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MoO,(acac), reacts with water, amides, sulfoxides, and phos-
phane oxides in aqueous methanol, under mild conditions, to
afford a new family of molybdates of composition [Mo0,05Lg]-
[MogO19] (L = H,O, dimethylformamide, dimethylacetamide,
dimethyl sulfoxide, dibutyl sulfoxide, tributylphosphane ox-
ide, triphenylphosphane oxide, hexamethylphosphoramide).

The crystal and molecular structures of the two first structur-
ally characterized (p,-oxido)bis[dioxidomolybdenum(VI)]
hexamolybdates were established by X-ray diffraction analy-
sis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Polymolybdates have played a significant role in molyb-
denum chemistry for more than a century. The contempo-
rary interest in these compounds arises from their composi-
tional range and structural versatility, as well as important
optical, magnetic, catalytic, and medicinal properties.t') The
formation of a particular polymolybdate depends on the
nature of the cation and the reaction conditions.” Hexa-
molybdates, despite their low relevance in aqueous media,
are an important class of polyoxometalates because of the
high symmetry of the anion and their concomitant capa-
bility to form interesting derivatives.!

Here we report the easy formation of several (u,-oxido)-
bis[dioxidomolybdenum(VI)] hexamolybdates of composi-
tion [M0,0OsLg][M0sO,9] [L = H,O (1), dimethylformamide
(dmf) (2), dimethylacetamide (dma) (3), dimethyl sulfoxide
(dmso) (4), dibutyl sulfoxide (dbso) (5), tributylphosphane
oxide (OPBu3) (6), triphenylphosphane oxide (OPPh;) (7),
hexamethylphosphoramide (hmpa) (8)], as well as the crys-
tal and molecular structure of the dmso and OPBu; deriva-
tives, 4 and 6, respectively. To the best of our knowledge,
these compounds are the first hexamolybdates with diox-
idomolybdenum(VI) cations reported to date, and 6 is the
first to crystallize in a noncentrosymmetric polar crystal
class. These compounds are of high potential interest since:
(1) the possibility of functionalization of both anion and
cation through substitution of the terminal oxido groups
opens up the way to new materials with unexplored proper-
ties, (2) the expected different capability of anion and cation
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to work as oxido transfer catalysts may enable selective
transformations, and (3) the ionic nature of the compounds
and the tuning of the cation by coordinated ligands expand
the options to work in a wide range of conditions.

As part of an ongoing study on the reactivity of
MoO,(acac), (acac = acetylacetonate), it was soon evident
that the diketonate hydrolyzes rapid and completely in
aqueous methanol to yield a white solid for which molybde-
num analysis and weight difference after heating were con-
sistent with a composition very close to MoO5:0.75H,0.
We propose the formulation 1 for this compound because
the IR spectrum showed the characteristic pattern of diox-
idomolybdenum compounds, along with bands that
strongly support the presence of the hexamolybdate
anion,P! and the '"H NMR spectrum in [D4Jmethanol only
showed the presence of water.

To further elucidate the nature of this product we per-
formed several reactions of MoO,(acac), in methanol in the
presence of various O-donor ligands that are either able to
stabilize oxidomolybdenum(VI) hydrates as previously re-
ported!® or to replace water from the coordination sphere
of molybdenum.[”! In this manner we were able to isolate in
high yield compounds 2-8.

We also studied the reactivity of a suspension of freshly
precipitated MoO3-nH,O in methanol with the same li-
gands. In all cases partial formation of the corresponding
[M0,0;5L4][MogO;9] compounds was observed; the best re-
sult was obtained with the most basic ligand, hmpa.

According to these observations, the hydrolysis of
MoO,(acac), in aqueous methanol leads to a hydrated mo-
lybdenum(VI) oxide that rearranges to the metastable
[Mo0,05(H>0)6][M0gO19], which in turn reacts with strong
O-donor ligands, such as amides, sulfoxides, and phosphane
oxides, through replacement of coordinated water while re-
specting the preformed [Mo0,0s] and [MogO,9] cores.
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This process can be rationalized by assuming that the
mentioned hydrolysis proceeds through a sequence of reac-
tions as shown in Scheme 1, in which the formation of dinu-
clear species must play a relevant role, as evidenced by the
easy formation of Mo0,Os(H»O),(acac),, which was recently
characterized,® and the persistence of [M0,OsL¢]** cations
in all compounds isolated.
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Scheme 1. Suggested stepwise formation of [M0,05Lg][M0gO;o].

Condensation and deprotonation of the dinuclear species
Mo,05(H,0)4(OH), may lead to the formation of the
[Mo0gO0]>" anion, which could coexist for a while with the
hydrated dinuclear cation [Mo,05(H,0)¢]**, which in turn
is formed by protonation. According to this, when water is
replaced by strong coordinating ligands [Mo,OsLg]-
[Mo0gO19] (2-8) were formed.
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Compounds 1-8 were fully characterized by elemental
analysis, and IR and 'H NMR spectroscopy. The molecular
structures of 4 and 6 were also confirmed by single-crystal
X-ray diffraction,” and their dinuclear cations are shown
in Figures 1 and 2, respectively.

Figure 1. scheme for

Crystal
[Mo,05(dmso)s]** with thermal ellipsoids at the 50% probability
level. The minor disorder component and hydrogen atoms are
omitted for clarity.

structure and atom-labeling

Well-characterized compounds with the dication
[Mo0,0s]>* are rare, and to the best of our knowledge they
are limited to [Mo,OsL,]** (L = N,N’,N''-trimethyl-1,4,7-
triazacyclononane, N,N',N'’-tri-tert-butyl-1,4,7-triazacyclo-
nonane)'% 2 and [Mo,OsL¢]>* (L = OPPh;).["3l For the
cations from 4 and 6, the Mo-O(t) and Mo-O(,) bond
lengths are similar to those reported for related cat-
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Figure 2. Crystal structure and atom-labeling scheme for [Mo,05(OPBu3)]*>* with thermal ellipsoids at the 50% probability level. The
minor disorder component and hydrogen atoms are omitted for clarity.
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ions.'%"131 The cation from 4 has an inversion center at the
oxygen bridge, which is analogous to cations reported in
the literature; however, the angle Mo—O-Mo for the cation
from 6 is 158.8(3)°, and this species is the first example of
this type of cation that does not possess an inversion center.

The polyoxidoanion [MogO;o]> in 4 and 6 displays the
well-known Lindqvist structure. The anion from 4 is highly
symmetric, whereas that from 6 can be described as a dis-
torted octahedron.

Whereas 4 crystallizes in the space group P2;/c, quite
common among the hexamolybdates previously reported, 6
crystallizes in the more interesting space group P2(1). To
the best of our knowledge, this is the first hexamolybdate
in an acentric space group that falls in a noncentrosym-
metric polar crystal class.'¥ This kind of material possesses
all four of the noncentrosymmetric symmetry-dependent
properties,'3 specifically enantiomorphism, optical activity,
pyroelectricity, and piezoelectricity.

The catalytic activity of compounds 1-8 for oxido trans-
fer processes from several oxygen sources to PPh; was been
measured and compared with that of the prototypical
[BuyN],[MogOyo]. It is noteworthy that full oxidation of
PPh; to OPPhs could be achieved under mild conditions
with these compounds when oxygen was used as the oxi-
dant, whereas [BuyN],[MogOo] proved to be inactive in the
same conditions.

In summary, we have developed a simple reaction route
to prepare (py-oxido)bis[dioxidomolybdenum(VI)] hexa-
molybdates from MoO,(acac),. This easy procedure allows
the reactions to be carried out in high yields under mild
conditions. We have structurally characterized the two first
members of this new family of hexamolybdates; one of
them is the first hexamolybdate in a noncentrosymmetric
polar crystal class. All these compounds show catalytic ac-
tivity in oxidation processes with molecular oxygen as the
oxidant. Further studies are currently being carried out in
our laboratory.

Supporting Information (see footnote on the first page of this arti-
cle): Full experimental details, structure refinement data and tables
of bond lengths and bond angles for 4 and 6.

Acknowledgments

The authors thank Prof. H. D. Flack and Dr. G. Bernardinelli for
assistance during the refinement of the crystal structures. This re-

3954

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

search was funded by Junta de Castilla y Ledén (BU0O33A06 and
BUO12A06). J. E. thanks Junta de Castilla y Ledn for a fellowship.

[1] a) M. T. Pope, A. Miiller, Angew. Chem. 1991, 103, 56-70; An-

gew. Chem. Int. Ed. Engl. 1991, 30, 34-48; b) D.-L. Long, E.
Burkholder, L. Cronin, Chem. Soc. Rev. 2007, 36, 105-121.

[2] M. T. Pope in Comprehensive Coordination Chemistry II (Eds:
J. A. McCleverty, T. H. Meyer, A. G. Wedd), Elsevier Perga-
mon, Amsterdam, 2004, vol. 4, pp. 635-678.

[3] a) J. B. Strong, B. S. Haggerty, A. L. Rheingold, E. A. Maatta,
Chem. Commun. 1997, 1137-1138; b) Y. Wei, B. Xu, C. L.
Barnes, Z. Peng, J Am. Chem. Soc. 2001, 123, 4083-4084.

[4] a) P. Wu, Q. Li, N. Ge, Y. Wey, Y. Wang, P. Wang, H. Guo,
Eur. J. Inorg. Chem. 2004, 2819-2822; b) Y. Xia, Y. Wey, Y.
Wang, H. Guo, Inorg. Chem. 2005, 44, 9823-9828; c) K. Pa-
vani, S. E. Lofland, K. V. Ramanujachary, A. Ramanan, Eur.
J. Inorg. Chem. 2007, 568-578.

[5] R.I. Buckley, R. J. H. Clark, Coord. Chem. Rev. 1985, 65, 167—
218.

[6] a) FE J. Arnaiz, R. Aguado, J. Sanz-Aparicio, M. Martinez-Ri-
poll, Polyhedron 1994, 13, 2745-2749; b) F. J. Arnaiz, R. Agu-
ado, M. R. Pedrosa, J. Mahia, M. A. Maestro, Polyhedron
2001, 20, 2781-2785; c¢) F. J. Arnaiz, M. R. Pedrosa, R. Aguado
in Inorganic Synthesis (Ed.: J. R. Shapley), Wiley-Interscience,
New Jersey, 2004, vol. 34, pp. 49-53.

[71 a) F. J. Arnaiz, R. Aguado, M. R. Pedrosa, J. Mahia, M. A.
Maestro, Polyhedron 2002, 21, 1635-1642; b) F. J. Arnaiz, R.
Aguado, M. R. Pedrosa, A. De Cian, Inorg. Chim. Acta 2003,
347, 33-40.

[8] M. R. Pedrosa, J. Escribano, R. Aguado, V. Diez, R. Sanz, F. J.
Arnaiz, Polyhedron, 2007, DOI 10.1016/j.poly.2007.03.062.

[9] CCDC-639298 (for 4) and -639299 (for 6) contain the supple-
mentary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

[10] K. Wieghardt, G. Backes-Dahmann, W. Herrmann, J. Weiss,
Angew. Chem. 1984, 96, 890-891; Angew. Chem. Int. Ed. Engl.
1984, 23, 899-900.

[11]1K. S. Biirger, G. Haselhorst, S. Stotzel, T. Weyhermuller, K.
Wieghardt, B. Nuber, J Chem. Soc. Dalton Trans. 1993, 1987—
1997.

[12] D. V. Partyka, R.J. Staples, R. H. Holm, Inorg. Chem. 2003,
42, 7877-7886.

[13] G. Wang, G. Chen, R. L. Luck, Z. Wang, Z. Mu, D. G. Evans,
X. Duan, Inorg. Chim. Acta 2004, 357, 3223-3229.

[14]a) A. M. Glazer, K. Steadnicka, Acta Crystallogr., Sect. A
1989, 45, 234-238; b) H. D. Flack, G. Bernardinelli, D. A. Cle-
mente, A. Linden, A. L. Spek, Acta Crystallogr., Sect. B 2006,
62, 695-701; ¢) H. D. Flack, G. Bernardinelli, Inorg. Chim.
Acta 2006, 359, 383-387.

[15] P. S. Halasyamani, K. R. Poeppelmeier, Chem. Mater. 1998, 10,
2753-2769.

Received: May 23, 2007
Published Online: July 27, 2007

Eur. J. Inorg. Chem. 2007, 3952-3954



