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Paramagnetic metal cage complexes have become a focus
for a great deal of research since the discovery that certain
cages could retain magnetic orientation in the absence of a
magnetic field.[1] These ªsingle-molecule magnetsº therefore
act as molecular magnetic storage devices, and accompanying
physical phenomena, such as quantum-tunneling of the
magnetization,[2] make them objects of both technological
and fundamental scientific interest. Ligands used in synthesiz-
ing such cage complexes are however comparatively restrict-
ed, with the majority of examples involving carboxylates and
alkoxides.[1, 3]

Cage complexes featuring phosphonate ligands are rare.
Several cages involving vanadium have been reported, chiefly
by Zubieta and co-workers,[4] some cages featuring aluminum
have appeared recently,[5] and a fascinating dodecanuclear
copper(ii) cage was reported in 2000 by Chandrasekhar and
Kingsley.[6] Perhaps most exciting are the redox-active {Mn4}
cages described by the Dismukes group.[7] Other than the
{Cu12} example complexes of the later 3d metals with
phosphonate ligands tend to be restricted to layered struc-
tures.[8] This observation is intriguing, for it suggests that if
phosphonate ligands could be induced to form cage com-
plexes, the propensity to support two-dimensional (2D)
structures might lead to preferential formation of disclike
cages. The structural anisotropy might in turn lead to
anisotropy in magnetic behavior, which could be of interest
in the formation of new single-molecule magnets.[1] Here we
report studies of the reactions of these ligands with middle
and late 3d metals, which demonstrate that phosphonates can
be incorporated in such cages, but only in the presence of
coligands.

The chief difficulty in the use of phosphonates for cage
formation is the insolubility of the products of reactions
between 3d metal salts and the ligands. For example, reaction
of cobalt hydroxide with phenylphosphonate leads to intract-
able powders that do not dissolve in any common solvent.
However, if a second ligand is added to the mixture, and the
phosphonate concentration kept low, intensely colored sol-
utions can be produced. Thus cobalt hydroxide and PhPO3H2

were added to 6-chloro-2-hydroxypyridine (Hchp) in molar
ratios of 1:1/3:2, and the mixture heated to above the melting

point of Hchp. The purple paste that results could be dissolved
in a range of solvents. Crystals of 1 form in moderate yield
from EtOAc, while crystals of 2 form in poor yield from
MeCN/Et2O. In both cases X-ray analysis[9] reveal formation
of {Co13} cages. The crystallization of two very similar cages
from different solvents suggests that the cages are formed
during the initial reaction, rather than forming during
crystallization.

[Co13(OH)3(chp)19(O3PPh)2(H2O)2(EtOAc)2] 1

[Co13(OH)3(chp)19(O3PPh)2(H2O)2(Hchp)2] 2

The structures are highly irregular and essentially identical,
differing in the replacement of the two terminal EtOAc
ligands in 1 by Hchp ligands in 2. The following description
and figure use the atom numbering for 1. At the core of both
cages are two phosphonate ligands, which each bind to five
cobalt centers; adopting a [5.221] mode (as described using
Harris notation,[10] see Scheme 1). Four cobalt centers (Co1,

Scheme 1. The bonding modes displayed by phosphonate and pyridonate
ligands, with the Harris notation for each mode.

Co2, Co4, and Co11) are bound to both of these ligands, with a
further two Co atoms (Co3 and Co5) bound to a single
PhPO3

2ÿ ligand (Figure 1 a). Each of these six cobalt centers is
six-coordinate, and shares two O atoms with neighboring
cobalt centers of the core (Figure 1 b). This creates a helical
array of cobalt centers, beginning with Co5 and moving in an
anticlockwise direction to Co3. The remaining seven cobalt
sites are arranged around three sides of this central core
(Figure 1 b). Three of these sites share two O atom bridges
with Co sites of the core (Co6, Co8, and Co12), while two sites
share a single oxygen with a Co atom of the core (Co7 and
Co13). Co9 shares three O atoms with two different central
cobalt centers (Co1 and Co5), while the final site (Co10)
shares two bridging oxygen atoms with two different cobalt
centers (Co2 and Co11).

The cage also contains three m3-hydroxide ligands: O1 is
bound exclusively to Co atoms of the core (Co3, Co4, and
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Figure 1. a) The structure of 1 in the crystal. Bond length ranges [�]: Co-
O(O3PPh) 1.988 ± 2.259, Co-O(chp) 1.994 ± 2.348, Co-O(hydroxide) 1.998 ±
2.109, Co-O(H2O) 2.049 ± 2.094, Co-O(EtOAc) 2.120 ± 2.175, Co-N(chp)
2.050 ± 2.241 (av esd 0.013). b) A polyhedral representation of the Co and P
sites in 1 and 2, viewed from the same position as Figure 1a. Shading: P
sites, random heavy dots; core Co sites, regular dots; external Co sites,
regular crosses.

Co5), while O2 and O3 each bind to two cobalt centers from
the core and one of the exterior cobalt sites. The nineteen chp
ligands in the cage adopt four bonding modes. Using Harris
notation[10] these can be described as a [2.21] mode, adopted
by eleven pyridonates, a [2.20] mode, adopted by three
ligands, a [3.21] mode, adopted by two ligands, and the [3.31]
mode, adopted by one pyridonate (see Scheme 1). In the
homoleptic complex [Co9(chp)18], which is prepared from a
similar reaction in the absence of the phosphonate, all
pyridonates adopt the [2.21] mode.[11] Two water and two
ethylacetate molecules are found bound as terminal ligands.
The cobalt sites can all be considered six-coordinate, however
in some cases the sixth bond is markedly longer. Five cobalt
centers (Co1, Co2, Co4, Co5, and Co6) are each bound to six
O donors, three (Co3, Co9, and Co11) are bound to five O and
one N donors, three (Co8, Co12, and Co13) to four O and two
N atoms, and two (Co7 and Co10) to three O and three N
donors.

High-nuclearity CoII cages remain comparatively rare. Two
nonanuclear cages are known, with pyridonate[11] and di-2-
pyridylketone[12] as ligands. A series of deca- and dodecanu-
clear cages based on trigonal prisms have been reported
featuring pyridonates and carboxylates.[13] Another trideca-
nuclear cage has been described,[14] and one larger cage which
contains twenty-four metal centers.[15] There are also many
larger clusters known with cobalt in lower oxidation states.[16]

A second method for introducing a phosphonate or
phosphinate ligand without causing an immediate precipitate
is to react the ligand with a preformed cage. Reaction of the
mixed-valence cage [Mn3O(O2CPh)6(py)2(H2O)] (py� pyri-
dine)[17] with an equimolar quantity of phenylphosphinic acid
in MeCN gives crystals of 3. Structural analysis[9] shows that
the triangular oxo-centered array of manganese centers found
in the precursor cage is retained, but two such triangles have
been linked through two phosphinate and two phosphonate
ligands (Figure 2). The formation of the phosphonate in 3 is
presumably through aerial oxidation in presence of the
manganese centers.

[Mn6O2(O3PPh)2(O2PHPh)2(O2CPh)8(py)2] 3

Figure 2. The structure of 3 in the crystal. Bond length ranges [�]:
Mn-O(equatorial sites) 1.844 ± 2.042, Mn-O(Jahn ± Teller elongated sites)
2.105 ± 2.257 (av esd 0.008). Bond angle ranges [8]: cis at Mn 78.6 ± 99.1,
trans at Mn 169.5 ± 178.7 (av. esd 0.3).

Complex 3 is centrosymmetric. The unique phosphonate
ligand bridges four manganese centers, using a [4.211] binding
mode (see Scheme 1).[10] Therefore one edge of the manga-
nese triangle in one cage is bridged by the phosphonate in a
1,3-manner akin to a carboxylate, while a single m2-oxygen
from the symmetry-equivalent phosphonate bridges the same
edge. The two phosphinate ligands form a bridge between the
two triangles in a 1,3-fashion. The remainder of the triangles
are unchanged from those in the precursor cages, with four
bridging benzoate groups and a terminal pyridine completing
the coordination spheres of the manganese centers, which are
all six-coordinate. Charge balance requires that the metals are
present as MnIII, and the Jahn ± Teller elongation typical of
this oxidation state is observed for all three crystallograph-
ically independent sites. Complex 3 can also be made from the
homovalent triangle [Mn3O(O2CPh)6(py)3](ClO4).
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The formation of 3 suggests many further reactions, which
may prove exciting. It appears that phosphonate ligands can
displace carboxylate ligands from one cage and simultane-
ously act as a bridge to a related cage. This implies a method
for synthesizing larger metal arrays from reaction of metal
carboxylate cages with phosphonates. Hexanuclear manga-
nese cages are far from rare.[3] A series of such cages exist in
which the metal polyhedron is based on an edge-sharing
bitetrahedron,[18] and several {Mn6} cages have very high
magnetic spin ground states, for example, a radical-bridged
MnII wheel[19] and MnIII octahedron featuring dibenzoyl-
methane ligands.[20]

Magnetic studies of 1 and 3 in both cases show a decline in
cmT as the temperature is lowered (cm�molar magnetic
susceptibility). For 1 this decline, from a room tempera-
ture value of about 42.2 emuK molÿ1 to a value of
10.1 emu K molÿ1 at 1.8 K, is presumably due to a combination
of antiferromagnetic exchange between CoII centers and the
usual crystal field effects of CoII. For 3 the decline, from a
room temperature value of 21.5 emu K molÿ1 to zero at 1.8 K,
is due to antiferromagnetic exchange. Isolated oxo-centered
triangles display spin frustration, and tend to have non-
diamagnetic ground states.[17, 21] Therefore the low-temper-
ature value suggests there is significant exchange between the
MnIII triangles, presumably mediated by the phosphinate and
phosphonate ligands.

Experimental Section

1: Freshly prepared cobalt hydroxide (5.4 mmol) was mixed with Hchp
(11 mmol) and PhPO3H2 (1.8 mmol), and the mixture heated to 130 8C for
10 min. The resulting purple paste was extracted repeatedly with aliquots of
EtOAc (5 mL), and the solutions allowed to stand at room temperature.
Yield: 34%. Elemental analysis calcd (%) for C119H98Cl19Co13N19O36P2: C
36.89, H 2.53, N 6.87; found: C 36.89, H 2.35, N 6.77.

2 : This was prepared by an analogous procedure to 1 but crystallized by
extracting the sample with aliquots of MeCN (5 mL) and allowing diethyl
ether to diffuse into the solutions. Yield: <5 %. No elemental analysis
obtained.

3 : [Mn3O(O2CPh)6(py)2(H2O)][17] (0.23 mmol) was dissolved in MeCN
(10 mL) and HO2PHPh (0.21 mmol) in MeCN (5 mL) added. The solution
was filtered and allowed to evaporate slowly at room temperature. Yield:
26%. Elemental analysis calcd (%) for C90H72Mn6N2O28P4: C 51.89, H 3.48,
N 1.34; found: C 50.42, H 3.52, N 1.05.
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Remote Communication between Charge
Centers and Hydrogen-Bonding Sites:
Possibility for a Signal Transducer?**
Ito Chao* and Tsong-Song Hwang

Hydrogen bonding and charge interactions are both
essential for molecular recognition and the self-assembly of
biological macromolecules. They are also employed heavily in
the design of new systems for fundamental, biological, and
materials research. The influence of a charge-bearing func-
tional group on pKa values[1] and chemical reactivity[2] has

been well documented in the form of Hammett-type sub-
stituent constants in physical organic studies. Changes in the
hydrogen-bonding behavior of ligands upon complexation
with cationic transition metal centers have been indicated by
theoretical calculations.[3] Such calculations also indicated
that anions could induce a large cooperative effect in the
hydrogen-bonding network of peptides.[4] Enhancement was
observed experimentally in urea ´ carboxylate binding when
the carbonyl group of the urea molecule was coordinated to a
Lewis acid.[5] The optical property of [Ru(bpy)3]2� (bpy� bi-
pyridine) in a phosphodiester sensor was changed when the
hydrogen-bonding sites were bound.[6] Although both hydro-
gen-bonding and charge-bearing sites are important in
molecular recognition, interestingly, it is not common to find
examples in supramolecular chemistry in which hydrogen-
bonding sites are designed to be controlled by a covalently
bound charge-bearing substituent. Charge-assisted CÿH ´´´ X
hydrogen bonds have been recognized in recent years[7] and
metallocene complexes have been used to achieve redox-
switched binding.[8] Nevertheless, the binding sites are basi-
cally adjacent to the charged centers, and we felt that charge
centers can have a more far-reaching influence on a binding
site.

If a charged group and a binding site can communicate with
each other, one can use a three-component system (a charged
group, a linker, and a binding site) as a signal transducer. The
charge-bearing group can be viewed as a reaction site, whose
charge state can be altered by reactions such as protonation,
metalation, oxidation, reduction, or chemical transformation
of a functional group. On the basis of this concept we designed
test compounds 1 a ± d and 2 a ± d, and calculated the energies

N

X X

N
H

H N

X X

N
H

H

H

n n

1a: X = CH, n = 1
1b: X = CH, n = 2
1c: X = CH, n = 3
1d: X = CH, n = 4

2a: X = CH, n = 1
2b: X = CH, n = 2
2c: X = CH, n = 3
2d: X = CH, n = 4

3a: X = N, n = 1
3b: X = N, n = 2
3c: X = N, n = 3
3d: X = N, n = 4

4a: X = N, n = 1
4b: X = N, n = 2
4c: X = N, n = 3
4d: X = N, n = 4

of formation of a hydrogen bond (binding energies) to find
out how efficiently the reaction and binding centers can
communicate with each other. In these compounds the
reaction center is an imine group and the binding center is
pyrrole; compounds 1 a ± d are neutral imines and 2 a ± d are
cationic iminium compounds. Ammonia was chosen as the
hydrogen-bonding partner of the NÿH group of pyrrole for
the sake of geometric simplicity, since it only has one lone pair
of electrons. The ammonia binding energy of 2 a
(ÿ13.17 kcal molÿ1) at the HF/6-31G* level is double that of
cationic 1 a (ÿ6.84 kcal molÿ1) (Table 1).[9] While the binding
energies of neutral systems (1 a ± d) remain fairly constant as
the linker gets longer, the binding energies of cationic systems

the different donor atoms. Therefore for chp, there will be two values
for Y, while for PhPO3
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