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High-nuclearity transition-metal clusters continue to attract
a great deal of interest, partly because of their fascinating
physical properties and partly for the architectural beauty of
their structures. An interesting subarea of 3d metal cluster
chemistry is the small but growing family of molecules that
have circular structures. Large cyclic polymetallic clusters are
valued for their ability to mimic the properties of linear
coordination polymers.[1] For example, theories developed for
analyzing magnetically coupled ring systems have been
extensively applied to calculate the thermodynamic proper-
ties of 1D materials.[2] Furthermore, the chemistry of circular
molecular clusters is also associated with supramolecular
chemistry. Anion and cation recognition provide the possi-
bility of controlling the size of clusters. A representative
example of this approach is the ability to address the synthesis
of molecular rings by exploiting host ± guest interactions with
alkali-metal cations, because alkali-metal cations are hosted
by rings of different size. Thus, hexairon(���)[3±5] and hexa-
manganese(���)[6] complexes with cyclic M6O12 cores can easily
accommodate Li� and Na� ions, both in the solid state and in
solution, whereas Cs� ions require larger rings, such as
M8O16.[5]

Metal rings have excited mankind since mythological
times.[7] The largest cyclic structure containing exclusively
paramagnetic 3d metals is the NiII24 wheel reported by
Winpenny and co-workers,[8] which is approximately an order
of magnitude smaller that the giant wheels constructed from
molybdate fragments by the M¸ller group;[9] a NiII12 wheel is
also known.[10] Large, cyclic, polymetallic arrangements of
other 3d metals, either unsupported or supported (by ions or
molecules as guests), have been found for chromium(���),[11]

manganese(���),[12] iron(��),[13] iron(���),[12, 14] cobalt(��),[15] and
copper(��).[16]

Restricting further discussion to the so-called ferric wheels
with nuclearities equal to or higher than ten, the structurally
characterized complexes that contain O-donor groups as
bridging ligands are [{Fe(OMe)2(O2CCH2Cl)}10][14a] [{Fe-
(OMe)2(O2CMe)}10][14b] [{Fe(OMe)2L}10][14c] where L� is
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the monoanion of 3-(4-methylbenzoyl)propionic acid,
[{Fe(OMe)2(dbm)}12],[14d] where dbm� is the dibenzoylmetha-
nato ligand, and [{Fe(OH)(XDK)Fe2(OMe)4(O2CMe)2}6],[14e]

where XDK2� is the ion of m-xylylenediamine bis(Kemp×s
triacid imide). All three FeIII

10 wheels contain chemically
equivalent (�-O2CR)(�-OMe)2 units, while the FeIII

12 wheel
contains chemically equivalent (�-OMe)2 units. The repeating
unit in the FeIII

18 cluster, known as the molecular 18-wheeler,
comprises a (�-hydroxo)bis(�-carboxylato)diiron(���) moiety
linked by an acetate and two methoxide ions to a third iron(���)
atom; an acetate and two additional methoxide ligands on this
iron center form bridges to the next trinuclear repeating unit
in the cluster.[14e]

The family of ferric wheels with the (�-O2CR)(�-OR�)2 unit
is restricted to decanuclear complexes.[14a±c] We wondered
whether change of the carboxylato or/and alkoxo ligands
would influence the size of these wheels and permit the
isolation of larger wheels. The main driving force behind our
efforts was our desire to test the general belief[8] that it is not
possible to generate a large 3d-metal wheel with only one type
of bridging interaction. For example, while FeIII

10 wheels can be
accurately described as [{Fe(OMe)2(O2CR)}10] (R�Me,
CH2Cl, CH2CH2C(O)C6H4Me) and CrIII8 wheels[11] can be
described as [{CrX(O2CR)}8] (X�F, R�CMe3; X�OH,
R�Ph), such a description as an oligomer of a mononuclear
fragment is not accurate for larger wheels. For both the
FeIII

18
[14e] and NiII24[8] wheels mentioned above, a more accurate

description is as an oligomer of trinuclear building blocks.
Herein we report the isolation and characterization of the
unique x� 12 member of the [{Fe(OR�)2(O2CR)}x] family of
ferric wheels. Since it has been recently pointed out[8, 16b] that
utilization of strong interligand hydrogen bonds might be an
important feature in generating large wheel-shaped clusters,
we decided to employ carboxylate ligands containing suitable
hydrogen-bond donor groups.

The 1:2 reaction of Fe(NO3)3 ¥ 9H2O with benzilic acid,
Ph2C(OH)COOH, in MeOH under reflux at pH� 4 gave a
microcrystalline solid. Diffusion of Et2O into the yellow
methanolic filtrate resulted in yellow crystals of [{Fe(O-
Me)2[O2CC(OH)Ph2]}12] ¥ 2H2O ¥Et2O (1 ¥ 2H2O ¥Et2O)
formed over a period of four weeks. The initially precipitated
solid was characterized as compound 1 by microanalysis and
IR spectroscopy.

Single-crystal X-ray crystallography[17] showed complex 1 to
be a dodecanuclear ferric wheel. The molecular structure
(Figure 1) consists of a centrosymmetric ring of twelve FeIII

atoms held together by twenty-four �2-methoxide ligands and
twelve 1,3-bridging carboxylate ligands. Each iron(���) atom
has a distorted octahedral geometry and is joined to its
neighbors by edge-sharing methoxide and cis-carboxylate
bridges. The twelve iron centers are nearly coplanar, with an
average deviation of �0.48 ä from the best least-squares
plane through them. In contrast, in the cyclic dodecanuclear
compound [{Fe(OMe)2(dbm)}12],[14d] which contains bis(�-
methoxo) units, the ring defined by the iron(���) atoms is not
planar and the structure is best described as a twisted
™ribbon∫.

The benzilate(�1) ion has the possibility of further
interaction with the iron(���) centers through the hydroxyl

Figure 1. Molecular structure of 1. For clarity, only the ipso carbon atom of
each phenyl ring is shown. An inversion center relates the primed atoms to
the unprimed ones. Interatomic distances [ä]: Fe ¥¥ ¥ Fe� 3.013(1) ±
11.634(1), Fe-Omethoxo� 1.962(5) ± 1.990(5), Fe-Ocarboxylate� 2.001(5) ±
2.100(5).

oxygen atom, but, in the case of 1, this potential is not realized
and the ligand is merely bidentate, spanning metal ±metal
vectors in a 1,3-bridging mode.

A side view of 1 is shown in
Figure 2. The methoxo lig-
ands are arranged above
and below the ring defined
by the iron(���) atoms. The
benzilate ligands can be div-
ided into two groups of six
members each. The carboxy-
late moieties of the first
group almost lie in the plane
of the twelve metal ions
(average displacement of the
carboxylate oxygen atoms:
0.39 ä), while those of the
second group are arranged
above and below the metal
ring (average displacement
of the carboxylate oxygen
atoms: 2.35 ä) in an alternat-
ing fashion between the car-
boxylate groups belonging to
the first group.

The closest Fe ¥¥ ¥ Fe distan-
ces are almost identical in 1
ranging from 3.013 to
3.030 ä, very similar to those found in [{Fe(OMe)2-
(O2CCH2Cl)}10][14a] (average value: 3.028 ä) and shorter than
the distances found[14d] in [{Fe(OMe)2(dbm)}12] (average

Figure 2. ORTEP diagram of a
side view of 1. Empty bonds
show the arrangement of the
benzilate(�1) ligands with respect
to the mean plane of the iron(���)
atoms (larger empty circles).
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value: 3.136 ä). The ring size in 1, calculated by averaging the
distances between iron(���) atoms on opposite sides of the ring
is 11.41 ä, larger than the 9.80 and 10.34 ä values found in
[{Fe(OMe)2(O2CCH2Cl)}10][14a] and [{Fe(OMe)2(dbm)}12],[14d]

respectively. This difference in the ring size between the latter
and 1 is a consequence of the difference in the Fe ¥¥¥ Fe ¥¥ ¥ Fe
angles. These angles range from 142.6 to 146.3� in 1, very close
to the ideal 150� value required by ring-closure considerations
for a planar, 12-membered ring, and from 117.3 to 136.2� in
[{Fe(OMe)2(dbm)}12][14d] (very close to the optimum value of
120� for a structure based on edge-sharing octahedra).

Complex 1 is one of the two largest cyclic ferric clusters yet
reported with chemically equivalent bridging units, the other
being [{Fe(OMe)2(dbm)}12].[14d] The small family of the
dodecanuclear iron clusters with exclusively O ligation also
includes two FeII

8 FeIII
4 oxo/carboxylate complexes;[18a,b] these

two clusters do not have cyclic structures.
The Mˆssbauer spectrum of a polycrystalline sample of 1 at

room temperature (Figure 3) reveals a single quadrupole
doublet with an isomer shift of 0.41(1) mms�1 (referenced
versus iron foil at room temperature) and a quadrupole

Figure 3. Mˆssbauer spectrum of polycrystalline 1 at room temperature.
–– is the best fit to the data with the spectral parameters mentioned in the
text.

splitting of 0.65(1) mms�1. The isomer-shift value is within the
range expected for high-spin iron(���) centers in a non-sulfur
environment.[19] The �EQ value indicates a slightly unsym-
metrical electric field, consistent with the variations in Fe�O
bond distances revealed by the X-ray investigations.[17] The
width at half height is 0.15(1) mms�1.

The magnetic susceptibility of 1 is indicative of antiferro-
magnetic interactions between the high-spin iron(���) ions (S�
5/2). The broad maximum at 60 K in the curve (Figure 4) can
be nicely fit by a Heisenberg S� 5/2 quantum chain model
with J��10.9 cm�1 and g� 2.00 (H� J�i SiSj).[20] The depar-
tures from the calculated behavior at low temperature arise
from a small percentage of paramagnetic impurity. For a ring
of N ions, an energy gap �E� 4J/N� 3.6 cm�1 is predicted
between the ground state S� 0 and the first excited S� 1. The
calculated J value is close to that found in other dialkoxo-
bridged iron(���) complexes with similar Fe-O-Fe angles.[14a]

In conclusion, the molecular architecture of 1 underscores
the ability of synthetic chemistry to enrich our world with

Figure 4. Magnetic susceptibility measurements of 1 in the range 2 ± 300 K
at 0.1 T applied magnetic field; (�) refer to �MT, stars to �M, –– represent
the best fit to the data.

objects of beauty.[21] The self-assembly of this complex
provides further evidence for the tendency of metal ions
linked by alkoxo/hydroxo ligands and syn,syn �2-carboxylate
bridges to form large cyclic molecules. Compound 1 is the
largest cyclic ferric cluster yet reported with the carboxyla-
tobis(alkoxo) bridging unit. It should be stressed that there
are no hydrogen bonds in the structure of this cluster, which
could stabilize the wheel providing an extra intramolecular
force for its formation. We do not know if 1 is the largest ferric
wheel containing this type of bridging interaction. Work is in
progress for the preparation of other members of the family of
[{Fe(OR�)2(O2CR)}x] wheels by changing the nature of the R,
R� groups, while simultaneously we are trying to construct still
larger wheels using the ™oligomerization of high-nuclearity
building blocks∫ design principle.[8]

Experimental Section

Solid Ph2C(OH)COOH (0.23 g, 1.0 mmol) was dissolved in a stirred
solution of Fe(NO3)3 ¥ 9H2O (0.20 g, 0.5 mmol) in hot MeOH (20 mL). The
resulting orange-red solution was heated under reflux for 10 min and then
the pHvalue was adjusted to 4 with a solution of LiOH in MeOH. A color
change to yellow occurred. The yellow solution was heated further under
reflux for 1 h, during which time a yellow precipitate formed. The solid was
collected by filtration, washed with cold MeOH and Et2O (not added to the
filtrate) and dried in vacuum, yield 48%; elemental analysis calcd (%) for
C192H204O60Fe12 (1): C 55.7, H 5.0; found: C 55.6, H 4.9. Yellow crystals of
the product were grown by layering the methanolic filtrate with Et2O; the
formulation 1 ¥ 2H2O ¥Et2O was determined crystallographically, but the
analytical sample (consisting of washed and vacuum-dried crystals) was
analyzed as solvent-free.

Magnetic susceptibility data were collected on microcrystalline samples of
1 with a Cryogenics S600 SQUID magnetometer with an applied field of
0.1 Tand in the temperature range 2 ± 300 K. Data were corrected with the
standard procedure for the contribution of the sample holder and
diamagnetism of the sample. The Mˆssbauer spectrum of microcrystalline
1 was measured at room temperature by a conventional constant-
acceleration spectrometer equipped with a 	-ray source of 57Co in Rh;
isomer shifts were referenced versus a thin 
-iron foil at room temperature.
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Poly(p-phenylenephosphaalkene):
A �-Conjugated Macromolecule Containing
P�C Bonds in the Main Chain**
Vincent A. Wright and Derek P. Gates*

Approximately twenty years ago, several examples of stable
neutral compounds possessing acyclic (p ± p) � bonds involv-
ing the heavier p-block elements were prepared.[1] Subse-
quently, the synthesis, structures, and reactivity of numerous
low-coordinate molecules has received extensive study and
continues to attract considerable attention.[2] Despite current
interest in the preparation of organic macromolecules pos-
sessing �-conjugated backbones,[3] to our knowledge, the
incorporation of heavy-element multiple bonds into a �-
conjugated polymer is unprecedented.[4, 5] Furthermore, the
incorporation of inorganic elements into the polymer back-
bone is synthetically challenging and often results in materials
with unique properties.[6] Therefore, the development of
methods to prepare �-conjugated polymers containing heav-
ier main-group (p ± p) � bonds is of fundamental interest, and
may ultimately lead to materials with novel properties.[7] The
poly(p-phenylenevinylene)s (PPVs) are an exciting class of
luminescent organic macromolecules containing C�C bonds
which pose many synthetic challen-
ges.[3a,c, 8] However, the possible incor-
poration of other stable multiple
bonds, such as the well-established
P�C moiety,[9] into the PPV structure
has not been explored.[10] Herein, we
report the synthesis and characteriza-
tion of a poly(p-phenylenephosphaalkene), a �-conjugated
macromolecule containing phosphorus(���) ± carbon double
bonds in the polymer backbone.

An elegant and general route to phosphorus(���) ± carbon
double bonds involves the rapid and thermodynamically
favorable [1,3]-silatropic rearrangement of an acylphosphane
to a phosphaalkene (Scheme 1).[1a] From a preparative stand-
point, this method is probably the most convenient and
versatile route to phosphaalkenes with minimal steric pro-
tection.[11] We initiated our investigations by preparing model
compounds 1 and 2 for the polymer 3, under conditions
chosen to mimic a typical condensation polymerization.
Therefore, phosphaalkene 1 was prepared in the absence of
solvent by stirring mesitylene-2-carboxylic acid chloride and
PhP(SiMe3)2 at 50 �C for several days. Analysis of the reaction
mixture by 31P NMR spectroscopy showed only two signals
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