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Sol-gel synthesis, which was developed for metal oxides, can
also be applied to the synthesis of nanoscopic metal fluorides.
By using anhydrous hydrogen fluoride (aHF) in a suitable
organic solvent, the metal-alkoxide bond undergoes fluorol-
ysis instead of hydrolysis."?) Metal fluorides with remarkably
high surface areas (hs-MF,) are thereby formed. Unlike those
obtained by conventional methods, nanoscopic metal fluo-
rides are extremely strong Lewis acids and are of interest for
heterogeneous catalysis. Furthermore, the ease of preparation
of stable metal fluoride colloidal solutions (sols) opens the
way to new applications, such as optical or protective
corrosion-resistant coatings. Owing to the highly distorted
structures of the nanoscopic phases formed, insight into the
mechanism of the process was only available by theoretical
calculations and MAS-NMR investigations.”) We have iso-
lated a monofluorinated intermediate from the aHF-Al-
(OiPr);-system,'*! which thus confirmed the theoretical pre-
dictions.”! During our investigations into the synthesis of hs-
MgF,"! from the reaction of Mg(OCH,), with alcoholic aHF
solution, it was possible to obtain an intermediate which was
identified as a magnesium alkoxide fluoride. Herein we report
the selective synthesis of the first alkoxide fluoride of an
alkaline earth metal and its double-cubane structure with
unusual bridging fluoride ligands.
[Mge(ps-F),(1s-OMe),(OMe),(MeOH),,][H(MeO),], (1)
is the first example of a magnesium alcoholate fluoride.!
The asymmetric unit of the structure contains a cation,
[Mg;F(u;-OMe),(OMe),(MeOH),]*, and a solvated methox-
ide ion, which can be considered as (MeOH--OMe)~. The
whole hexanuclear dicationic complex, [Mgg(uy-F),(15-O),-
(OMe),(MeOH),,]*, is centrosymmetric, and it is connected
to both [H(MeO),]” anions by pairs of hydrogen bonds
(Figure 1). The cationic complex contains two equivalent
trinuclear fragments which are fused together by a dimetal-
ladifluoro four-membered ring (Mg1F),. The Mg—F bonds are
213.8(1) pm long, and the atom Mgl achieves o® coordination
through two terminal (Mg1—0O 202.0-202.3(1) pm) and two
methoxide groups (Mgl—O 206.9-207.5(1) pm). The other
two magnesium atoms, Mg2 and Mg3, are coordinated by one
W, fluorine atom (Mg—F 217.6-218.6(1) pm), two p;-OMe
groups (Mg—O 206.9-207.5(1) pm), and three MeOH mole-
cules (Mg—0 202.7-207.8(1) pm). In the dicubane structure of
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Figure 1. The structure of 1 with a hexanuclear dication and two
anionic MeO---HOMe units connected to the cation by a total of four
hydrogen bonds. The methyl hydrogen atoms are omitted for clarity.

1, two of the central polyhedron vertices are occupied by an
o*y, fluorine atom which forms the origin of four covalent
Mg—F bonds (Mg—F 214-219 pm). To our knowledge, such a
“swing” arrangement of p,-fluorine atoms has not been
reported in the coordination chemistry of organofluoro metal
derivatives. Only one example with o*,-coordination of the
fluorine atoms, but with square-pyramidal geometry, could be
found in the inorganic fluorooxopolymolybdate
[Mo,O,,F;~." The bridging arrangement of the metal
atoms in 1 has been found in the structure of the calcium
ethoxide [CasO,(OEt)s]-14 EtOH, but in that case, the bridg-
ing is with p, oxygen atoms instead of fluorine atoms.” It is
worth noting that both the Mg2 and Mg3 cubane fragments in
the hexanuclear magnesium cage of compound 1 stem from
the cubane structure of the reactant. Indeed, if no HF is
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added, the tetranuclear magnesium methoxide complex [Mg-
(OMe), yMeOH], precipitates. The molecule structure of
that molecule, [Mg,(u;-OMe),(OMe), . (MeOH);..]*", con-
sists of neutral cubane units (x =0 with y =2)! or of neutral
(x=0) and cationic (x=4) cubane units with y=3.5." In
contrast to the structures of the alkaline earth metal
alkoxides, for which the hydrogen atoms could not be
localized,®™" in the structure of 1, all hydrogen atoms could
be localized and refined. The MeO groups could clearly be
differentiated from the coordinated MeOH, and this fact
allowed the contribution of hydrogen bonding to the stabi-
lization of the structure to be made clear. There are eight
intramolecular hydrogen bonds (dg.o 255.5-257.4(2) pm):
four between the MeOH molecules acting as hydrogen
donors (05, 06, O8, and 09) coordinated to Mg2 and Mg3,
and both terminal OMe groups (O1 and O2) at Mgl each
bond to two hydrogen atoms (Figure 1). Atom O11 of the
methoxide ion acts as a triple hydrogen-bond acceptor,
forming two strong hydrogen bonds involving atoms O7 and
O10 of the apical methanol molecules (dq..o 247.9 and
248.7(2) pm) and one weaker bond involving atom O12 of
the external methanol molecule (dq..o 269.9(2) pm). The
hexanuclear cation and the (MeOH--OMe)~ ions thus form
the stable triple-ion structure of 1 through hydrogen bonding.
In the crystal structure, no bonding interactions are observed
between the discrete cation—anion units. These units form
layers parallel to the bc plane (Figure 2), and the layers are
stacked along [100].

When the temperature was increased above 100 K during
the X-ray structure determination, the single crystal under-

Figure 2. The stacking in the crystal structure of 1 parallel to the bc
plane.
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went a reversible phase transition at 240(£5) K.[! The space
group changed from P2,/c (1) to C2/m (1a) as a consequence
of the higher symmetry of the structure, and this change is
accompanied by the increase of the molecular point symmetry
from C; to C,,. Upon warming the crystal further to 310 K, a
new unit cell was found with a volume that was 12%
smaller. This change in volume is in accord with the loss of
four molecules of methanol from 1a.

Knowing the product constitution from the X-ray struc-
tural analysis, we were able to develop a simple and
reproducible synthesis for the compound 1. If three equiv-
alents of Mg(OMe), are allowed to react with one equivalent
of HF dissolved in MeOH at 0°C, the "F NMR spectrum
obtained from the resulting solution has a signal at approx-
imately 6 = —180 ppm. A similar ’F NMR signal position (at
0 = —182 ppm) was found in the structural characterization of
the only other organofluoro alkaline earth metal compound
with a dimetalladifluoro four-membered ring (a p-diketimi-
nato magnesium fluoride) which was assigned to the p,-F
atoms.""! After the methanol was distilled off at 10°C in
vacuum, no HF was found in the distillate, which indicates
complete HF consumption. The product formed after recrys-
tallization from methanol had the formula of 1 (determined
by elemental analysis of C, H, and F, see Experimental
Section). The temperature-dependent behavior observed for
the single crystal was also found for the powder X-ray analysis
of the bulk product obtained from the synthesis. In the
powder diffraction pattern, only reflections that corre-
sponded to reflections from the single crystal analysis of 1a
were initially observed. With time, and under a flow of inert
gas at room temperature, the changes to the cell parameters
that were described above were confirmed. Thermal analysis
(TG/DTG) supported a two-step decomposition process for
1a: when compound 1a is heated under a stream of dry inert
gas, starting at room temperature and increasing up to about
100°C, four molecules of MeOH are initially released from
the hexanuclear triple-ion structure, giving a compound that
starts to decompose at above 250 °C. The initial methanol loss
is clearly initiated by the removal of the external methanol
solvate. Through the loss of four molecules of methanol, 1a is
then most likely converted into the neutral complex 2,
[Mgo(y-F),(15-OMe),(OMe)s(MeOH);,] in the second step.
This structural change, brought about by partial loss of
methanol, also explains the observed decrease of the unit-cell
volume.

In summary, as a result of the fluorolysis of magnesium
alkoxide, not only nanoscopic sols are formed, but also stable
crystalline intermediates having a dicubane structure with
unusual fluorine linkages can be obtained. Thus, once
structural information for aluminum alkoxide fluoride is
included,™ it will help to gain insights into the mechanism of
anhydrous sol-gel synthesis of metal fluorides.

Experimental Section

All experiments were conducted under an inert atmosphere (argon,
99.998%) in a glove box and/or in a glass high-vacuum apparatus.
Methanol was dried over magnesium turnings (Aldrich, 99.98 %) by
heating to reflux, and was freshly distilled before use. High-resolution
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F NMR spectra were obtained with a Bruker AV 400 spectrometer
(2822 MHz) and referenced to CCLF (0 ppm). X-ray diffraction
(XRD) patterns were recorded with a XRD-7 Seiffert FPM diffrac-
tometer using Cug, radiation. The samples were prepared in a dry box
and covered with polystyrene film to exclude air during acquisition.
Thermal analysis (TG/TDG) experiments were performed on a
Netzsch STA 409 C instrument equipped with a quadrupole mass
spectrometer (Balzers QMG 422). Measurements were performed in
a N, atmosphere. The release of methanol was detected by mass
spectrometry over a temperature range of 30 to 500°C.

1: Magnesium methoxide (1 g, 11.6 mmol) was dissolved in dry
MeOH (30mL), and HF dissolved in MeOH (11.7m, 0.37 mL,
3,84 mmol) was added at 0°C. After storage at —20°C for two weeks,
colorless, column-shaped crystals were obtained which were identi-
fied by X-ray single crystal analysis to be compound 1. The powder
samples, obtained from the reaction at about 10°C and by immediate
distilling off the solvent, were analyzed by XRD, TG/DTG, and
elemental analysis. Both analytical and structural results for the
powder samples are compatible with the data for isolated single
crystals 1 and 1a.

Elemental analysis (%) caled for 1: C30.58, H9.13, F4.03;
found: C28.6, H 8.4, F 4.5. The lower C and H values and the higher
value for F result from the loss of methanol during sample prepara-
tion.
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