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Dinuclear iron complexes with a M2(µ-O)2 “diamond core” have
received considerable attention due to their importance as structural,
spectroscopic, and functional models for the active site of the
hydroxylation protein in methane monoxygenase (MMOH).1 The
most extensive series of diamond cores are those with neutral N4

capping ligands, Scheme 1, A (6-Me3-TPA),1c,2 B (6-Me3-TPA,
BQPA, BPEEN),1d,e,2C (6-Me3-TPA),1d,eand D (5-Et3-TPA).1f,2 We
report here a mixed-valence FeII-FeIII diamond core which is
missing from the series. Notably, a mixed-valence FeII-FeIII

oxidation state (MMOHmv) has been recently structurally character-
ized for MMOH, and a coreµ-OH-µ-OH2 structure was assigned.3

Green rhombohedral crystals of [L2Fe2(OH)2](ClO4)3‚3H2O, L
) N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)ethane-1,2-diamine (1),
are deposited over several days from solutions containing anhydrous
FeCl2 and L‚2HClO4 in 1:1 proportions in acetonitrile:water. The
reaction was carried out under nitrogen; however, this may not have
been sufficiently strict since dioxygen is a likely source of the
oxidant required for the reaction. Isolation of1 is dependent on
pH and the use of anhydrous FeCl2 as iron source. If one equivalent
of sodium hydroxide is added, red crystals of the singleµ-oxo-
bridged diiron(III) chloride complex [L2Fe2(µ-O)Cl2](ClO4)2 are
isolated.4 Complex1 is formally related to the oxo-hydroxo bridged
diiron(III) complex [L2Fe2(O)(OH)](ClO4)3 (2)5 and two crystal-
lographically characterized compounds containing other N4 capping
ligands1d,eby the reductive addition of one H• to the core. The near-
IR spectrum of1 in acetonitrile shows a broad (∆ν1/2 ≈ 4300 cm-1)
band centered at 1180 nm (ε ) 70 M-1 cm-1) which we assign to
an IVCT absorption. Upon opening the solution to air, this band
disappears over the course of 20 min, indicating, perhaps not
surprisingly, that1 is not stable in aerobic solution.

A comparison of the XANES of1 with that of the diferric
complex, [L(HO)Fe(O)Fe(OH2)L](ClO4)3 (3)6 shows that the energy
of the K edge for1 is between that of3 and that of iron(II)
coordination compounds (Figure 1a). The 1sf 3d pre-edge peak
near 7113 eV is broader than usually observed for iron complexes
but can be curve-fit7 by two Gaussian peaks at energies typical for
iron(II) and iron(III) complexes, respectively (Figure 1a). This

suggests a valence-localized model with 50% FeII and 50% FeIII

sites; in fact, as shown by Figure 1a, the XANES of1 is almost
exactly an average of the XANES for diferric3 and an iron(II)-
imidazole complex. This behavior contrasts to that expected for a
delocalized Fe2.5+ dimer, where the 1sf 3d peak is expected at
an intermediate energy but with roughly the same width as observed
for FeII and FeIII compounds, and where the XANES would differ
from an average of an FeII and FeIII spectrum. A recent example of
this contrasting behavior is found in the XANES for a carboxlylate-
bridged Fe2.5+ dimer, [Fe2(µ-O2CArTol)4(4-tBuC5H4N)2].8

EXAFS analysis9 also supports valence localization in1 (Figure
1b). The EXAFS can be fit with a shell of two Fe-O bonds of
1.97 Å and another shell of four Fe-N bonds. However, the refined
σ ) 0.13 Å (Debye-Waller factor) for the Fe-O shell is too large
for purely vibrational disorder, suggesting some Fe-O bonds are
longer and some shorter than the average of 1.97 Å. A better fit
(Figure 1b) and reasonable vibrationalσ (0.06 Å) is obtained by
refining one Fe-O bond (per iron) to 1.90(3) Å and the other to
2.12(8) Å.9 These bond lengths are assigned to the Fe-O bonds of
Fe3+ and Fe2+, respectively.

The X-ray crystal structure of the cation in110 is shown in Figure
2a. The iron atoms are 2.952(1) Å apart and are bisected by aC2

symmetry axis. The structure is of high enough quality that the
hydrogen atoms of the bridging hydroxides were found in the
difference Fourier synthesis; these form a H-bond to a lattice water
molecule as shown. Anisotropic refinement of the electron density
of the hydroxide oxygen atom gave an elongated thermal ellipsoid.
An alternate and equally good fit to the electron density (Rw )
0.044) was obtained using two-half-occupancy isotropic atoms (O1a
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Scheme 1

Figure 1. (A) XANES of 1 (-, green), FeII(N-MeIm)6[BF4]2
2 (- × -,

blue) and3 (- + -, red). Also shown is the average of the spectra of FeII-
(N-MeIm)6[BF4]2 and3 (OOO). Edge positions (XANES) 0.50) and 1s
f 3d pre-edge peak positions obtained from simulations are indicated. (B)
FT EXAFS of 1 (OOO) and fits discussed in text. Magnitude of the FT
simulations (upper lines) and residuals (lower lines) are shown. Details and
more graphs of EXAFS fits may be found in the Supporting Information.
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and O1b) placed about 0.2 Å apart. Because of its consistency with
the XANES and EXAFS analyses, the latter structural model is
preferred and shown in Figure 2. The four crystallographic Fe-O
distances include two at an average of 1.894(6) Å and two averaging
to 2.070(7), consistent with the EXAFS-derived distances and those
expected for FeIII -µ-OH and FeII-µ-OH, respectively.

A comparison of interatomic core distances for1 obtained by
X-ray crystallography and EXAFS is shown in Figure 2b. The
thermal elipsoids of the N atoms, as well as the EXAFS disorder
factor (σ) for the Fe-N shell (0.08 Å), are small, indicating that
any shortening of the Fe-N bonds from the FeII to FeIII side of the
complex is minor. Thus, bond length changes from the FeIII to FeII

side of the complex are localized in the Fe-O bonds. Precedent
for this is found in a search of the Cambridge Structural Database11

for high-spin non-heme complexes with O2N4 coordination. The
average Fe-N distance changes only slightly, from 2.20 Å in FeII

complexes to 2.16 Å in FeIII complexes, while the average Fe-O
distance decreases by 0.2 Å from 2.10 Å (FeII) to 1.91 Å (FeIII ).

Complex1 extends the series of Fe2(OHx)2 complexes with N4
capping ligands to include a mixed valence FeII-FeIII species. For
this series, Fe-O and Fe-Fe distances lengthen as the iron is
reduced and/or theµ-Ã groups are protonated toµ-OH (Figure
2c). Similar trends are likely in MMO and model complexes
containing carboxylato groups in the capping ligands. Crystal-
lographic information on such model complexes is limited to [FeIII

2-
(µ-OH)2(dipic)2] (4)2 and derivatives,12 These show longer Fe-Fe
distances (3.08 Å) than predicted by the trend line for N4 capped
ligands, suggesting that the nature of the capping ligand influences
the geometry of the Fe2O2 unit.

Of reported mixed-valence FeII-FeIII crystal structures,13 the most
closely related (to1) core is the Fe2(µ-OR)2 found in [NEt4][Fe2-
(salmp)2]‚3CH3CN (5).2,14 In structures of both1 and5, the bond
lengths assigned as FeII-µ-O average 0.17 Å longer than the FeIII-
µ-O lengths. The Fe-Fe (3.10 Å) and Fe-µ-O core distances in5
are all 0.10-0.15 Å longer than in1, probably due to the presence

of anionic nonbridging ligand groups in5 (cf. the 3.08 Å Fe-Fe
distance in4 discussed above).

On the basis of the results presented here, complex1 is a Class
II mixed-valence complex by the Robin and Day classification.15

Observation of an interconversion between1 and 2 by H-atom
transfer would be of interest with respect to elucidating the
mechanisms of biological water and dioxygen activation and
interconversions.16
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Figure 2. (a) X-ray crystallographic structure of the cation of1, drawn
with 50% probability thermal ellipsoids, except for the disorderedµ-OH
oxygen atoms drawn with radius) 0.15 Å. H atoms other than H(o1), the
only H atom located using the difference Fourier synthesis, are omitted for
clarity. (b) Chem 3D representation of one of the half-occupancy core
structures. EXAFS-derived distances are in blue italics. Other crystal-
lographic distances (Å) and angles: Fe‚‚‚Fe, 2.952(1), Fe(1)-N(1) 2.162-
(4), Fe(1)-N(2) 2.216(3), Fe(1)-N(3) 2.234(3), Fe(1)-N(4) 2.165(4),
Fe(1)-O(1A)-Fe(1)* 97.7(3)°, Fe(1)-O(1B)*-Fe(1)* 94.7(3)°, O(1A)-
Fe(1)-O(1B)* 79.1(2)°, O(1A)-Fe(1)*-O(1B)* 88.2(2)°. (c) Trends in
average Fe-O and Fe-Fe distances of Fe2O2 cores of1 and complexes
represented in Scheme 1.
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