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The syntheses and reactions of organosilanols RnSi(OH)4-n (n
) 1-3),1 alkylphosphonic acids RP(O)(OH)2,2 dialkylphosphinic
acids R2P(O)(OH),3 and dialkyl phosphates (RO)2P(O)(OH)4a,b

have attracted considerable attention in recent years in view of
their direct relevance in the preparation of metal containing silicate
and phosphate assemblies for applications in catalysis and
materials science.1 It has now been well documented that the
presence of a greater number of hydroxyl groups on silicon/
phosphorus in these compounds leads to cage or polymeric
structures in their subsequent reactions with suitable metal
precursors.1,2 While silanols containing three-OH groups on
silicon (e.g.,t-BuSi(OH)3) and alkylphosphonic acids containing
two -OH groups and a phosphoryl oxygen atom (e.g.,t-BuP-
(O)(OH)2) have recently been used for the synthesis of soluble
molecular silicate and phosphate cages,1a,2 there are no known
examples of compounds which simultaneously contain Si-OH
and P-OH moieties along with a silicophosphate Si-O-P
linkage. Apart from the synthetic challenges these kinds of
molecules can offer, they will also be useful in the synthesis of
metal containing soluble silicophosphate materials which could
be eventually converted in solid-state materials under mild
conditions (e.g., sol-gel routes).

Continuing our interest in synthesizing model compounds for
silicate and phosphate materials, we have now investigated the
reactions of RSi(OH)3 (R ) (2,6-i-Pr2C6H3)NSiMe3)5 with
phosphorus halides. The preliminary results of this investigation,
reporting the successful synthesis of an unusual and hitherto
unknownhydrocarbon-solublemolecular silicophosphonate con-
tainingtwoSi-O-H, twoP-O-H, oneSi-O-Si, andtwoSi-
O-P linkages, are described in this communication.

The title compound [RSi(OH){OP(O)(H)(OH)}]2O‚2EtNH2 (R
) (2,6-i-Pr2C6H3)NSiMe3) (1) is obtained in 35% yield from a
direct reaction between RSi(OH)3 and theλ3-cyclotriphosphazane
[EtNPCl]36 in the presence of Et3N (Scheme 1). Analytically pure
1, recrystallized from dichloromethane/petroleum ether (1:1), was

characterized by elemental analysis, EI-MS, IR, and NMR
spectroscopic techniques.7 The strong absorption observed in the
IR spectrum at 2407 cm-1 is characteristic of P-H stretching
vibrations.8 The resonance due to the P-H proton in the1H NMR
spectrum appears atδ 5.73 ppm with a large1JPH (670 Hz). The
proton-coupled31P NMR spectrum shows a doublet centered at
δ -9.4 ppm (1JPH ) 670 Hz). The high-field29Si NMR spectrum
shows a doublet centered atδ -82.9 (2JSiP ) 5.5 Hz) and a singlet
at δ 8.1 ppm for the siloxide and the trimethylsilyl centers,
respectively.

A single-crystal X-ray diffraction study reveals that the
molecule is built around a HO-P-O-Si(OH)-O-Si(OH)-O-
P-OH inorganic backbone (Figure 1).9 Each of the phosphorus
atoms has a (SiO)P(O)(H)(OH) local geometry, and hence each
end of the molecule can be regarded as a monosilyl ester of H3-
PO3. The only organic residue on each silicon (Ar(SiMe3)N-
group) accounts for the high solubility of1 in a variety of organic
solvents apart from also imparting necessary kinetic stability to
the heterocatenated inorganic chain. A space-filling model of1
indicates that the inorganic core is completely enclosed in an
organic sheath provided by this organic group.

In spite of the poor quality of the X-ray diffraction data,9 the
bond distances and bond angles obtained for1 are consistent with
the values reported for simple silanols and phosphonic acids in
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Scheme 1. Synthesis of1
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the literature.1,2 The two phosphonate moieties in the molecule
adopt an approximate trans orientation on the central siloxane
unit. The silicon and phosphorus atoms in the molecule are
approximately tetrahedral. The Si-O-Si bond angle (142.2(5)o)
is in very good agreement with the value obtained for the [RSi-
(OH)2]O (R ) (2,6-Me2C6H3)NSiMe3) (140.7(2)o).10 The observed
Si-OH distances in1 (average 1.600(8) Å) are signifcantly shorter
than the corresponding values observed for disilanols of the type
[R2Si(OH)]2O (R ) Me 1.642(5);i-Pr 1.640(2); Ph 1.620(3)-
1.647(3) Å).11 However, there are no considerable variations in
the observed PdO and P-OH distances in1 compared to the
several earlier reported phosphorus acids as well as orothophos-
hate and phosphonate esters.12

Although, at a first glance, the isolation of1 from the above
reaction may seem somewhat unexpected, Scheme 2 provides a
possible pathway for the formation of1. Step 1 is consistent with
the recent observation that the silanetriol can undergo a facile
self-condensation reaction to yield the tetrahydroxydisiloxane
intermediateA during the course of its reactions with metal
substrates such as Cp*TaMe4

13 or NaInMe4
14 or in the presence

of acidic or basic impurities.10 It appears that the water liberated

during this step is utilized in step 2 to hydrolyze the moisture-
sensitiveλ3-cyclotriphosphazane6 and eventually result in the
formation of the final product, presumably via a phosphonic acid
intermediate. If the above mechanism is really operative, product
1 should also be obtained as the product even if PCl3 is used in
place of [EtNPCl]3. Indeed, when silanetriol was reacted directly
with PCl3, silicophosphonate1 was isolated, however in very poor
and varying yields (2-10%). Hence the use of the more reactive
PCl3 in place of [EtNPCl]3 does not appear to be a good alternative
route for the synthesis of1.

The preliminary investigations indicate that1 would be useful
as a molecular precursor for the synthesis of soluble models for
silicoaluminophosphate materials (SAPO). For example, treatment
of 2 equiv of AlMe3 with 1 revealed interesting spectral changes
in 31P and29Si NMR chemical shifts.15 The 31P NMR signal for
1 at -9.4 ppm completely disappears with the appearance of
several new upfield signals between-12 and-18 ppm. Many
of these new signals disappear with time, and the spectra recorded
after 7 days revealed the presence of only three very closely
spaced signals atδ -14.1, -14.5, and-14.9 ppm. Similarly,
the original doublet29Si NMR spectrum due to the siloxide of1
completely disappears with the appearance of two new upfield
doublets at-86.0 and-88.3 ppm. These spectral changes are
consistent with the formation of P-O-Al and Si-O-Al link-
ages,1,2 indicating the existence of molecular SAPO species in
solution. Our attempts to obtain single crystals of these species
have so far not been successful.

Thus, it has been demonstrated here that the reaction between
a kinetically stabilized organosilanetriol and a highly reactiveλ3-
cyclotriphosphazane offers an easy route to a unique molecular
silicophosphonate with abundant acidic hydroxyl groups. Further
possibilities exist for the conversion of the silicophosphonate1
into the corresponding silicophosphate (by oxidation of the P-H
group), which would contain six free hydroxyl groups. Reactions
of such hydroxyl rich silicophosphates with metal alkyls, alkox-
ides, and amides are likely to open up new possibilities in
synthesizing tailored silicometallophosphate (SMPO) materials
through molecular routes. Work in this direction is currently
underway in our laboratories.
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Figure 1. Molecular structure of1. Average bond distances and bond
angles: Si-O 1.614(8) Å, P-O 1.535(8) Å, PdO 1.465(8) Å; Si-O-
Si 142.2(5)°, Si-O-P 151.7(6)o.

Scheme 2. Suggested Pathway for the Formation of1
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