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ABSTRACT: Two neutral silver(I)-phenylethynide clusters
incorporating the [(tBuPO3)4V4O8]

4- unit as an integral shell
component, namely {(NO3)2@Ag16(CtCPh)4[(

tBuPO3)4
V4O8]2(DMF)6(NO3)2} 3DMF 3H2O and {[(O2)V2O6]3@
Ag43(CtCPh)19[(

tBuPO3)4V4O8]3(DMF)6} 3 5DMF 3
2H2O, have been isolated and characterized by X-ray crystal-
lography. The central cavities of the Ag16 and Ag43 clusters are
occupied by two NO3

- and three [(O2)V2O6]
4- template

anions, respectively.

Polyoxometalates (POMs) are of interest due to their struc-
tural variety and desirable properties in catalysis, materials

science, and medicine.1 Much progress has been made on the
synthesis of spherical and bowl-shaped POMs displaying very
interesting host-guest and encapsulation properties.2 Of the
POMs, polyoxovanadates (POVs) constitute a fascinating family
of polynuclear oxo-anions, attributable to the fact that vanadium
can adopt variable coordination geometries and has a strong
tendency to exhibit mixed-valent states.3 Recent research on
POVsmainly focused on the incorporation of group 15 elements,
and a number of P-V-O, As-V-O, and Sb-V-O clusters
have been synthesized by different methods.4 Furthermore, it is
expected that a second transitionmetal can be integrated into the
POV skeleton, which may generate a new class of mixed-metal
clusters with novel structures and useful properties.

The conventional way to assemble molecular nanosized POM
architectures is through the ligation of hetero-POM lacunary
clusters by complexation with electrophiles or additional
heteroatoms.5 However, few investigations have been carried
out to achieve this goal because it is hard to obtain lacunary POV
precursors. Hence new synthetic routes, especially those con-
ducted in organic media with soluble vanadium precursors, are
worthy of exploration because they may lead to the assembly and
construction of POVs exhibiting novel cluster structures.

tert-Butyl and phenyl ethynide ligands adopting μ3, μ4, or μ5
ligation modes have been employed as versatile precursors for
the synthesis of a vast variety of silver(I) double, triple, and
quadruple salts, thereby confirming the general utility of the
multinuclear silver(I)-ethynide6 R-CtC⊃Agn (n = 3, 4, 5; R =
alkyl, aryl, heteroaryl) supramolecular synthon in coordination
network assembly. Recently, using polymeric RC2Ag as precur-
sors, we and other groups have reported a new and growing
number of high-nuclearity silver(I)-ethynide clusters, whose

size and shape can be controlled by the introduction of various
templating anions.7 Now we present a new synthetic approach
employing silver(I)-ethynide, POV precursor, and tert-butyl-
phosphonic acid in the assembly of a novel type of high-
nuclearity silver(I)-phenylethynide clusters.

In this work, two unprecedented mixed-metal giant clusters
with silver(I)-phenylethynide moieties and phosphonate-func-
tionalized POVs as their surface components, {(NO3)2@Ag16
(CtCPh)4[(

tBuPO3)4V4O8]2(DMF)6(NO3)2} 3DMF 3H2O
(1) and {[(O2)V2O6]3@Ag43(CtCPh)19[(

tBuPO3)4V4O8]3
(DMF)6} 3 5DMF 3 2H2O (2), have been isolated. Their cluster
architectures have been elucidated. They are both neutral
molecular materials, in which different numbers and kinds of
template anionic species are encapsulated.

The reaction of (Me4N)3(H3V10O28) with AgCtCPh,
AgNO3 and tBuPO3H2 in dimethyl formamide (DMF)
yielded {(NO3)2@Ag16(CtCPh)4[(

tBuPO3)4V4O8]2(DMF)6
(NO3)2} 3DMF 3H2O (1).8 Single-crystal X-ray analysis9 re-
vealed that complex 1 is a solvated, neutral centrosymmertic
ellipsoidal Ag16 cluster encapsulating a pair of template nitrate
anions (Figures 1 and S1). Within the NO3

- anion, only one
oxygen atom coordinates to two silver atoms by the μ2-η

1,η1

ligation mode, with Ag-O bond distances of 2.299(1) and
2.431(1) Å. The structure of the cationic cluster shell can be
described as consisting of two [(tBuPO3)4(V4O8)]

4- caps
symmetrically bridged by four mid-section butterfly-shaped Ag4-
(μ4-η

1,η1,η1,η2-CtCPh) units (Figure 1b). In the [(tBuPO3)4
(V4O8)]

4- building unit, the tetranuclear [V4O8]
4þ fragment

comprises a boat-shaped eight-membered V4O4 ring bearing four
exocyclic VdO groups (Figure 2a). Hence, each vanadium(V)
atom has a square-pyramidal coordination environment, with
V-O bond lengths of 1.794(6)-1.998(6) Å and VdO bond
lengths of 1.572(6)-1.600(6) Å, which are in good agreement
with structural data reported for similar polyoxovanadium
clusters.10 Eight tert-butylphosphonate ligands, each adopting
the μ6 bridging mode to bind two vanadium and four silver
atoms, consolidate the mixed-metal cluster shell via Ag-OP

(OP = oxygen atom of the tert-butylphosphonate ligand) bond
lengths ranging from 2.257(6) to 2.516(6) Å. The argento-
philic Ag 3 3 3Ag bond distances lie in the range 2.845(2)-
3.100(2) Å. Additionally, six DMF molecules and two nitrate
anions each coordinate to one silver atom, and the crystal
structure also contains another DMF and a water molecule in
the unit cell.
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Peroxo-POMs are known to be effective oxidizing agents, and
examples in which the peroxo group is bound to addenda atoms
of the POM skeleton have been reported.11 Accordingly, we
decided to investigate in detail the interaction of POVs with
AgCtCPh, AgNO3, and

tBuPO3H2 in the presence of hydrogen
peroxide.

The synthesis procedure used to obtain {[(O2)V2O6]3
@Ag43(CtCPh)19[(

tBuPO3)4V4O8]3(DMF)6} 3 5DMF 3 2H2O
(2) is similar to that used for 1, except that aqueous H2O2 (30%)
and Ph2PCH2PPh2 were added to the reaction mixture.8 Com-
plex 2 exhibits a neutral, pseudo-C3-symmetric cluster shell com-
posed of 43 silver(I) ions consolidated by 3 [(tBuPO3)4(V4O8)]

4-

units, 19 peripheral PhCtC- ligands, and 6 DMF ligands
(Figure S2). The structure of the [(tBuPO3)4(V4O8)]

4- moiety
is identical to that found in 1, with each tert-butylphosphonate
ligand adopting a μ6-bridging mode to coordinate to two vanadium
and four silver atoms. On the other hand, the Ag43 cluster cavity in 2
is sufficiently large to accommodate three template [(O2)V2O6]

4-

anions (Figure 3). The peroxo group in each [(O2)V2O6]
4-moiety

is connected to a [(tBuPO3)4(V4O8)]
4- surface unit, whereas the

other six oxygen atoms are bound to silver atoms by μ1,μ2-η
1,η1 or

μ3-η
1,η1,η1 ligation modes (Figure 2b). The three independently

measured peroxo Opo-Opo bond lengths lie in the range of
1.484(9)-1.493(9) Å, and the V-Opo bond lengths of 1.894(7)-
2.461(7) Å are significantly longer than the V-O (1.646(7)-
2.056(7) Å) andVdO(1.578(7)-1.614(7) Å) bond lengths. If the
peroxo group were regarded as occupying a single ligand site, both
vanadium(V) atoms in [(O2)V2O6]

4- would be in a tetrahedral
coordination environment. As compared to 1, more silver triangles,
tetragons, and pentagons are present in 2. Of the 19PhCtC ligands
that hold the Ag43 cluster together, 10 adopt μ3-η

1,η1,η1 or
μ3-η

1,η1,η2 ligation modes to link different silver triangles, 8 use
theμ4-η

1,η1,η1,η1 orμ4-η
1,η1,η1,η2mode to coordinate to planar or

butterfly silver tetragons, and the remaining 1 takes a μ5-
η1,η1,η1,η1,η2 ligation mode within a square-pyramidal Ag5 basket.
Additionally, six DMF ligands each coordinate to only one silver
atom. The crystal structure is further stabilized by fiveDMF and two
water solvate molecules.

The syntheses of 1 and 2 indicate that large silver(I) ethynide
clusters can be built up by a disassembly-reassembly solution
process. In this work, under suitable reaction conditions the POV
precursor (Me4N)3(H3V10O28) can be transformed into polyoxo-
vanadium phosphonate building blocks, which tend to induce the
formation of large silver clusters via Ag-O bonding interactions. It is
noteworthy that the same [(tBuPO3)4(V4O8)]

4- structure building
component occurs in constructing the different cluster shells of 1 and
2. In contrast, all previously reported high-nuclearity silver(I)-
ethynide cluster compounds have shells composed of Ag(I) vertices
only,7a-e and those that incorporate POMs have the latter compo-
nent either occupying interior cavities7e,f or attached to the cluster
surface.7g Furthermore, hitherto most synthetic studies were carried
out with polymeric tBuCtCAg, but here we used PhCtCAg. In 1,
the Ag16 cluster cavity accommodates two template nitrate anions,
whereas in 2 the much larger Ag43 cluster cavity encloses three
[(O2)V2O6]

4- template anions. Alternatively, as the peroxo group in
[(O2)V2O6]

4- is connected to a surface [(tBuPO3)4(V4O8)]
4- unit

to form a [(tBuPO3)4(V4O8)(O2)(V2O6)]
8- entity, complex 2may

be regarded as assembled directly from this enlarged POV and the
silver(I)-phenylethynide supramolecular synthon Ph-CtC⊃Agn
(n = 3, 4, 5).

Attempts to prepare analogous complexes of 1 with other
small inorganic anions as templates were unsuccessful and always
yielded yellow intractable solids. It is evident that AgNO3 plays a
critical role in the formation of 1.

The synthesis of 2 involving dropwise addition of aqueous
hydrogen peroxide could present a general procedure for incorpor-
ating peroxo groups into POVs, thereby yielding an enlarged
Ag(I)-POV cluster. As compared to 1, more oxygen atoms in 2
are available for coordination to the surface silver(I) atoms via
Ag-O bonding interactions. On the other hand, although
Ph2PCH2PPh2 was not incorporated in complex 2, we were unable

Figure 1. (a) Top-down view of the centrosymmetric Ag16 cluster
molecule in complex 1. H atoms are omitted for clarity. Color code: Ag,
pink; C, black; O, red; N, blue; V, green; P, yellow. The C atoms of the
ethynide group are represented as small black balls, and their bonds to
silver atoms are indicated by broken lines. The encapsulated NO3

-

anions are represented by larger ball-and-stick models. (b) Side view
showing the ellipsoidal cluster core with all peripheral ligands removed.

Figure 2. (a) The [(tBuPO3)4(V4O8)]
4- peripheral structural unit in 1.

(b) Bonding between [(tBuPO3)4(V4O8)]
4- and encapsulated

[(O2)(V2O6)]
4- anion in 2. H atoms are omitted for clarity. Color

code: C, black; O, red; V, green; P, yellow.
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to generate the Ag43 cluster in its absence. The role of
Ph2PCH2PPh2 is not yet clear, but it is conceivable that its chelating
and bridging capability facilitates the stabilization of certain inter-
mediates in the molecular assembly process.

In summary, we have synthesized and structurally characterized
two neutral high-nuclearity silver(I)-ethynide clusters based on
polyoxovanadium(V) phosphonate building blocks. For the first
time, the [(tBuPO3)4(V4O8)]

4- species is demonstrated to be a
robust structural component for building up multinuclear silver
(I)-ethynide cluster shells. Compound 1 represents the first well-
characterized neutral Ag(I)-POMcluster encapsulating twonitrate
anions. Compound 2 provides a precedent of a giant silver
(I)-ethynide cluster that accommodates three POV template
anions. Further investigation of various factors that influence the
formation of silver(I)-ethynide clusters based on POMs as shell
components and/or template anions is in progress.
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