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In 1826 Berzelius reported the preparation of the phosphomo-
lybdate ion [PMo12O40]3-,2 but 100 years passed before the structure
of the tungsten analogue [PW12O40]3- was determined by Keggin.3

The Keggin structure, a general name for the large family of
complexes having the formula [XM12O40]3- (X ) PV, SiIV, BIII ,
AsV, CoII, CoIII , CuI, CuII, FeIII , etc; M ) MoVI, WVI, VV, TiIV),
comprises four M3O4 groups that encapsulate a central heteroatom
with a tetrahedral geometry. These bulky spherical anions are part
of a larger class of compounds known as polyoxometalates
(POMs),4 which are very useful in diverse disciplines ranging from
physics, materials science, and catalysis to biology and medicine.5-7

In almost all Keggin ions and other POMs, the atoms that form
the encapsulating frameworks are early transition metals in their
highest oxidation state with aclosed-shell d0 configuration. These
atoms form strong multiple bonds with terminal oxygen atoms on
the surface of the sphere.

Here we report the preparation, structure, and physical properties
of the first example of anopen-shellKeggin ion, [Fe13O4F24-
(OMe)12]5- (1), which consists of 13 high-spin d5 iron(III) atoms.
Yellow-brown crystals of the pyridinium salt of1 were obtained
in ca. 20% yield, following a reaction between FeF3‚3H2O and
pyridine in hot methanol under anaerobic conditions.8 The anion
1, which has an idealR-Keggin structure with 12 surrounding iron
atoms and a central tetrahedral{FeO4} core, resides on a crystal-
lographic 4h3m site, manifesting fullTd symmetry (Figure 1).9

Each oxygen atom in the{FeO4} unit is further bonded to three
Fe(III) ions that form triangular{Fe3(µ-O)(µ-OMe)3} subunits.
These subunits are linked by 12 fluoride ligands to form a sphere
that encapsulates the central iron atom. Additionally, each of the
12 iron atoms is coordinated to a terminal fluoride ligand. The
Fe(1)-O(1) distance in the central{FeO4} unit in 1, 1.888(6) Å,
is slightly longer than the distance of 1.824(2) Å in a similar
tetrahedral{FeIIIO4} core within the{W12O36} framework of the
POM [FeW12O40]5-.10 The (µ4-O)-Fe(2) distance and Fe(1)-O(1)-
Fe(2) bond angle in1, 2.093(3) Å and 120.8(1)°, respectively, may
be compared with the corresponding values of (µ4-O)-Wsurface, 2.22
Å, and Fe-O-W, 120.5°, in [FeW12O40]5-. The Fe(2)‚‚‚Fe(2)′
distance within the{Fe3(µ-O)(µ-OMe)3} subunits in1 is 3.1147-
(8) Å, whereas the iron‚‚‚iron distance between adjacent units is
3.742(8) Å. The Fe(2)-F(1)bridge distance of 1.979(1) Å is much
longer than the Fe(2)-F(2)terminaldistance of 1.846(3) Å. The X-ray
structural analysis also revealed four pyridinium cations located
on crystallographic 3mpositions. Although charge neutrality would
require an overall charge of-4 for 1, and thus a+4 oxidation
state for the central iron atom, the occurrence of a high-valent
Fe(IV) atom in the cluster is highly unlikely for the following

reasons. Titrations with a standardized FeSO4 solution revealed that
1 does not oxidize any Fe(II) during its decomposition in an acidic
aqueous solution. No oxidizing agent was available in the synthesis
of 1 from FeF3‚3H2O and pyridine conducted under anaerobic con-
ditions. Multiple elemental analyses clearly indicated the existence
of a fifth pyridinium cation, together with one methanol and four
water molecules.11 These molecules must be severely disordered
in the crystal lattice and hence undetectable in the difference
electron density maps. Finally, the (PyH)5‚1‚4H2O‚CH3OH formu-
lation is in very good agreement with the density measurements.12

The overall charge of-5 thus established for1 requires an all
ferric system including the central iron atom. The Mo¨ssbauer
spectrum of a polycrystalline sample of (PyH)5‚1‚4H2O‚CH3OH
at 4.2 K is broad and featureless, indicative of intermediate
electronic relaxation. At 77 K, however, a broad (Γ = 0.5 mm
s-1) quadrupole doublet was observed, which was fit with the
parametersδ ) 0.52 mm s-1 and ∆EQ ) 0.54 mm s-1 (Figure
S1). These values are typical for high-spin iron(III) centers.13 It
was not possible to deconvolute this spectrum into the two
quadrupole doublets expected for the two unique iron sites in1,
owing to the lack of well-resolved spectral features. Preliminary
magnetic susceptibility studies indicate strong exchange interactions
between the iron atoms. The measured value ofµeff ) 19.3µB at
300 K is less than that expected for 13 uncoupledS ) 5/2 centers
havingg ) 2, the calculated spin-only value beingµeff ) 21.3µB.
Upon lowering the temperature,µeff gradually increases to reach a
maximum of 20.9µB at ∼100 K, below which the value drops to
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Figure 1. ORTEP diagram of [Fe13O4F24(OMe)12]5- (1) with thermal
ellipsoids at 50% probability. Selected interatomic distances (Å) and angles
(deg): Fe(1)-O(1), 1.888(6); Fe(2)-O(1), 2.093(3); Fe(2)-F(1), 1.979-
(1); Fe(2)-F(2), 1.846(3); Fe(2)-O(1), 1.968(2); Fe(1)-O(1)-Fe(2), 120.8-
(1); Fe(2)-O(1)-Fe(2)′, 96.2(2); Fe(2)-O(2)-Fe(2)′, 104.7(2).
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16.7µB at 4 K (Figure S2). Theoretical models to account for the
magnetic coupling interactions, as well as more detailed analysis
of the magnetic behavior of (PyH)5‚1‚4H2O‚CH3OH, will be
reported elsewhere.14

It has been suggested that the low affinity of the capping MdO
(MoVI, WVI, VV, TiIV) units in POMs for adjacent metal centers is
the main reason for the formation of discrete polyanions rather than
one-, two-, or three-dimensional frameworks.4 Other metal ions such
as AlIII , GaIII , or FeIII have similar ionic radii but are poor
π-acceptors and do not form MdO bonds. As a result, they are
not encountered in POMs. Metal ions having a closed-shell
configuration, such as AlIII and GaIII , do, however, form Keggin-
type structures such as [M13O4(OH)24(H2O)12]7+, in which water
ligands fill the terminal positions on the surface that are normally
occupied by oxo groups in POMs.15 It is noteworthy that the AlIII

13

complex adopts the structure of theε- rather than theR-isomer,
which occurs almost invariably in MoVI and WVI Keggin structures.
The shorter surface M‚‚‚M separation in theε-isomer may be
rationalized by lower electrostatic repulsions between M3+ versus
M6+ metal ions. Complex1, however, adopts theR-isomer with
longer M‚‚‚M separations. Although the different structural isomers
observed for Al13 and Fe13 Keggin ions might be attributed to the
larger ionic radius of FeIII (0.785 Å) compared with that of AlIII

(0.675 Å),16 the lack of identity of bridging and terminal ligands
makes it difficult to draw firm conclusions. Ligands that are
isoelectronic with O2-, such as F-, OH-, or NH2-, have previously
not replaced the terminal oxo ligands in POMs, presumably due to
their low propensity to form multiple bonds. Complex1, which is
an example of a polyfluorometalate, demonstrates for the first time
the combination of a transition-metal ion with anopen-shell
configuration and fluoride ligands leading to the formation of a
new Keggin-type molecule. The classicalclosed-shellKeggin
complexes were the first representatives of a very large and
important family of compounds, POMs. The discovery of the first
open-shell Keggin ion1 may lead to a new chemistry of open-
shell POM analogues.
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