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Shaped Squarato-oxovanadium(iv) Framework:
[N(nBu)4]8[V24O24(C4O4)12(OCH3)32]
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Polyoxometalates with organic oxygen donor groups show
an impressive structural and electronic diversity. As a result,
extensive synthetic research has been carried out in this field
in the past few years, with the aim of synthesizing compounds
with interesting magnetic or catalytic properties,[1] as well as
precursors for metal oxides of high purity.[2] Notable successes
were achieved in synthesizing polyoxo-alkoxo-metalates with
chelating trisalkoxy ligands.[3] Polyoxometal-
ate fragments that are otherwise usually
unstable can be stabilized by using suitable,
highly symmetrical polydentate coligands
such as oxalate and squarate. The high
symmetry of the bis-bidentate squarato group
1, as well as the suitable spacing of
the four oxygen donor atoms favors the interconnection of
small polyoxo-alkoxo-vanadate units to highly symmetric
supermolecular polyoxometalate derivatives. Until now,
suprisingly few squarato-oxovanadium compounds have
been structurally characterized. In the anions
[V2O2(C4O4)2(OH)(H2O)3]ÿ ,[4, 5] [V2O3(C4O4)2(H2O)3]ÿ ,[5]

[V2O2(C4O4)2F4]4ÿ,[4] [V3O3(C4O4)3F4]4ÿ,[6] and [V4O6(C4O4)5-
(H2O)4]4ÿ,[5] the squarato group is a m2-bridging ligand; only in
the polymeric compounds 21[V(OH)(C4O4)] and 31[V(OH)-
(C4O4)(H2O)],[7] is the squarato ligand found to be m3-
and m4-bridging, respectively.[7] Herein, we report the
solvothermal synthesis and structure of the cube-shaped 24-
nuclear oxo-alkoxo-squarato complex [N(nBu)4]8[V24O24-
(C4O4)12(OCH3)32] (2) (Figure 1), which is an astonishing
example of a compound with m4-bridged oxo-alkoxo-vana-
dium fragments.

Vanadium(v) oxytrialkoxides prove to be auspicious start-
ing materials for the synthesis of new polyoxometalates.[8] In

vacuo, and filtered over silica gel with petroleum ether/ethyl acetate (20:1
v/v) to give 2 as a colorless liquid; yield: 1.02 g (2.9 mmol, 60 %). 1H NMR
(CDCl3, 400 MHz): d� 4.17 (t, J� 7 Hz, 2H; OCOCH2), 2.52 (q, J� 7 Hz,
2H; HSCH2), 1.94 (s, 6 H; CH3), 1.70 ± 1.57 (m, 4 H; CH2), 1.40 ± 1.24 (m,
14H; CH2); 13C NMR (CDCl3, APT, 100 MHz): d� 171.72, 66.12, 55.99,
34.01, 30.78, 29.43, 29.42, 29.41, 29.12, 29.03, 28.34, 28.32, 25.75, 24.62; MS:
m/z (%): 354 (2) [M�], 87 (100).

Site-exchange process: C12 colloid (385 mg) and thiol initiator 2 (69 mg,
0.2 mmol) were dissolved in toluene (190 mL) and stirred for 24 h at room
temperature. The solution was evaporated to dryness in vacuo and the
crude product intensively washed with ethanol to give initiator-function-
alized Au-NPs (390 mg).

Tris(2-dimethylaminoethyl)amine (Me6Tren) was synthesized according to
the method given in reference [9].

ATR polymerization and cleavage of the grafted polymer chains: Initiator-
functionalized Au-NPs (66 mg) were dissolved in toluene (1 mL) and n-
butylacrylate (2 mL, 14.0 mmol), and CuBr (3.8 mg, 26 mmol) and Me6Tren
(7.0 mg, 30 mmol) were dissolved in n-butylacrylate (3 mL, 20.9 mmol).
Both solutions were degassed with argon and combined. After the mixture
had been stirred for 24 h at room temperature, the product precipitated in
methanol, yielding a dark brown, viscous substance. The supernatant liquid
was decanted, the residue was repeatedly washed with methanol and dried
in vacuo to give the product (527 mg). The polymer-coated Au-NPs (38 mg)
were dissolved in toluene (20 mL), and n-butanol (2 mL) and p-toluene-
sulfonic acid (20 mg) were added. Heating overnight under reflux, filtration
over silica gel, and drying in vacuo gave the cleaved polymer.

TEM images were recorded on a Philips CM-300 microscope working at
300 kV. SFM measurements were performed on a Digital Instruments
Multimode SPM with a Nanoscope IIIa controller in the tapping mode. The
resonance frequency dependent on the Si-cantilever (K� 42 Nmÿ1, Nano-
sensors) was set to about 330 kHz. Samples were prepared by spin casting
of a dilute CHCl3 or THF solution with a concentration of 0.01 mg mLÿ1 at
2000 rpm on mica as a substrate. GP chromatograms were recorded on a
Spectra-Physics SP 8100 (polystyrene calibration). Thermogravimetric
measurements were carried out on a Netzsch TG 209.
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Figure 1. Structure of the cubic anion in 2 viewed on one of the cubic faces.

the course of dissolving vanadium(v)oxytri-(tert-butoxide),
VO(OtBu)3, in methanol, an almost complete exchange of the
OtBu groups for the methoxy groups in the solvent takes
place. The resulting solution contains oligomeric fragments
cut out of the infinite chains of solid vanadium(v) oxytrimeth-
oxide 11[VO(OMe)3].[8, 9] Solvothermal conditions and the
presence of a stochiometric amount of squaric acid and tetra-
n-butylammonium hydroxide reduce VV to VIV in these
solutions; excess methanol functions as the main reducing
agent. This resulted in the formation of 2, which was
characterized by X-ray structure analysis.[10]

The cube-shaped framework of 2 is made up of eight
{(VO)3(OMe)4O6} subunits at its corners. Each of these
trinuclear units is built up of three edge-sharing, distorted
VO6 octahedra with one corner oxygen atom in common
(Figures 2 and 3). This structural unit can be considered an
incomplete, distorted heterocubane unit, in which one of the
vanadium positions remains unoccupied. A comparable
arrangement of atoms occurs in the isolated anion
[V3O3(C4O4)3F4]4ÿ ;[6] however, it contains fluoro ligands
instead of methoxy groups.

The edge-sharing oxygen atoms in this trinuclear compo-
nent come from three m2- and one m3-bridging methoxy groups.
The {VO6} coordination sphere is completed by a terminal oxo
group located trans to the triply bridging methoxy group and
two oxygen atoms of one squarato ligand perpendicular to the

Figure 2. Section of the structure of 2 with selected bond lengths [�]: V(1)-
O(1) 1.604(5), V(1)-O(12) 1.974(4), V(1)-O(123) 2.220(4), V(1)-O(1Q)
2.019(4).

Figure 3. Polyhedral representation of the anion structure,
[V24O24(C4O4)12(OCH3)32]8ÿ, viewed along the space diagonal of the cube.

quadrangular arrangement of the V2(OMe)2 groups. Eight
{(VO)3(OMe)4} subunits are connected by twelve m4-bridging
squarato ligands to form edges of the cube (Figures 1 and 3).

The eight m3-bridging methoxy groups point towards the
center of the cube, whereas the 24 m2-methoxy groups face
outwards. The tetra-n-butylammonium cations form unex-
pectedly close contacts with the anions. Six of the eight cations
are located on top of the cube faces such that one of their
butyl groups always protrudes into the hydrophobic cavity
inside the anion (Figure 4). Thus, the anion and the six tetra-n-
butylammonium cations accumulate to a twofold negatively

Figure 4. Cation ± anion network in the structural unit {[N(nBu)4]6-
[V24O24(C4O4)12(OCH3)32]}2ÿ.

charged array, {[N(nBu)4]6[V24O24(C4O4)12(OCH3)32]}2ÿ, in
which the vanadium ± oxygen framework is completely sur-
rounded by a hydrophobic shell that consists of 24 methyl and
18 n-butyl groups (outside) as well as eight methyl groups and
six n-butyl groups (inside). The two remaining tetra-n-
butylammonium cations and the huge anion are arranged to
form a bulky ionic framework in which weakly bound solvent
molecules are incorporated. Crystals lose the enclosed
methanol even at low temperatures. For this reason, the
number and positions of the remaining disordered methanol
molecules could not be determined with a high degree of
accuracy.[10]

By replacing the tetra-n-butylammonium hydroxide in the
synthesis with an equivalent amount of an alkali metal
hydroxide or ammonia, it is possible to synthesize other salts
with the anion, [V24O24(C4O4)12(OCH3)32]8ÿ. The formation of
this anion can be verified with aid of IR spectroscopy, because
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1,6-Methano[10]annulene has a Delocalized
Structure in S0 and S1: High-Resolution
Spectroscopy in a Supersonic Jet**
Reinhold Seiler and Bernhard Dick*

Aromatic molecules substantially differ from olefins in
terms of their reactivity and spectroscopic properties. A
common characteristic and necessary structural element of
aromatic molecules is a planar, cyclically conjugated system of
4n� 2 p electrons, without bond-length alternation. The
Hückel rule predicts that such systems are more stable than
theoretical systems with alternating bond lengths.[1] This rule
emerges from a molecular orbital (MO) description of the
wavefunction of the p electrons, and has been verified by
ab initio calculations for benzene and a number of other
polycyclic arenes. For some species, however, calculations on
the electron-delocalized structure found it to be a transition
state between two electron-localized structures. A noted
example of this effect is 1,6-methano[10]annulene (MA): The
semiempirical MNDO, AM1, and PM3 methods obtained a
localized structure while ab initio calculations at the SCF le-
vel with a simple STO-3G basis set favored delocalized

the cation exchange implies almost no change in the range of
the O ± C(H3) and V ± O vibrations. For the potassium salt
K8[V24O24(C4O4)12(OCH3)32] (3), the cubic structure of the
anion, analgous to that of 2, was determined by difference-
Fourier analyis, whereas the potassium cations coordinated by
methanol molecules as well as free solvent molecules in the
crystal lattice were disordered and could not be clearly
localized by crystal-structure analysis.[11] Exchanging the
cations led to a change in the environment of the anion,
which led to significant differences in the cation ± anion
interactions. Because of the ion-pair formation with tetra-n-
butylammonium, a low charge formed, which is more likely a
hydrophobic anion to be protected by the n-butyl groups. In
the case of the potassium cation, the anion is highly charged,
and balanced by the solvated potassium cations. This inevi-
tably leads to compounds with different solubility behavior.
Furthermore, the composition of the vanadium ± oxygen
compounds obtained by thermal decomposition can be
controlled by the choice of cation. It is also advantageous
that the squarato and methoxy ligands can be removed easily
with a simultaneous reduction of the vanadium.

Experimental Section

A 0.2m solution of VO(OtBu)3 (23 mL, 4.6 mmol) in methanol (Merck
p.a.), H2C4O4 (0.27 g, 2.4 mmol) and a 0.8m solution of tetra-n-butylam-
monium hydroxide (2 mL, 1.6 mmol) in methanol (Fluka) were heated for
24 h at 125 8C in a 50 mL Teflon-lined autoclave (Berghof). After the
autoclave was cooled to room temperature, the content was left to stand for
one day at ÿ30 8C to complete crystallization. The extremly temperature-
sensitive, green crystals of 2 ´ x MeOH were filtered in an argon atmosphere
at room temperature, washed with methanol, and dried under vacuum for a
complete removal of the weakly bound methanol. Yield (based on the
solvent-free compound): 0.71 g (0.12 mmol), 63 %. Elemental analysis
calcd (%, based on the solvent-free compound) for C208H384N8O104V24 (M�
5883.90 gmolÿ1): C 42.5, H 6.58, N 1.90; found: C 42.8, H 6.64, N 1.97; IR
(KBr, 400 ± 1600 cmÿ1): nÄ � 424 (s), 464 (m) 573 (m), 967 (s), 976 (s) 1033
(s), 1069 (m), 1098 (w), 1446 (s), 1471 (s), 1523 cmÿ1 (vs, br).

3 : The synthesis of the potassium salt was analogous to that of the
compound 2, with a stoichiometric amount of potassium hydroxide instead
of tetra-n-butylammonium hydroxide. Green crystals were isolated by
filtering immediately after cooling the autoclave to room temperature.
Yield (based on the solvent free compound): 0.36 g (0.084 mmol), 41%.
Elemental analysis calcd (%, based on the solvent free compound) for
K8C80H96O104V24 (M� 4256.9 g molÿ1): C 22.6, H 2.27; found: C 21.5, H
2.32; IR (KBr, 400 ± 1600 cmÿ1): nÄ � 427 (s), 471 (m) 576 (m), 959 (s, br),
1013 (s, br),1058 (m), 1099 (w), 1443 (s), 1483 (vs), 1521 cmÿ1 (vs, br).
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[10] Crystal structure analysis of 2 : Bruker XPS diffractometer (CCD area
detector, MoKa radiation, l� 0.71073 �), graphite monochromator,

empirical absorption correction using symmetry-equivalent reflec-
tions (SADABS, Area-Detector-Absorbsion Correction, Siemens
Industrial Automation Inc., Madison, WI, 1996); the structures were
solved by direct methods; the initial structures were refined against F 2

(Bruker-SHELXTL, version 5.1, 1998). The hydrogen atoms were
calculated in geometrically idealized positions. Crystal size 0.40�
0.38� 0.24 mm, T� 133 K, triclinic, space group P1Å, a� 20.277(2),
b� 20.605(2), c� 20.631(2) �, a� 115.07(1), b� 94.39(1), g�
91.88(1)8, V� 7764.0(15) �3, Z� 2, 1calcd� 1.258 gcmÿ3, 2qmax� 478,
54859 collected reflections, 22361 unique reflections, 1042 parame-
ters, m� 0.76 mmÿ1, absorption correction, effective transmission
max./min.� 0.7456/0.3775. R1 (I> 2s(I))� 0.0718, wR2 (I> 2s(I))�
0.1964, R1 (all data)� 0.1149, wR2 (all data)� 0.2166, largest differ-
ence peak and hole � /ÿ� 1.767/0.743 e�ÿ3. The crystals were picked
directly out of the mother liquor under a cold nitrogen stream.
Because of the loss of the enclosed solvent methanol even at low
temperatures, it was not possible to determine the number and exact
positions of the remaining methanol molecules. Therefore, a solvent-
free data set was generated with the computer program SQUEEZE
(T. Spek, PLATON, 1999). This data set was used for the crystal
structure refinement.[12]

[11] Crystal structure analysis of 3 (carried out analogously to details in
reference [10]): tetragonal, P4/ncc, a� 26.356(3), b� 26.356(3), c�
31.290(5) �, V� 21731.6 �3, T� 143 K.[12]

[12] Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos.
CCDC-162386 (2) and CCDC-169184 (anion substructure of 3).
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-
336-033; e-mail : deposit@ccdc.cam.ac.uk).
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