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While the chemistry of discrete and networked high-nucle-
arity metal clusters continues to evolve steadily, understand-
ing the driving forces and underlying principles governing the
aggregation processes of such clusters remains a profound
challenge."! The imperative need for effective control over
their chemical and physical properties—exploited in cataly-
sis,”! bioinspired chemistry,®! and materials sciencel—has
stimulated considerable interest in the development of more
rational and controllable synthetic strategies.*™ In this
context, methods based on templating principles promise
both enhanced control and greater mechanistic predictability:
the nuclearity and geometry of the resulting aggregate is
strongly dependent on the size, shape, charge, and the
stereoelectronic and coordinative geometric preference of
the template.

The template effect of anions, in particular, is being
increasingly studied in supramolecular organic and coordina-
tion-chemistry systems because of its relevance to many
chemical and biological processes.”] While such templated
systems may be constructed utilizing noncovalent forces
ranging from van der Waals and hydrogen bonding to stronger
metal-ligand coordinative interactions, kinetic (template can
be removed) and thermodynamic (template becomes integral
part of the product) templating phenomena can be differ-
entiated.” The latter predominates anion templation in the
field of polyoxometalate (POM) chemistry. For example,
various anions are enclosed within the central cavities of
discrete polyoxovanadates to form templated host—guest
complexes of striking structural complementarity.”) Further-
more, the structure-directing role of anionic species in the
condensation of polyoxothiometalate rings was illustrated by
Sécheresse and co-workers.'”! The same group also reported
the construction of a copper-based polyoxotungstate cluster
using halide templation.!'!}

Herein, we describe the formation of a large heterochiral
POM architecture, [{0-P,W;5056}6{ CesMn,(p3-O)4(1,-OH), 5~
(1,-OH),(H,0),(PO,)]*"~ (1), from multiple molecular com-
ponents based on the trivacant derivative of the Dawson
polyoxotungstate [o-P,W,30¢,]*". Remarkably, the construc-
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tion of such a highly negatively charged, aggregated POM is
mediated by a far smaller anion, phosphate. The complex,
isolated as K;Na;;1-106 H,O, was prepared in the course of
our efforts to modify the magnetic properties of preformed
metal carboxylate clusters by introducing polyoxoanions
through ligand competition. We have recently demonstrated
that organic bridging ligands on a manganese carboxylate
cluster may be partially replaced by polyoxoanions without
altering the connectivity of the magnetic cluster core.'?) We
now extend this strategy and show that complete ligand
substitution can be achieved, thereby giving rise to an all-
inorganic magnetic cluster based on supporting polyanion
ligands. More importantly, an unexpected templating event
subsequently organizes these preconceived building blocks
into a supercluster, that is, a “cluster of clusters”.

Synthesis of 1is based on a heterometallic high-oxidation-
state precursor 2 (Scheme 1) recently reported by Christou
and co-workers.¥ The central [Ce'™;Mn'Y,(u;-O)4]** core of 2

Scheme 1. Simplified core structure of the pentanuclear precursor
[Ce";Mn",04(0,CMe), 5 (NOs)J-(HO,CMe) 5 (H,0), (2). For clarity,
only the bridging acetate groups are shown; chelating nitrate and

terminal aqua and acetate ligands are omitted.

forms a Ce;Mn, trigonal bipyramid with idealized Dj,
symmetry. Each of the six Ce—Mn edges is bridged by a p,-
acetate ligand. The compound K;,Na;;1-106 H,O was origi-
nally obtained in very low yields (less than 0.1 %) by reacting
2 with the Dawson polyoxotungstate ligand [0-P,W,sOs]'*".
After a few weeks, only a handful of red crystals could be
isolated that were suitable for X-ray diffraction analysis."
Examination of the molecular structure also revealed reasons
for the low yields.

Crystal structure determination shows anion 1 to be a
hexa-Dawson complex with crystallographic C, symmetry
(Figure 1). The structure is best described by breaking it down
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Within each pseudo-dimer (Figure 1d), a
[Ce™V,Mn'"Y,} cluster core is encapsulated
between two Dawson units, forming a sand-
wiched structure. Although the original pen-
tanuclear {Ce;Mn,} core of 2 is sustained in
this dimeric unit, its peripheral acetate ligands
have been fully substituted upon coordination
with the Dawson anions. Each Dawson unit
caps a Ce,Mn triangular face and formally
replaces two acetate groups bridging the
corresponding Ce—Mn pairs. Moreover, a -
OH"! group is introduced on either side,
substituting the two remaining acetate

bridges. The ligand exchange is accompanied
by significant distortion of the core geometry
to meet the coordination requirements and
geometric constraints of the Dawson ligands.
Mn--Mn separation in the {Ce;Mn,} core
increases from 4.78 A in 2t0 4.94 Ain 1 as a
result; Ce--Ce and Ce--Mn distances differ
significantly as well.'”!

The three Ce' centers of each dimer are
in two different environments (Figure 1d).
The Ce site designated as a directly connects

Figure 1. Structural aspects of the polyanion 1. a) Top view showing the central
templating phosphate group enclosed by three interlinked pseudo-dimers (A, B, and B’).
The phosphate unit resides on a crystallographically imposed C, axis (relating B and B').
Color code: W gray, Mn green, Ce yellow, P blue, O red. b) Connectivity between
{Ce";Mn",} subcores and the central phosphate unit, perspective as in (a). c) A side
view of the complex anion in ball-and-stick representation, with all PO, units highlighted
as blue tetrahedra. d) Detailed structure of one Dawson dimer building block; the two

types of Ce sites are designated as a and b.

into its concentric structural motifs that comprise ten primary
components: six trivacant [0-P,W5s0s]'>~ Dawson anions,
three [Ce;Mn,04(OH),]°" subcore units, and a central PO,*~
group.

The presence of an incorporated central phosphate anion
in 1 is surprising, as no free phosphate was used initially. Yet
all structural parameters unambiguously established an
encapsulated PO,’~ group. Phosphate impurities present in
the crude starting material Na;,[P,W;505]-18H,0 were
identified as a possible source.™ In situ generation of PO,
from self-decomposition of [P,W,;50s5]'>", on the other hand,
is unlikely under the present reaction conditions, explaining
the extremely low yield. Indeed, in an improved synthesis in
which phosphate was intentionally added, the overall yield of
1 increased to 20 % (see the Experimental Section).

Even more surprising is the remarkable structural role
played by the single phosphate anion in the aggregated
structure. The central PO,* fragment directs the arrange-
ment of the giant POM framework of 1, more than 30 A in
diameter. Overall, the complex anion may be considered as a
phosphate-encapsulating macrocycle (Figure 1a) formed by
three interlinked Dawson-pseudo-dimers (A, B, and B’). The
three dimers resemble tilted propeller blades, thus minimizing
steric repulsion arising from ligation of the central PO,
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the two Dawson units and is eight-coordinate
(and coordinatively saturated). However, the
coordination sphere of the two remaining
nine-coordinate Ce centers designated as b
are not saturated by the substituting polyan-
ion ligands; each b-Ce site binds to two
additional oxygen donors. In 1, all three a-
Ce sites (Cel, Ce5, and Ce5’) are located on
the exterior of the assembly, while the six
unsaturated b-Ce sites (Ce2, Ce3, Ced, Ce2/,
Ce3’, and Ce4’) are directed towards the
central cavity (Figure 1b). The unsaturated b-Ce centers
represent a critical structural feature that allows cluster
aggregation to occur. These sites are not only responsible for
ligation to the central phosphate unit but also for interdimer
bridging. First, the templating u,-PO,*~ group holds together
the three dimers by tetrahedral coordination to four b-Ce
centers (Ce2, Ce2’, Ce4, and Ce4'): two from dimer A and one
each from B and B’ (Ce—O av 2.247 A). Furthermore, each
dimeric unit is connected through b-Ce binding sites to its
neighboring units. Dimer A is linked to the other two dimers
by Ce—O=W bridges (Ce—O 2.515 A) originating from Ce2
and Ce2'. The two symmetry-equivalent dimers, B and B’, are
connected by a pair of u,-OH groups between Ce3 and Ce3’
(Ce—0 av 2.364 A).

An additional interesting feature of the aggregated
structure of 1 is its chirality. Unlike the D5, {Ce;Mn,} core
of 2, each dimeric unit in 1 exhibits virtual C, symmetry owing
to the distortion associated with ligand exchange; the two-
fold axis runs through the a-Ce center and bisects the two b-
Ce centers (Figure 1d). The reduced symmetry enables two
possible enantiomeric forms A and A" for individual dimeric
building blocks. Interestingly, the three dimers in a given
molecule of 1 are not of the same conformation, thus
rendering 1 a rare heterochiral POM species; the aggregated
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structure features either a (AAA) or (AAA) ensemble, with
dimer A being the enantiomeric counterpart of B and B'.
Opverall, the complex crystallizes as a racemic mixture in the
centrosymmetric space group C2/c.

Although the three dimers are different with respect to
local symmetry and chirality, their structural parameters are
almost identical, implying that the dimeric unit is formed as a
reaction intermediate. Accordingly, formation of the hex-
americ complex possibly occurs in a stepwise manner. First,
ligand metathesis of 2 with polyoxoanions leads to sandwich
dimers. In this initial state, coordination vacancies of each b-
Ce site are presumably occupied by two solvent water
molecules. This assumption is reinforced by the presence of
residual aqua ligands on Ce4 and Ce4’ in the crystal structure
of 1. Owing to the labile nature of H,O—Ce bonds, some of the
aqua ligands are then replaced by the strongly coordinating
PO, group, thus promoting aggregation of the dimer
building blocks. In the final stage, the aggregated structure
is further supported by a number of interdimer bridges after
removal or deprotonation of the remaining aqua groups on
the Ce centers. Furthermore, strong intramolecular hydrogen-
bonding interactions also stabilize the assembly (see Support-
ing Information).

On the basis of magnetic susceptibility measurements
(2.0-290 K, 0.1 Tesla), the cluster aggregate 1 can be
described as three independent, antiferromagnetically cou-
pled Mn" (S=3/2) dimers with an overall singlet ground
state. Though the geometries of the {Ce;Mn,} cores of dimers
A and B differ slightly, a simple model based on three
identical Mn—Mn coupling interactions adequately describes
the observed data. A corresponding isotropic Heisenberg
model H=-2JS,8, yields a near-perfect fit to the exper-
imental data (Figure 2) for J=—5.1 cm™' and g, = 1.98. Note
that this exchange energy is significantly higher than that
reported for 2 (—0.4 cm™)" despite longer Mn--Mn dis-
tances (4.94 vs. 4.78 A). This difference might be due to 1) the
distortion of the {Ce;Mn,} core in 1 resulting in smaller Mn-O-
Ce bond angles closer to 90° and 2) the presence of two
additional p,-hydroxo groups at each {Ce;Mn,} core that
expand the superexchange network.
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Figure 2. Temperature dependence of %T for K3Na;;1-106 H,O at
0.1 Tesla (experimental data: gray squares; best fit to isotropic Heisen-
berg model: black graph).
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Studies in aqueous solution suggest that the aggregated
complex, once formed, is stable in solution. It does not
dissociate into or equilibrate with the dimeric form to release
the phosphate template. Addition of CaCl, yields no precip-
itation of Ca;(PO,),. Neither can the phosphate group of 1in
solution be displaced by other tetrahedral oxoanions such as
SO or ClO, . As expected, the presence of multiple
paramagnetic Mn'" centers in 1 strongly affects the relaxation
of nearby phosphorus nuclei. Solution *'P NMR spectroscopy
shows only a single broadened peak at 6 = —13.9 ppm (Av,, =
89.1 Hz), which is ascribed to well-shielded distal phospho-
rous atoms in the Dawson units and comparable to that
measured for a related Mn'Y POM species.” The signals for
the central and proximal phosphorous atoms are too broad to
be observed, owing to their proximity to the Mn' centers
(Figure 1c). The fact that all six distal phosphorous atoms
become equivalent on the NMR timescale is attributed to
their similar environments and to some degree of flexibility
for the macrocycle in solution. No free phosphate signal was
detected in the P NMR spectrum.

This study demonstrates, and further confirms, that ligand
metathesis constitutes a versatile tool to create novel
molecule-based magnetic materials along the borderline
between polyoxometalate and metal carboxylate clusters.
The assembly of 1 may be considered as a good example for
template-directed cluster formation. The results underline the
importance of coordinatively unsaturated (“coordination
number residuum™) or labile binding sites, a prerequisite for
further cluster aggregation. In addition, the use of template
agents could be key for the buildup of increasingly sophisti-
cated POM oligomers or aggregates. In view of this potential,
the role of small inorganic anions will have to be discussed as
being more important than previously thought.

Experimental Section

1: A sample of solid Na,,[P,W,;05]- 18 H,O"" (1.16 g, 0.27 mmol) was
added to a solution of 2 (0.2 g, 0.13 mmol) in H,O (40 mL). The
resulting suspension was vigorously stirred for a few minutes, and a
clear solution was formed. Aqueous NaH,PO, (0.1m, 0.4 mL) was
then added, and the mixture was stirred for 1 h. Then, solid KCl
(0.28 g, 3.8 mmol) was added and the solution heated at 80°C for
10 min. Slow evaporation of the solution produced prismatic red
crystals after two weeks (yield 0.25 g, 20 % based on W). Without the
addition of NaH,PO,, only a small amount of crystals formed and the
yield was less than 0.1 %. Elemental analysis (%) calcd: H 0.8, Na 0.9,
P14,K50,Mn12,Ce4.5,W59.3;found: H0.9,Na0.9,P 1.4, K 5.3,
Mn 1.3, Ce4.6, W61.3%. IR (KBr, 1400-500 cm™"): #=1088(s),
1059(m), 1015(sh), 941(s), 913(s), 878(sh), 820(s), 743(s, br), 524(m),
453(w), 416 cm ™' (w).
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