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Polymerization isomerism is potentially important for metal alkox-
ides as precursors of oxide materials. Here, we present this
phenomenon for tungsten oxo-methoxide, reporting the mole-
cular and crystal structure of its polymeric form [WO(OMe)4l (1),
its dimeric form W,0,(OMe)g(2), and a higher extent oxo-substi-
tuted by-product of the synthesis, Li;(MeOH)gW;,0,5(0OMe);4(3).

The structure and reactivity of metal (oxo)alkoxide complexes
have been highly attractive and are frequently addressed topics
since the middle of the 1950s, starting with the pioneering
work of D.C. Bradley,' when the utility of alkoxides as precur-
sors in the soft chemistry synthesis® of metal oxides was rea-
lized. In the early years, the dominating hypothesis regarded
these compounds as typical metal-organic compounds with
the stress on organic, and assumed they should predominantly
follow a kinetically driven reactivity.® This indicates that the
structure of the resulting oxides produced by low-energy
chemical treatment, such as hydrolysis, should be related to
and dependent on the structure of the precursor species.”

As metal alkoxides often exist in the form of oligonuclear
aggregates, it was expected that derivatives of many metals
should display polymerization isomerism, sometimes denoted
also as coordination polymerism. They were expected to exist
simultaneously in several kinds of individual molecular
species with different sizes and reactivities, and undergo kine-
tically resolved transformations among each other.” The
search for examples of this phenomenon revealed it to be
extremely rare. Among the few examples proved by unequivocal
evidence were a few species of aluminium; in particular, iso-
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propoxide existing as a liquid trimeric form and a solid crystal-
line tetrameric one at room temperature.® Another small
family, in which this phenomenon was observed includes the
dimeric methoxides of rhenium(v,vi), Re,03;(OMe)s and
ReMo0O,(OMe),, transforming in time into tetranuclear
Re,O¢(OMe);, and analogous mixed-metal Re-Mo species.”
The iron and gallium alkoxides, initially reported as displaying
polymerization isomerism, turned out to simply be contami-
nated by halide impurities.®°

Conversely, the belief in the kinetic stability of the oligonuc-
lear oxo-alkoxide species became rather widespread, leading to
the introduction of controversial terms, such as “titanium oxo-
alkoxide clusters”.'®'

Therefore, it is of interest to gain deeper structural and
quantitative insights into the reactivity of metal oxo-alkoxides.
We chose to address the tungsten oxo-methoxide, WO(OMe),,
system; a compound with an apparent discrepancy between
descriptions of the forms obtained from different solvents.
When precipitated from a toluene solution upon freezing, it
forms bulky crystals with a monoclinic structure, space group
P21/c, a = 10.449(1); b = 11.688(1); ¢ = 13.908(1); § = 98.831(5),
consisting of dimeric [WO(OMe),], molecules.'” Conversely,
when methanol is used as the solvent, a very different material
precipitates, which forms tiny, thin needles.'® An X-ray powder
diffraction study of the latter type of crystals permitted the pro-
posal of a tetragonal model with an oxo-bridged polymeric
structure, [WO(OMe),]o, @ = 10.04; ¢ = 3.99 A.*® Limitations of
the X-ray equipment at that time made X-ray single crystal
studies impossible, leaving the question about the existence
and stability of different crystal forms open.

Tungsten oxo-methoxide, WO(OMe),, was produced by the
anodic oxidation of tungsten metal in methanol in the pres-
ence of LiCl. The hexa-methoxide, W(OMe)s, formed as an
admixture, was separated by crystallization from the initial
electrolyte at —18 °C. Then, the mother liquor was concen-
trated by solvent evaporation under vacuum, and the tiny thin
white needles were crystallized on storage at +8 °C over several
months. The precipitated crystalline material was washed by
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cold methanol and dried in vacuum. Re-dissolution in MeOH
under reflux and subsequent cooling to room temperature
offered a crop of slightly thicker, needle-shaped crystals (ca.
40 pm in diameter).

Investigation of this material by single crystal X-ray diffrac-
tion revealed a linear chain structure, [WO(OMe),].(1)
(Fig. 1a), with a tetragonal symmetry (space group P4), but crys-
tallizing as a racemic twin mimicking P4/mmm symmetry. The
unit cell parameters are a = 7.1477(2), b = 4.0139(2) A. These
results match the ones reported in ref. 13, assuming that the
powder data were recorded for a textured sample, resulting in
an overestimation of the basal unit cell parameter with the
factor of the square root of 2. The experimental powder X-ray
diffraction pattern for the obtained material perfectly matches
the theoretically calculated one (see Fig. 1b and c), indicating
that the bulk of the material displays the same crystalline
structure. The latter is truly exciting, as the bond lengths in
the W(1)-O(2)-W(1') bridge are unexpectedly totally equal in
length and very well defined (2.00695(10) A). This means that
the structure is not disordered with respect to the atoms gener-
ating the metal-oxo chain. The alkoxide ligand is disordered
between two equivalent positions, where the W(1)-O(3) dis-
tance is 1.880(14), with only one (coinciding) position for the
carbon atom.

C1
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02
w1
ﬂ WO(OMe), PXRD experimental b
= [ A
1)
o0 5 10 = 5 » 2 30 35 40 45 50
2 Theta, deg
WO(OMe)4 PXRD calculated <
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Fig. 1 Molecular structure of [WO(OMe)l.,, showing the three formula
units (a) and its experimental (b) and theoretical (c) powder diffraction
patterns (Mo Ka radiation, 1 = 0.71073 A).
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The produced needle-shaped crystals were removed by
decantation, washed with a minimal amount of anhydrous
methanol and dried in vacuum. A fresh methanol solution was
prepared with 60 mg ml™" concentration and placed in a
freezer at —18 °C. Massive crystallization in this case offered a
crop of crystals with very different features, i.e., transparent
blocks (Fig. S11).

An X-ray single crystal study of the latter showed them to be
identical to the structure reported by Errington, Clegg et al.,'?
W,0,(OMe)g (2), featuring dimeric molecules (two centro-
symmetric, but symmetrically independent ones) with term-
inal W=0 double bonds, W(1)-O(5) 1.700(3) and W(2)-O(15)
1.703(4) A, and a combination of bridging oxygen atoms, such
as W(1)-0(4) 2.033(3) and W(1)-O(4') 2.231(3) A, and essen-
tially equally long terminal (1.869(3)-1.898(4) A) alkoxide con-
tacts (see Fig. 2). This molecular structure was earlier found to
be closely analogous to that in the only phase known for the
molybdenum derivative [MoO(OMe),],,"* which could be
obtained by crystallization from both the parent alcohol and
the hydrocarbon solvents. However, the latter displayed a
different crystal structure following higher symmetry, P2,2,2;.
The powder diffraction pattern of 2 matches the one predicted
from the single crystal data (Fig. S27), but features some appar-
ent texture with a few strong reflections at higher diffraction
angles. It should be noted that if left under a minor amount of
methanol at room temperature overnight, the block-shaped
crystals split into needles (Fig. S3f). These needles give a
powder diffraction pattern corresponding to 1, but of rather
low intensity, because of the small crystallite size.

To gain insight into the effect of temperature on the behav-
ior of this compound, apparently featuring polymerization iso-
merism, we have carried out a variable temperature "H-NMR
study of tungsten oxo-methoxide, both forms 1 and 2, in
methanol-D4 and benzene-D6. Earlier studies of this com-
pound in toluene-D8, reported by Errington et al.,'> demon-
strated that it was present in a well-defined dimeric form in
the temperature range of 210-270 K, while a further increase
in temperature resulted in enhanced exchange between the
ligands, eventually leading to dissociation into a monomer
form at 360 K. The use of methanol as a solvent was expected

Fig. 2 Molecular structure of [WO(OMe),l,, displaying one of the sym-
metrically independent dimers in the crystal structure.

This journal is © The Royal Society of Chemistry 2025
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to facilitate both the exchange of ligands and dissociation,
with the formation of a methanol-solvated monomer, giving
spectral peaks that are indistinguishable from the dominating
signal of the residual non-isotope-substituted methanol. The
experiments were carried out with solutions of 10 mg ml™"
concentration, prepared by room temperature dissolution of
both 1 and 2 forms, producing identical spectra in both peak
positions and temperature behavior. However, the observed be-
havior turned out to be even more exciting (see Fig. 3).

The quick exchange in the dimer structure was traceable
already at 273 K, where the spectrum features two broadened
signals at 4.43 and 4.38 ppm in an approximate intensity ratio
of 3:1. At 283 K, the signals broadened further, indicating
accelerated exchange. However, further development of the
signals on heating showed a much more complex pattern. The
signal corresponding to W(OMe)s started to increase in inten-
sity (Fig. S41). Meanwhile, the signals corresponding to the
oxo-methoxide, instead of becoming sharper and shifting
slightly downfield (which would be typical for the formation of
a free monomer), broadened drastically. This indicated that
there was an exchange with a more complex oxo-alkoxide struc-
ture when free methanol was the solvent. This behavior is com-
parable with that of tungsten oxo-halides, where upon heating,
the mono oxo species remain in equilibrium with the hexa-
halide and dioxo-halide ones." It is thus logical to propose
that the co-existence of two parallel equilibria already occurs at
a temperature as low as 20 °C in methanol solution:

[WO(OMe),], 2 2WO(OMe), (1)
WO(OMe), 2 W(OMe), + “[WO,(OMe),],” (2)

DOSY 'H spectra indicated the presence of two major
forms: (i) W(OMe)s with a slightly lower diffusion coefficient
and thus larger hydrodynamic radius; and (ii) a signal, strongly
broadened by exchange, with higher diffusion coefficient and
lower radius, corresponding to the non-solvated WO(OMe),
monomer. The exact determination of the hydrodynamic radii
was hindered by the exchange phenomenon. We were not able

313K
293K

283K

273K

T 1
4.6 4.5 4.4 4.3 4.2 ppm

Fig. 3 Variable temperature *H-NMR spectra of the WO(OMe), solution
in methanol-D4. Asterisk (*) indicates the signal corresponding to
W(OMe)e.
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to locate a separate signal for the larger oligonuclear aggregate,
but this was not unexpected in view of its low intensity and
strong exchange with the monomer. Insight into the possible
structure of this more oxo-substituted and larger complex was
provided by the X-ray single crystal results of the third phase,
which was found as a minor admixture upon crystallization of
the electrolyte after removal of the excess W(OMe)s, identified
as [W1,0,0(OMe);6]* [Li(MeOH),]," (3) (see Fig. 4). This struc-
ture displays a dodeca-tungstate anion, unprecedented so far.
It is centrosymmetric, and all tungsten atoms are octahedrally
coordinated. Five of the six symmetrically independent ones
have a doubly bonded terminal oxygen atom for W(4) further
bound to a solvated Li(MeOH);" cation. Only W(6) carries a
single terminal alkoxide group, and is involved in five bridging
W-0O-W linkages that are comparable in length. Of the six W
atoms, only three form a triangle with the edge-sharing octahe-
dra joining at a central oxygen atom, which is otherwise a
typical building block in molybdate and tungstate polyoxome-
tallates (POM).'® Dioxo alkoxides of tungsten have been
reported earlier,'”” but no direct structural evidence is yet avail-
able for homometallic derivatives.

The composition of the isolated bimetallic complex is close
to a “W,05(OR),” formulation, which has not been reported as
a class of tungsten alkoxides so far. For both molybdenum and
tungsten derivatives, bimetallic alkoxide complexes have been
reported with sodium and lithium ion as counterions."®™°
However, these examples featured either a mononuclear oxo-
alkoxide, like [MO(OR)5]~,*° or a dinuclear dioxoalkoxide, as
[M,04(OR)5]7,* in the structures. The large oligonuclear
species described in the present work are rather unusual. The
compound 3 turned out to be insoluble in both methanol and
benzene, hindering the probing of its solution structure by
NMR.

It is interesting to note that when the polymer form 1 is dis-
solved in benzene-D6, it features a perfectly resolved spectrum
corresponding to a dimer at temperatures up to 293 K, and a
picture with peaks broadened by exchange at temperatures up
to 323 K (Fig. S5T). The spectra are identical to those of solu-
tions produced from dimeric form 2.

Fig. 4 Molecular structure of [W;,0,5(0OMe);6]?[Li(MeOH)s],™.
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To understand the driving forces behind the polymerization
isomerism phenomenon, we turned to a comparison of the
binding energies in the solid state structures for the polymer
and dimer structures using the Crystal 23 program,>' based on
a density-functional-level study (for details, please see the ESI,
Fig. S671). As expected, the total energy difference between the
two polymorphs turned out to be rather small at 1.49 eV per
monomer WO(OMe),, which favours the dimeric form over the
polymeric one. The results are based on approximations of the
structures, as described in the computational details.

The binding energies in the two structural forms were esti-
mated by subtracting the total energy of the crystal structure
from the monomer(s) in each polymorph. The dimeric structure
contains two crystallographically different dimers that formally
generate four structurally slightly different monomers. Therefore,
the average energy of these four slightly different monomers was
used in the comparison (albeit the energy difference between the
monomeric structures is quite insignificant). The binding energy
of the polymeric form was found to be —1.81 eV per monomer,
whereas the binding energy in the dimeric form was found to be
—1.76 eV per monomer. The difference (about 0.05 eV, corres-
ponding to less than 5 k] mol™) is thus so small that it cannot
be used to attribute a thermodynamic driving force to be the pre-
dominant factor promoting one crystallographic form over the
other. Taking the observed solution equilibria into account, we
can conclude that when the solution is dominated by a dimeric
form, it undergoes the kinetically facile congruent precipitation/
dissolution. Alternatively, when the predominant form in the
solution is the (alcohol-solvated) monomeric species, the major
product seems to be the polymeric crystal form, supposedly
again due to kinetics reasons.

Conclusions

A general conclusion that can be draw from the observations
reported in this study is that oligonuclear oxo-alkoxide species
apparently do not possess any enhanced stability — both aggrega-
tion and composition are significantly influenced by small changes
in temperature and by the use of different solvents. It is therefore
inappropriate to refer to these species as “clusters”, implying that
their core should be sufficiently stable to survive chemical trans-
formations. Their structure is not the inherent property — there is
no internal bonding between the metal atoms involved (like
between grains in a cluster of wheat or between berries in a cluster
of grapes). Instead, the interactions indirectly emerges from the
action of external forces. A more adequate description would there-
fore be the recently proposed term paperbag compounds.*
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