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The charge-neutral antimonatopolyoxovanadium(lV) cluster
[V|V1ssbm4042(H20){V|VO(C6H14N2)2}4] . 10H20 . C6H14N2 was obtained
under solvothermal conditions. The central cluster fragment,
[VV16Sh",042], is a derivative of the [V1s04] archetype and is
formed by replacing two VOs polyhedra by two Sb,Os units. The
{V20Shs} structure expands the {V1¢Shs} motif by the addition of
four square-pyramidal, terminal VO(1,2-diaminocyclohexane), groups.
At low temperatures, the magnetic ground state is characterized
by four independent S = 1/, sites.

Reduced polyoxovanadates form a class of molecular metal
oxide compounds that feature unique aspects, e.g., catalytic
deNOx properties,' inorganic supramolecular host—guest
chemistry with a flexible structural complementarity,” a vast
redox chemistry characterized by different cluster types
existing in various reduction states,” and, because of the
presence of d! vanadyl (VO?*; spin !/,) groups, magnetic
properties that render several such cluster compounds as
important model systems for the study of, e.g., spin frustra-
tion,* Dzyaloshinsky—Moria interactions and other splitting
effects,” or spin—phonon bottlenecks and butterfly hyster-
esis.® In this context, several arsenate polyoxovanadates have
been studied extensively, most prominently the Ds;-symmetric
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polyoxovanadate cluster anion [VIV;5As"504,(H,0)]*,” rep-
resenting an equilateral spin '/, triangle. Although fully
reduced, i.e., comprising 15 S = !/, sites, the {VsAse}
system falls into two strongly antiferromagnetically coupled
Ve hexagons® that sandwich a V; triangle featuring weak
intratriangle coupling via O,As(u-O)AsO, superexchange
pathways. Antisymmetric exchange coupling causes splitting
of the doublet ground state and a pronounced magnetic
anisotropy, dominating the low-temperature magnetism of
{V15A86}-9

To expand the array of such vanadium(I'V)-based magnetic
cluster compounds, we recently isolated the first discrete
antimony polyoxovanadates (CsH;7N3)4[V16SbsOuz]*2H,0,
(NH4)4[V14SbgO4] - 2H,0, and  (trenH3),[Vi5SbsO4]*
0.33tren*nH,0,'*!'" suggesting the existence of a series of
substituted {V,304,} clusters of general composition
[(amineH)n,Vlg_be2X042]'nHZO ()C = 2—4)

We have now synthesized the first reduced polyoxo-
vanadate cluster that expands the spherical {V ;s SbyOu4s}
cluster type, the first charge-neutral antimony polyoxo-
vanadium(IV)  compound  [V'VsSb"40,4(H,0){VO-
(C¢H1aN2)2}4]+ 10H,0 - CeH14N, (CeHisN, = (£)-trans-1,2-
diaminocyclohexane). The central cluster fragment,
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Figure 1. Polyhedral representation of the central fragment of the
[V16SbsO42(H20){ VO(CsH14N2)2 }4] cluster. The VOs polyhedra are shown
in different colors to highlight their connection. The terminal oxo groups
to which additional vanadyl groups coordinate are encircled (Sb, yellow;
0, red).

[VV16Sb",0y5,], is directly derived from the [V304,] arche-
type by replacing two VOs square pyramids by two Sb,Os
units (Figure 1).

The Sb,Os units are formed by two pyramidal, corner-
sharing SbOs groups, yielding a handlelike moiety [Sb—O:
1.929(3)-1.969(3) 10\]. The structure of the cluster consists
of two perpendicular eight-membered rings composed of
edge-sharing VOs pyramids. Two additional VOs groups are
located on opposite sides, and each of these VOs pyramids
shares two edges with the two rings (Figure 1). The Sb,0s
units share corners with four VOs pyramids and edges with
two VOs groups. As in the {V304,} structure, the 20 u3-O
sites [V—0O: 1.883(3)-2.014(4) A] span a rhombicubocta-
hedron. All terminal V=0 bond lengths are typical of
vanadyl groups [V=0: 1.599(3)-1.673(3) A]. The shortest
V—V distances are between 2.9226(8) and 3.0341(9) A.
However, the complete {VSbs} structure expands the
{Vi6Sbs} motif by the addition of four terminal VO(1,2-
diaminocyclohexane), groups featuring a slightly distorted
square-pyramidal N4VO coordination mode [V—N =
2.100(4)-2.135(4) A] with a domed VN, configuration,
characteristic for vanadyl complexes.

The four N4VO groups bind to four terminal O atoms of
the [Sb"yVV504,] cluster (Figure 2) trans to the vanadyl
V=0 vector and completing the final charge-neutral
[V16SbsO4(H,0){ VO(CsH4N»), }4] cluster with a diameter
of approximately 17.5 A (measured from coordinate to
coordinate; Figure 2). The V—O bonds to the bridging O
atom [2.105(3) and 2.116(3) A] are slightly longer than the
V—0 bonds in the VOs pyramids to the O atoms of the base
of the pyramids. Bond valence sum calculations indicate that
all 20 V centers have an oxidation state close to 4.0.

The Sb(1) atom has two O atoms of two VN,4O groups of
two neighboring clusters at 2.885 and 2.904 A, which are
shorter than the sum of the van der Waals radii.

When these weak Sb—O interactions are taken into
account, a three-dimensional network with different pores,
which are occupied by crystal water and uncoordinated amine
molecules, is formed (Figure 3). The dimensions of the
channels along [100] are about 12.11 A, along [010]
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Figure 2. Structure of the [V6SbsO42(H20){ VO(CsH4N2)2 }4] cluster. The
central H,O guest molecule is not shown for clarity. V positions of the
central fragment are shown in dark blue and the four terminal V centers in
light blue (Sb, yellow; O, red; N, green; C, black; H, light gray).

Figure 3. Arrangement of the [V 6SbsO4(H20){ VO(CsH4N2)2 }4] clusters
viewed along [100] (left) and along [010] (right). H,O and organic molecules
are not displayed for clarity.

11.7—12.3 A, and along [001] 9.9—13.3 A. The view along
[100] suggests the formation of a kind of 4* net. The total
potential solvent area calculated with the PLATON'? suite
is about 65.6%. Note that in the related structure of
[(CzNzHl())z-ﬁ-{ SbgV 14042(H20)}](C2N2Hg) * 8H20 the Charged
clusters are joined via weak Sb—O interactions (Sb—O: 2.794
and 2.740 A) to form double chains.' In the structure of
[(Co(en),),V14SbsO4(H,0)]+8H,0, neighboring spherical
[V14SbsO4(H,0)]*~ clusters are bridged by the [Co(en),]*"
complexes, yielding charge-neutral layers.'*

The magnetism is characterized by strong antiferromag-
netic coupling between the S = !/, VO** groups within the
central fragment, similar to the observed coupling for fully
reduced {V304(X)} species.’ The low-field susceptibility
is characterized by a continual decrease of ¥7 with decreasing
temperature, with values far below the high-temperature
(spin-only) limit of 7.5 emu<K/mol for 20 uncoupled § =
17, centers (g = 2.0). However, the product ¥ 7 approaches a
shoulder at around 6 K at 1.43 emu-K/mol and reaches a
final value of 1.4 emu*K/mol at 2 K, close to the spin-only
value for four independent S = !/, sites (Figure 4).
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Figure 4. Temperature dependence of y7 at 0.1 T for 1. The red horizontal
dots indicate the spin-only x7 values for four uncorrelated spin !/, centers
(g = 1.95). Inset: Magnetization as a function of the external field at 2.0 K
(experimental data, black squares; best fit to the Brillouin function, red
graph).

Magnetization measurements (0—5.0 T) at 2 K confirm
the existence of four uncorrelated vanadyl groups at 2 K (g
= 1.95), and a near-perfect fit is produced by a scaled
Brillouin curve ag(S) with S = !/, and o = 3.89 (Figure 4,
inset). This indicates that the coupling between the terminal
vanadyl groups and their neighboring V positions of the
central fragment is very weak. Therefore, down to 2 K, the
system can be regarded as comprising a magnetically isolated
core fragment and four virtually isolated satellite spin centers.

In summary, we present the first example of a discrete
reduced polyoxovanadate cage compound that has been
augmented with terminal V positions, here stabilized by large
chelating amine ligands. The surprising ease with which the
substitution of VOs®~ pyramids by Sb,Os*~ groups occurs
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under solvothermal conditions, even in highly stable struc-
tural archetypes such as the {V;304,} cage, motivates us to
probe whether other polyoxovanadate cage compounds can
be substituted and/or expanded in the way presented here,
too. Because the presence of polydentate organic ligands in
the reaction solution is known to affect the polyoxovanadate
formation mechanism,'” the nature of the employed ligand
represents an additional control parameter. The charge
neutrality and the addition of a lipophilic sheath of cyclo-
hexane-based ligands render the compound soluble in various
organic solvents like dimethylformamide, ethanol, methanol,
and diethyldiamine, opening up new avenues for homoge-
neous redox catalysis. The UV—-vis spectra of such solutions
(Figure S2 in the Supporting Information) show strong
absorption below about 400 nm.
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