita¨t Bochum, Germany, 1997.
(61) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K.; Solomon,

E. I. J. Am. Chem. Soc.1996, 118, 8085-8097.
(62) Rodriguez, J. H.; Ok, H. N.; Xia, Y.-M.; Debrunner, P. G.; Hinrichs, B.
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Table 1. Mössbauer Parameters of the FeIIIFeIV Component in 2b and Related Valence-Trapped FeIIIFeIV Centers Having a S ) 1/2
Ground State

δ (mm/s) ∆EQ (mm/s) η Axx (MHz) Ayy (MHz) Azz (MHz) ref

2b Fe(III) 0.56 0.9 -0.3 -75 -70.5 -75 this work
Fe(IV) 0.19 0.8 -1 26 37.5 23.8

RNR-R2, species X Fe(III) 0.56 -0.9 0.5 -74.2 -72.2 -73.2 11a,c
Fe(IV) 0.26 -0.6 2.7 27.5 36.8 36.8

MMOH-QX Fe(III) 0.48 -0.9 0.2 -70 -75 -75 52
Fe(IV) 0.14 -0.6 0.9 26 30 32

[Fe2(µ-O)2(6-Me-TPA)2]3+ 37 Fe(III) 0.48 1.6 1.0 -64.5 -64.5 -64.5 32b
Fe(IV) 0.08 0.5 1.0 20 36.5 36.5

Figure 6. Mössbauer spectra (4.2 K) of [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]-
(PF6) (2mv) in the form of solid (A) and the FeIIFeIII component in2b (B
and C). The spectra in A and B are recorded in a parallel applied field of
8 T, and the spectrum in C is recorded in 4 T. The spectra in B and C were
prepared by removing the contributions of the FeIIIFeIV (36%) and the
FeIIIFeIII species (19%) from the raw data using theoretical spectra of
FeIIIFeIV and the FeIIIFeIII species simulated with parameters listed in Table
1 and quoted in the caption of Figure 5.
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significant anisotropy (about 30%). The isomer shift of this site,
δ ) 0.19 mm/s, is below the typical range for high-spin Fe(III)
ions and is assigned to a high-spin Fe(IV) site. The anisotropy
of the A-tensor is consistent with this assignment. Similar
valence-trapped FeIIIFeIV clusters have been observed for the
RNR-R2 reaction intermediate X,11a,c the state MMOH-QX,
which is a cryoreductively generated one-electron-reduced
intermediate Q from the MMOH reaction cycle,52 and the model
compound [Fe2(µ-O)2(6-Me-TPA)2]3+.32b,37 As presented in
Table 1, the Mo¨ssbauer parameters of the FeIIIFeIV component
in 2b compare very well with those of RNR-R2, species X
and MMOH-QX. This result indicates that, compared with the
nitrogen-rich donor atom sets in [Fe2(µ-O)2(6-Me-TPA)2]3+,32b,37

the coordination environment of the enzyme intermediate is
better reproduced by the tetracarboxylate ligand system em-
ployed in this investigation.

(e) Manometric Studies.Dioxygen uptake was monitored
by manometric measurements (three replicate runs) for the
reaction between O2 and2a in CH2Cl2 at -78 °C. Compound
2a consumed 0.75( 0.1 equiv of O2 to provide 2b. This
substoichiometric consumption of dioxygen contrasts with the

1:1 stoichiometry observed for the formation of discrete
(peroxo)diiron(III) species in other studies.17b,20

(f) EPR Kinetic Studies.The relatively slow formation rate
of paramagnetic intermediates at-78 °C allowed us to monitor
the buildup ofS) 1/2 andS) 9/2 components in2b by X-band
EPR spectroscopy as a function of time. Identical solution
samples of2a were prepared in CH2Cl2, and reactions were
initiated by injecting known amounts of dioxygen at-78 °C.
Following different incubation times at-78 °C, each sample
was frozen at 77 K and analyzed by X-band EPR spectroscopy.
Shown in Figure 8 is a plot of the concentration ofS) 1/2 and
S ) 9/2 components as a function of time. The concentrations
were determined from quantitation of the EPR signals atg ) 2
and 9.5, respectively. Both components build up at the same
rate and exist in the same relative amounts throughout the
reaction. A pseudo-first-order fit to the data is shown in Figure
8, which gavekobs ) 0.18( 0.02 min-1 at -78 °C. This result
is strong evidence that the processes leading to the formation
of S ) 1/2 andS ) 9/2 components in2b are coupled to one
another. The reaction approaches completion at>45 min,
affording ca. 38% of theS ) 1/2 and 36% ofS ) 9/2
components (based on2a).

The presence of a proton source significantly affects the
development of theS) 1/2 andS) 9/2 species. Figure S4 of
the Supporting Information shows the EPR spectra of2b
quenched 5 min after oxygenation at-78 °C. When 0.5 equiv
of [H(OEt2)2](BAr ′4) was added to2a prior to reaction with
O2, the amount of theS) 9/2 component formed is comparable
to that in the absence of a proton source. The amount of theS
) 1/2 component, however, is drastically reduced from 19%

Table 2. Mössbauer Parameters of the FeIIFeIII Component in 2b, [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+, and Related Valence-Delocalized
FeIIFeIII Centers Having a S ) 9/2 Ground State

δ (mm/s) ∆EQ (mm/s) η Axx (MHz) Ayy (MHz) Azz (MHz) ref

[Fe2(µ-O2CArTol)4(4-tBuC5H4N)2]+ 0.65 -0.63 0 -15.2 -15.8 -20.7 this work
[Fe2(µ-OH)3(Me3TACN)2]2+ 37 0.74 -2.14 0 -14.5 -14.5 -18.5 57
[PhB{Fe2(µ-dfmp)3}BPh] 37 0.82 -1.86 0 -14.8 -14.8 -17.0 60
[L1Fe2(µ-OAc)2]+ 37 0.84 2.09 0.1 a a a 58
[Fe2(µ-OiPr)2(µ-O2CArMes)(O2CArMes)2] 37 0.76 2.0 0.7 a a a 59

a Only the internal fields, 43.5 T for ref 58 and 41.0 T for ref 59, along the magnetic uniaxis have been reported.

Figure 7. Mössbauer spectra (4.2 K) of the FeIIIFeIV component in the
solid powder sample of2b in applied fields of 4 (A) and 8 T (B). The
hatch-marked spectra were prepared by removing the contributions of
FeIIFeIII (45%) and the FeIIIFeIII cluster (19%) from the raw data using
theoretical spectra simulated with parameters listed in Table 2 and quoted
in the caption of Figure 5. The solid lines overlaid with the experimental
data are theoretical simulations of FeIIIFeIV using parameters listed in Table
1. The spectra of the Fe(III) and Fe(IV) sites are plotted above the
experimental data as solid and dashed lines, respectively.

Figure 8. Time-dependent development of theS ) 1/2 (3) andS ) 9/2
(2) components in2b as determined by X-band EPR spectra of freeze-
quenched samples prepared by oxygenating2a (1.12 mM) in CH2Cl2 at
-78 °C. Fits to experimental data for theS ) 1/2 (dashed line) andS )
9/2 (solid line) species indicatekobs) 0.18( 0.02 min-1. Spin quantitation
was carried out as described in the Experimental Section.
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(without H+) to 2% (with H+) of the diiron(II) starting material
2a. This result indicates that the FeIIIFeIV species has ligand
fragments that are susceptible to protonation. Changes in the
metal oxidation states may be triggered by ligand protonation,
resulting in the loss of the AF coupled FeIIIFeIV component in
2b.

Reactions of the Oxygenation Intermediates with External
Reagents. (a) Cp2Fe and Cp*2Fe. Addition of Cp2Fe to a
CH2Cl2 solution of2b at -78 °C did not perturb the electronic
absorption at 670 nm, whereas Cp*2Fe completely abolished
this transition. This finding requires that the reduction potential
of 2b lie between-130 mV and+460 mV vs SCE.64 A redox
titration of2b was therefore carried out by monitoring the decay
of the 670 nm absorption band as a function of Cp*2Fe added
under Ar at-78 °C. Typical UV-vis traces are displayed in
Figure 9. An average oxidizing equivalent of 0.45( 0.04 (three
replicate runs) was determined for theλmax ) 670 nm chro-
mophore in2b.

(b) Oxidation of Phenol Substrates.Both 1b and2b act as
one-electron oxidants and proton acceptors. Addition of 2.2
equiv of 2,4,6-tri-tert-butylphenol to a CH2Cl2 solution of1b
at -78 °C did not result in any change in the UV-vis spectra.
Upon warming to room temperature, however, absorption peaks
develop at 383 and 401 nm, which are characteristic of the 2,4,6-
tri-tert-butylphenoxyl radical.34,65 Formation of the phenoxyl
radical was further confirmed by an EPR signal atg ) 2.005
in a sample prepared under similar conditions.34 At room
temperature, the reaction mixture remains blue. When 2,4-di-
tert-butylphenol was allowed to react with2b, the 3,3′,5,5′-
tetra-tert-butyl-1,1′-bi-2,2′-phenol coupling product was obtained

in ∼40% yield based on2a. Upon warming from-78 °C to
room temperature, the color of the solution turned blue, as for
1b. A mononuclear iron(III) complex [Fe(O2CArTol)2-
(2,4-tBu2C6H3O)(4-tBuC5H4N)] (Figure S5 of the Supporting
Information)66 was isolated by vapor diffusion of pentanes into
the reaction mixture, indicating that the blue color arises from
a phenoxide-to-iron(III) LMCT band.67 No 2,4-di-tert-butylphe-
nol coupling product was detected when a similar reaction was
carried out with the FeIIFeIII compound2mv.

Di(µ-hydroxo)di(µ-carboxylato)diiron(III) Complexes [Fe2-
(µ-OH)2(µ-O2CAr Tol)2(O2CAr Tol)2L2], L ) C5H5N (1c) and
4-tBuC5H4N (2c). (a) Synthesis and Structural Characteriza-
tion. Quadruply bridged diiron(III) complexes1c and 2c
were isolated in good to excellent yields (75-90%) following
vapor diffusion of pentanes into the thermal decomposition
product(s) of1b and2b in CH2Cl2, respectively.34,35The solid-
state structure of1c is shown in Figure 10; selected bond lengths
and angles in1cand2care listed in Table 3. In both cases, two
chemically identical but crystallographically inequivalent mol-
ecules were identified in the unit cell, each sitting on an
inversion center. The structures of1c and2c are essentially the
same, having two iron atoms bridged by two hydroxide and
two µ-1,3 carboxylate ligands. Assignment of the single atom
bridging ligands as hydroxide is supported by the Fe-O
distances of 1.949(3)-2.012(2) Å, as well as by the location
and refinement of the associated hydrogen atoms in the X-ray
structure determination. The Fe‚‚‚Fe distances of 2.8322(8)-
2.8843(9) Å in1c and 2c are significantly below the range
(3.089(2)-3.155(3) Å) obtained for doubly bridged{Fe2-
(µ-OH)2}4+ cores,68,69 and lie between 2.95(1) and 2.714(2) Å
observed for{Fe2(µ-O)(µ-OH)}3+ 70 and{Fe2(µ-O)2}2+ 71 core
fragments, respectively. This trend nicely demonstrates the

(64) Connelly, N. G.; Geiger, W. E.Chem. ReV. 1996, 96, 877-910.
(65) Altwicker, E. R.Chem. ReV. 1967, 67, 475-531.

(66) Crystal data for [Fe(O2CArTol)2(2,4-tBu2C6H3O)(4-tBuC5H4N)]: space group
P21/n with a ) 17.9762(6) Å,b ) 14.4378(5) Å,c ) 23.7130(7) Å,â )
104.1780(10)°, V ) 5966.9(3) Å3, Z ) 4, R ) 7.76%,Rw

2 ) 17.28%.
(67) Lever, A. B. P.Inorganic Electronic Spectroscopy; 2nd ed.; Elsevier Science

Publishers B. V.: Amsterdam, The Netherlands, 1984.
(68) Borer, L.; Thalken, L.; Ceccarelli, C.; Glick, M.; Zhang, J. H.; Reiff, W.

M. Inorg. Chem.1983, 22, 1719-1724.
(69) Thich, J. A.; Ou, C. C.; Powers, D.; Vasiliou, B.; Mastropaolo, D.; Potenza,

J. A.; Schugar, H. J.J. Am. Chem. Soc.1976, 98, 1425-1433.
(70) Zang, Y.; Pan, G.; Que, L., Jr.; Fox, B. G.; Mu¨nck, E.J. Am. Chem. Soc.

1994, 116, 3653-3654.
(71) Zang, Y.; Dong, Y.; Que, L., Jr.; Kauffmann, K.; Mu¨nck, E.J. Am. Chem.

Soc.1995, 117, 1169-1170.

Figure 9. (A) Representative UV-vis spectra for the reaction of2b with
Cp*2Fe in CH2Cl2 at -78 °C. The spectral traces track the decay of the
λmax ) 670 chromophore upon addition of Cp*2Fe. (B) A plot ofA670 versus
the equivalents (per2a) of Cp*2Fe added. The values are corrected for
dilution.

Figure 10. Ball and stick representation of the solid-state structure of [Fe2-
(µ-OH)2(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (1c) generated using the crys-
tallographic coordinates.34
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systematic shortening of the metal‚‚‚metal distances in the
{M2L2}n+ rhombic cores by decreasing the M-L distances, as
well as by increasing the number of bridging units. For
comparison, an Fe‚‚‚Fe distance of 2.9788(6) Å was obtained
for the triply bridged{Fe2(µ-OH)2(µ-O2CR)}3+ unit in [Fe2-
(µ-OH)2(µ-O2CArTol)(O2CArTol)3(N-Bnen)(N,N-Bn2en)],72 the
first structural model compound of the diiron(III) core in
MMOH. The Fe-Ohydroxide-Fe angles in1c and2c range from
92.34(10) to 93.42(12)°. The two terminalη1-carboxylate
ligands are hydrogen bonded to the bridging hydroxide groups
(Ohydroxide‚‚‚Ocarboxylate) 2.725(4)-2.888(3) Å). Binding of the
two pyridine ligands, disposed anti across the Fe-Fe vector,
completes the pseudo-octahedral coordination spheres of the two
iron(III) centers.

For edge-shared octahedral metal centers, quadruply bridged
units consisting of two hydroxide and two ArTolCO2

- ligands
can only be accommodated by a trans-disposition of theµ-1,3
carboxylates across the{M2(µ-OH)2}n+ plane, a configuration
that alleviates steric interactions between thep-tolyl groups. An
analogous dicobalt(III) complex was recently synthesized and
structurally characterized,73 suggesting that the{M2(µ-OH)2-
(µ-O2CR)2}2+ core fragment may be a general structural
motif for quadruply bridged trivalent dimetallics supported by
ArTolCO2

- and related ligands.
(b) Mo1ssbauer, EPR, and Magnetic Properties.Zero-field

Mössbauer spectra of both solid and solution samples of2cwere
collected at 4.2 K. The spectrum of powdered2c displays a
relatively sharp (Γ ) 0.36-0.39 mm s-1) quadrupole doublet
(Figure 11A) withδ ) 0.49(2) mm s-1 and ∆EQ ) 1.01(2)
mm s-1, values typical for high-spin Fe(III) ions.53-55 Identical
Mössbauer parameters were obtained for the frozen THF
solution states (Figure 11B). Although the peaks are significantly
broadened (Γ ) 0.52-0.53 mm s-1) in the latter case, this result
indicates that the integrity of the diiron(III) core is maintained
in solution.

Compounds1cand2cdisplay weak ferromagnetic coupling,
affording S ) 5 ground spin states. An EPR signal from a

transition within anS ) 5 manifold was observed for2c. This
signal is shown in Figure 3B (spectrum I), and its temperature
dependence indicates that it originates from the ground doublet
or a nearby state. Plots of the effective magnetic moment (µeff)
and molar susceptibility (øM) versus temperature for1c and2c
are presented in Figures 12 and S6 (Supporting Information),
respectively. At temperatures above∼150 K, the effective
magnetic moment is essentially constant at 8.4µB (for 1c) and
8.5 µB (for 2c), values consistent with the presence of two
uncoupledS) 5/2 centers withg ) 2.00 (calculated spin-only
value ofµeff ) 8.37 µB). Upon lowering the temperature,µeff

gradually increases to 10.23µB and 10.37µB at 5 K for 1c and
2c, respectively. These values are close to the theoretical
moment of 10.95µB calculated for anStot. ) 5 spin state arising
from two ferromagnetically coupledS ) 5/2 centers withg )
2.00. The magnetic susceptibility data were fit by using an
expression derived from the spin-only isotropic HDvV exchange
HamiltonianH ) -2JS1‚S2, whereS1 ) S2 ) 5/2. The best fit
was obtained forJ ) +0.69(4) cm-1 for 1c (Figure 12) andJ
) +0.70(4) cm-1 for 2c (Figure S6 of the Supporting Informa-
tion) by fixing g ) 2.00.

Compounds1c and 2c belong to a rare class of diiron(III)
clusters displaying ferromagnetic interactions. Other examples
include [Fe2(salmp)2],37 in which two phenoxide bridging ligands

(72) Lee, D.; Lippard, S. J.J. Am. Chem. Soc.2001, 123, 4611-4612.
(73) Lee, D.; Hung, P.-L.; Spingler, B.; Lippard, S. J.Inorg. Chem. 2002, 41,

521-531.

Table 3. Selected Bond Lengths (Å) and Angles (deg) for 1c and
2ca

1c 2c

molecule 1 molecule 2 molecule 1 molecule 2

Fe1‚‚‚Fe2 2.8843(9) 2.8473(8) 2.8432(8) 2.8322(8)
Fe1-O1 1.986(2) 1.976(2) 1.949(3) 1.955(2)
Fe1-O2 2.012(2) 1.969(3) 1.957(3) 1.955(2)
Fe1-O1A 1.970(2) 1.964(2) 1.966(2) 1.965(2)
Fe1-O1B 2.076(2) 2.096(2) 2.082(2) 2.081(2)
Fe1-O1C 2.040(2) 2.060(2) 2.055(2) 2.048(2)
Fe1-N 2.148(3) 2.144(3) 2.136(3) 2.127(3)
O1‚‚‚O2A 2.888(3) 2.773(4) 2.725(4) 2.736(4)
Fe1-O1-Fe2 92.34(10) 92.38(11) 93.42(12) 92.82(11)
O1-Fe1-O2 87.66(10) 87.62(11) 86.58(12) 87.18(11)

a Numbers in parentheses are estimated standard deviations of the last
significant figures.

Figure 11. Zero-field Mössbauer spectra (experimental data (|), calculated
fit (-)) recorded at 4.2 K for [Fe2(µ-OH)2(µ-O2CArTol)2(O2CArTol)2-
(4-tBuC5H4N)2] (2c) (A) as a solid-state sample and (B) as a THF frozen
solution sample.
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mediate weak ferromagnetic coupling (J ) +1.21 cm-1)
between two high-spin Fe(III) centers separated by 3.063(1) Å
(Fe-Ophenoxide-Fe ) 97.06(9)°).74 Structurally related di(µ-
hydroxo)diiron(III) compounds, [L22Fe2(µ-OH)2]37 (Fe‚‚‚Fe )
3.155(3) Å; Fe-Ohydroxide-Fe ) 102.8(3)°) and [(dipic)Fe(µ-
OH)2(H2O)2]37 (Fe‚‚‚Fe ) 3.089(2) Å; Fe-Ohydroxide-Fe )
103.6(2)°), however, display weak AF interactions withJ )
-10.4 and-11.4 cm-1, respectively.68,69 The smaller Fe-
Ohydroxide-Fe angles in1cand2c, owing to the presence of two
µ-1,3 carboxylate ligands, may lead to a crossover from
antiferromagnetism to ferromagnetism.

Discussion

Spectroscopic Identification of Intermediates in the Reac-
tion of [Fe2(O2CAr Tol)4L2] Complexes with Dioxygen.Oxy-
genation of1aand2a in CH2Cl2 at -78 °C generates thermally
sensitive intermediates1b and 2b, which decay to afford1c
and2c, respectively, as the isolated products (Scheme 2). The
electronic structures of1b and 2b were probed by various
spectroscopic techniques. EPR and Mo¨ssbauer studies provided
compelling evidence that2b comprises equimolar amounts of
FeIIIFeIV and FeIIFeIII as major components. Independent chemi-
cal synthesis and spectroscopic characterization of the FeIIFeIII

complexes,1mv and2mv,40 enabled us to understand fully the
contribution of each paramagnetic component to the overall
spectroscopic properties of1b and2b.

The intense (ε ) 1600-1700 M-1 cm-1, based on [Fe2])
visible transitions at 660-670 nm as well as the thermal
instability of 1b and 2b are reminiscent of the properties of
(peroxo)diiron(III) clusters. Peroxide-to-iron(III) LMCT transi-
tions in these units usually occur at 500-800 nm with extinction

coefficients exceeding∼1000 M-1 cm-1 (Table S1), values
significantly above those (390-520 M-1 cm-1) of the 674-
688 nm absorption maxima displayed by valence-trapped
FeIIFeIII complexes [Fe2(µ-O)(µ-O2CR)2(Me3TACN)2]+ (R )
CH3 or C6H5).37,75 No isotope-sensitive O-O vibrations,
however, were detected in the resonance Raman spectra of1b.
UV-vis data of1mv and2mv 40 now unambiguously establish
that the optical transitions of1b and2b actually arise from the
mixed-valence FeIIFeIII components, [Fe2(µ-O2CArTol)4(C5H5N)2]+

(λmax ) 660 nm;ε ) 2900 M-1 cm-1) and [Fe2(µ-O2CArTol)4-
(4-tBuC5H4N)2]+ (λmax ) 670 nm; ε ) 3200 M-1 cm-1),
respectively. In Figure 13 are displayed the UV-vis spectra of
2b and2mv scaled such that the absorption maxima match one
another. Theλmax ) 670 chromophore of2b is perfectly
accounted for by the intervalence charge-transfer (IVCT) band
of the FeIIFeIII cation that constitutes∼54% of the total diiron
concentration. This result is consistent with the∼0.45 oxidizing
equivalent of2b determined by redox titration with Cp*2Fe.
The mixed-valence species2mv (FeIIFeIII /FeIIFeII ) +244 mV
vs SCE)76 acts as a one-electron oxidant toward Cp*2Fe
(FeII/FeIII ) -130 mV vs SCE)64 to afford2a and Cp*2Fe+. A
similar analysis can be made with1b, for which the corre-
sponding1mv component hasλmax = 665 nm. Comparison of
the extinction coefficients indicates that1b comprises∼55%
of 1mv. Taken together, these results indicate that the dark green
color of 1b and2b arises predominantly from the FeIIFeIII , not
the FeIIIFeIV, component in the oxygenation reaction mixture.
For comparison, the FeIIIFeIV chromophore in RNR-R2 X has
anabsorptionbandat∼360nmandnoneathigherwavelengths.11b

The resonance enhanced peak at 851 cm-1 in the Raman
spectra of1b and2b originates from the FeIIFeIII components
1mv and 2mv, respectively, and is thus not affected by18O
labeling. At present, we do not have an assignment for this
vibration, which is observed upon excitation of the IVCT band
of the valence-delocalized FeIIFeIII cores.

Mechanistic Considerations.Formation of FeIIIFeIV and
FeIIFeIII species from a reaction between an FeIIFeII precursor
and dioxygen is an unprecedented process among non-heme
diiron systems. On the basis of the spectroscopic and kinetic
data obtained here and in other investigations,35,40 we propose
the working mechanism depicted in Scheme 3 to account for
this novel chemical transformation.

(74) Snyder, B. S.; Patterson, G. S.; Abrahamson, A. J.; Holm, R. H.J. Am.
Chem. Soc.1989, 111, 5214-5223.

(75) Payne, S. C.; Hagen, K. S.J. Am. Chem. Soc.2000, 122, 6399-6410.
(76) Fc/Fc+ ) 0.46 V vs SCE.; 0.40 V vs NHE.64

Figure 12. Plots of effective moment (µeff) per molecule versus temperature
(A) and molar susceptibility (øM) versus temperature (B) for [Fe2(µ-OH)2-
(µ-O2CArTol)2(O2CArTol)2(C5H5N)2] (1c). The solid line in B corresponds
to the best fit, obtained by parameters described in the text.

Figure 13. Comparison of the electronic absorption spectra of [Fe2(µ-O2-
CArTol)4(4-tBuC5H4N)2](PF6) (2mv) (solid line withO) and2b (solid line)
in CH2Cl2. The dotted line represents the spectrum of2mv scaled to 54%
to match the absorption maximum of2b at 670 nm.
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(a) Carboxylate Shifts.In the solution state, we presume an
equilibrium between doubly bridged (A, Scheme 3) and qua-
druply bridged (B, Scheme 3) isomers of the [Fe2(O2CArTol)4L2]
module. This postulate reflects the fact that both1a and 2a
display essentially identical reactivity patterns toward dioxygen,
affording reaction intermediates1b and2b having comparable
spectral properties (vide supra). Given the distinctively different
solid-state structures of1a (isomerA) and2a (isomerB), this
result is quite unexpected. The steric environments of the coor-
dinatively unsaturated metal centers inA andB are significant-
ly different, as indicated by space-filling representations (Figure
14). Open coordination sites on the five-coordinate iron atoms
in A are readily accessible to exogenous ligands, whereas the
coordination sites available for the sixth ligand inB lies along
the Fe-Fe vector buried inside the hydrophobic cavity. Core
rearrangement is thus required forB before dioxygen binding.

Variable temperature19F NMR studies indicated that a related
compound [Fe2(O2CAr4-FPh)4(THF)2]37 can exist in both iso-
meric formsA (windmill) and B (paddlewheel), the relative
populations of which strongly depend on the temperature.77 In
CH2Cl2 at-80°C, B is a dominant isomer for [Fe2(O2CAr4-FPh)4-
(THF)2], although bothA andB are present at room temperature.
Such flexibility is illustrated by structural characterization of
the mixed-valence FeIIFeIII compounds [Fe2(µ-O2CArTol)4L2]X
(L ) THF, C5H5N; X- ) PF6

-, OTf-).40 Here, a paddlewheel
core forms following one-electron oxidation of a windmill core
without any apparent steric penalty. These findings corroborate
speculation that both isomeric forms,A andB, can be accessed
by 1a and2a under certain conditions. Formal double carboxy-
late shifts betweenµ-1,3 bridging andη2-terminal positions
would allow core interconversion betweenA and B to occur
by a triply bridged intermediateC. We propose that the
paddlewheel isomerB dominates the solution population of both
1a and2a at low temperatures.

(b) Nature of the Initial O 2 Adduct(s). As mentioned above,
core rearrangement inB is required to provide a dioxygen
binding site. Shifts of one or two bridging carboxylate ligands
in B would affordC or A as functionally competent isomers.

Reaction of the diiron(II) species with dioxygen leads to an
initial adductD, which, by analogy to the RNR-R2 and MMOH
intermediates,1 is most likely either a peroxo-type{FeIII

2(O2
2-)}4+

or a Q-type{FeIV
2(O2-)2}4+ unit. Although rapid reaction with

B (vide infra) precluded detailed investigation ofD under the
conditions employed, the sterically more hindered analogue of
1a, [Fe2(µ-O2CArMes)2(O2CArMes)2(MeCN)2],37 reacts with di-
oxygen to afford a (peroxo)diiron(III) intermediate.21 A (per-
oxo)diiron(III) intermediate precedes the assembly of a
{FeIIIFeIV(O2-)2}3+ core in reactions between [Fe2(µ-OH)2-
(6-Me3-TPA)2]2+ and dioxygen.22,26,37

(c) Paramagnetic Intermediates.The first spectroscopically
observable intermediates1b and2b contain equimolar amounts
of FeIIFeIII (E) and FeIIIFeIV (F) species as major constituents
(Scheme 3). The spectroscopic properties ofE match perfectly
those of1mv and2mv, indicating thatE indeed is a one-elec-
tron oxidized form ofB, [Fe2(µ-O2CArTol)2L2]+ (L ) C5H5N
or 4-tBuC5H4N). Formation of a 1:1 mixture ofE andF requires
formal four-electron oxidation of two molecules of FeIIFeII

precursors. This metal oxidation is coupled to four-electron
reduction of dioxygen, formally affording two oxo groups.
Accordingly,F is formulated as FeIIIFeIV(O2-)2 (eq 6).

The nature of the oxidant effecting one-electron oxidation
of B to E has significant implications about the chemistry we(77) Lee, D.; Lippard, S. J. Submitted for publication.

Scheme 3

Figure 14. Space-filling representations of [Fe2(µ-O2CArTol)2(O2CArTol)2-
(C5H5N)2] (1a) (top) and [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2] (2a) (bottom)
generated using the crystallographic coordinates,34,35where N is blue, O is
bright red, and Fe is dark red.

2FeIIFeII + O2 f FeIIFeIII + FeIIIFeIV(O2-)2 (6)
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observe. Both dioxygen and a metal-based oxidant might
promote outer-sphere electron transfer (ET), a process that would
preserve the structural integrity of the FeIIFeII precursor. Outer-
sphere ET fromB to O2 would generateE and a superoxide
anion. Formal three-electron reduction of the latter byB would
afford F (eq 7). The first step in this conversion has been

previously implicated in the formation of mixed-valence FeII-
FeIII compounds having at least one single atom bridging
ligand.59,75,78,79Considering the oxidation potential (FeIIFeII/FeII-
FeIII ) +284 mV vs NHE)40,76 of 2a in CH2Cl2, however, we
can rule out the outer-sphere, one-electron reduction of dioxygen
(O2/O2

- ) -330 mV vs NHE)80 as a coupled process for the
formation ofE. Alternatively, inner-sphere ET from metal-bound
O2 might be invoked (eq 8). To account for the simultaneous
formation of an equimolar quantity ofF, however, the super-
oxide complex would have to be selectively and completely
trapped by another equivalent ofB, which seems unlikely.
Moreover, there is no precedent for the three-electron reduction
of superoxide by iron(II) compounds.

Instead, we propose thatD acts as a one-electron oxidant
towardB, affording the observed 1:1 mixture ofE andF (eq
9). The coupled formation ofE andF is fully consistent with
the EPR kinetic data. Although rapid ET fromB to D
presumably prevents accumulation of a detectable amount of
D under the conditions employed, the kinetic data provide
compelling evidence for the presence of an intermediate
precedingE andF, the most reasonable candidates being either
a peroxo- or a Q-type dioxygen adduct.

(d) Oxidation of Phenol Substrates: Functional Mimic of
RNR-R2, Species X.The high-valent FeIIIFeIV speciesF
effects oxidation of phenol substrates. The∼40% yield of the
coupled biphenol product from 2,4-di-tert-butylphenol is close
to the upper limit (50% based on diiron(II) precursor) ofF in
the proposed mechanism (Scheme 3; eq 6), and consistent with
the quantitation afforded by EPR and Mo¨ssbauer spectroscopy.
Control experiments with the FeIIFeIII compound2mv, which

cannot oxidize the phenols, confirmed that the oxidizing power
of 2b originates fromF, which acts both as a one-electron
oxidant and a proton acceptor. This process closely parallels
the mechanism of RNR-R2, in which a high-valent FeIIIFeIV

intermediate X oxidizes an adjacent tyrosine residue. Related
{FeIIIFeIV(µ-O)2}3+ core fragments supported on polypyridyl
ligands effect similar transformations.22,81

(e) Reactivity and Magnetic Properties: Structural Im-
plications for FeIIIFeIV. Different reactivity patterns ofE and
F toward H+ indicate thatF has ligand unit(s), the protonation
of which alters magnetic coupling between the metal centers.
Addition of 0.5 equiv of H+ prior to oxygenation only slightly
affected the amount ofE generated, whereas a 10-fold decrease
was observed forF as determined by EPR spectroscopy.
Consistent with this finding, the contribution ofE to the visible
absorption of1b was not affected by addition of 2 equiv of H+

at -78 °C. This result indicates that the structural integrity of
the [Fe2(O2CArTol)4L2]+ cation (E) is maintained in the presence
of H+, whereas protonation of the putative O2-derived ligand-
(s) significantly decreases the stability ofF as well as increasing
its rate of reduction. The formulation of theF core as
{FeIIIFeIV(O2-)2}3+ is compatible with such an observation.
Protonation of the oxo groups in{FeIIIFeIV(O2-)2}3+ may trigger
reduction of the Fe(IV) center to Fe(III), affording an FeIIIFeIII

species. At this point, we cannot conclusively determine which
species serves as an electron donor forF. Since the amount of
E produced upon oxygenation is only slightly affected in the
presence of H+, we believe that bothB and E could act as
reductants forF.

The large exchange coupling constant of|2J| > 200 cm-1

(H ) -2JS1‚S2), estimated forF by EPR spectroscopy,35

implies the presence of an efficient superexchange pathway.1g

We propose that at least one of the oxo groups within the
{FeIIIFeIV(O2-)2}3+ core inF acts as a bridging ligand, mediating
the strong net AF interaction between the Fe(III) and Fe(IV)
sites. A valence-localized FeIIIFeIV complex having a{Fe2(µ-
O)2}3+ core also exhibits a large coupling,|2J| > 80 cm-1 (H
) -2JS1‚S2).32b Although the correlation betweenJ and the
shortest Fe-O-Fe pathway has been well-established for (µ-
oxo)diiron(III) complexes,82 an analogous magnetostructural
correlation is not available for the FeIIIFeIV units, largely owing
to the limited number of well-defined basis sets available.

(f) Decay of the Intermediates and Isolation of a
Diiron(III) Complex. Mechanistic information about the de-
composition ofE andF is currently unavailable. Studies of1mv
and2mv reveal thatE is thermally stable but rapidly decom-
poses in the presence of dioxygen at room temperature.40

Decomposition ofE upon warming thus can be partially ascribed
to reactions with residual dioxygen. Alternatively, reactions
betweenE andF may occur at elevated temperatures, although
preliminary EPR data suggest that their decay processes are not
coupled.

The EPR spectra obtained for a thermal decay product of2b
(Figure 3) display spectral patterns distinctively different from
that of 2c. This result clearly indicates that2c is not an
immediate reaction product of2b. Although the{Fe2(µ-OH)2}4+

cores in1cor 2care reminiscent of analogous{Cu2(µ-OH)2}2+

cores obtained following C-H activation by high-valent{Cu2-
(78) Bossek, U.; Hummel, H.; Weyhermu¨ller, T.; Bill, E.; Wieghardt, K.Angew.

Chem., Int. Ed. Engl.1995, 34, 2642-2645.
(79) Cohen, J. D.; Payne, S.; Hagen, K. S.; Sanders-Loehr, J.J. Am. Chem.

Soc.1997, 119, 2960-2961.
(80) Bertini, I.; Gray, H. B.; Lippard, S. J.; Valentine, J. S.Bioinorganic

Chemistry; University Science Books: Mill Valley, CA, 1994.
(81) Kim, C.; Dong, Y.; Que, L., Jr.J. Am. Chem. Soc.1997, 119, 3635-3636.
(82) Gorun, S. M.; Lippard, S. J.Inorg. Chem.1991, 30, 1625-1630.

FeIIFeII + O2 f FeIIFeIII + O2
-

FeIIFeII + O2
- f FeIIIFeIV(O2-)2 (7)

FeIIFeII + O2 f FeIIFeIII (O2
-)

FeIIFeII + FeIIFeIII (O2
-) f FeIIIFeIV(O2-)2 + FeIIFeIII (8)

FeIIFeII + O2 f {FeIIIFeIII (O2
2-)

or
FeIVFeIV(O2-)2

FeIIIFeIII (O2
2-)

or
FeIVFeIV(O2-)2

}+ FeIIFeII f

FeIIIFeIV(O2-)2 + FeIIFeIII (9)
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(µ-O)2}2+ intermediates,41 no ligand oxidation was observed in
the present investigation. The good to excellent isolated yields
(75-90%) of1c and2c also strongly suggest that not all of the
oxygen atoms in the OH- bridging ligands originate from O2.
Incorporation of adventitious H2O in the crystallization media
most likely contribute to the assembly of the{Fe2(µ-OH)2}4+

core from the initial thermal decay product(s), the details of
which were not further investigated.

(g) Branching Pathways.In addition to the major intermedi-
atesE and F described above, a diiron(III) component was
detected in EPR and Mo¨ssbauer samples of2b.35 Although the
mechanism depicted in Scheme 3 does not account for the
formation of this diiron(III) product, it must arise either through
a reaction betweenE and F or via a branching pathway
involving the diiron(II) precursor and dioxygen. Such processes
could be operative in the concentrated (>10 mM) diiron
solutions used for the manometry, EPR, and Mo¨ssbauer studies.
The stoichiometry of O2 consumption (0.75( 0.1 equiv per
diiron(II)) exceeds that (0.50) expected solely from the chemistry
of eq 6, implying the involvement of additional, unidentified
oxygenation processes. Thermal decay or reactions withE may
be responsible for the detection of less than a quantitative
amount ofF in the Mössbauer sample, which required solvent
removal at-78 °C over a period of>18 h to prepare.

Biomimetic Formation of FeIIIFeIV Species: Relevance to
RNR-R2. A high-valent FeIIIFeIV species has now been
prepared by reaction of dioxygen with [Fe2(O2CR)4L2]
diiron(II) complexes, a process that closely mimics the formation
of the enzyme intermediate RNR-R2 X (Scheme 1). Prior to
our previous communication of this chemistry,35 no synthetic
system existed that utilized dioxygen as a terminal oxidant to
access the Fe(IV) state from Fe(II) precursors. Analogous high-
valent non-heme FeIIIFeIV compounds had previously been
obtained only by oxidation of di(µ-oxo)diiron(III) precursors
with H2O2,32 and in these cases polypyridyl ligands unlike those
in the proteins were employed.

One external electron is required to balance the equation for
the formation of a tyrosyl radical and the (µ-oxo)diiron(III) core
describing the reaction between reduced RNR-R2 and O2

(Scheme 1). The source of this extra electron and its injection
point along the reaction coordinate are currently unclear. After
our communication of this RNR-R2 model chemistry,35 another
synthetic system was reported, in which a polypyridine-
supported diiron(II) center reacts with dioxygen to afford a
(peroxo)diiron(III) species.22,26 In the presence of 1 equiv of
H+, this intermediate transformed into an FeIIIFeIV complex,
and again the source of the extra electron needed for the
conversion of the former to the latter was not established. A
recent mechanistic proposal suggests that, in RNR-R2, the
diiron clusters are functionally distinctive, one reacting with
dioxygen and the other supplying reducing equivalents.83

Although the requisite FeIIFeIII intermediate has yet to be
identified in the biological system, the mechanism depicted in
Scheme 3 suggests that carboxylate-bridged diiron(II) centers
can indeed function to supply the required electron by ET. It
still remains to be determined, however, whether the ET occurs
directly to a (peroxo)diiron(III) unit or whether conversion to a

Q-type transient intermediate is involved that accepts the
electron to afford the FeIIIFeIV intermediate X.

Self-hydroxylating monooxygenase reactivities occur in
certain mutants of RNR-R2,84 which strongly support a
unifying theory connecting the chemistry of non-heme dioxy-
gen-activating centers. A similar one-electron reduction of the
high-valent diiron(IV) species in MMOHQ could be effectively
blocked either by the lack of an efficient ET pathway or by
the binding of other MMO component proteins. Conformational
changes in the primary metal coordination sphere might be
induced by such binding events, which could shift the redox
window to avoid deleterious quenching of the oxidizing
equivalents.

Summary and Perspective

Tetracarboxylate diiron(II) complexes react with dioxygen
to access the Fe(IV) oxidation state, a process that parallels the
chemistry of several non-heme diiron enzymes. The spectro-
scopic and functional properties of the FeIIIFeIV species faithfully
reproduce features of the enzyme intermediate RNR-R2 X.
Spectroscopic and kinetic studies revealed the simultaneous
formation of both FeIIFeIII and FeIIIFeIV species in this trans-
formation, the mechanistic implications of which relate well to
a recent proposal for the enzyme. The untimely ET from the
low-valent starting material to putative high-valent dioxygen
adduct(s), as proposed in this investigation, poses a significant
challenge for future work to access dioxygen-activating model
compounds that functionalize hydrocarbons. Bulky ligand
fragments have been frequently exploited to shield highly
reactive species against unwanted side reactions. Although the
steric hindrance provided by such constructs may suppress
reactions involving bond-forming processes, deleterious ET
reactions may still occur even between well-shielded small
molecules. Uncontrolled electron trafficking may quench a
reactive intermediate before it accumulates in amounts sufficient
to effect the chemical transformations of interest. A detailed
understanding of this process would undoubtedly facilitate
efforts to gain better control over the oxidizing power of
dioxygen in synthetic constructs.

Acknowledgment. This work was supported by grants from
the National Science Foundation and National Institute of
General Medical Sciences. We thank Drs. J. Du Bois and T. J.
Mizoguchi for many helpful discussions, Dr. A. M. Barrios and
Ms. J. Bautista for performing the resonance Raman experi-
ments, and Ms. J. Kuzelka for assistance in acquiring the
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