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Summary: The cuboctameric silsesquioxane silanol (c-
C5H9)7Si8O12(OH) has been applied as a model support
for silica-grafted olefin polymerization catalysts. Com-
plexes of the type Cp′′[(c-C5H9)7Si8O13]TiX2 (Cp′′ )
1,3-C5H3(SiMe3)2; X ) Cl, CH2Ph) form active R-olefin
polymerization catalysts.

Heterogenization of well-defined homogeneous olefin
polymerization catalysts gives the opportunity to com-
bine the advantages of both supported and homogeneous
catalysts such as morphology control and single active
sites. The most common method to immobilize metal-
locene complexes consists of adsorption of the catalyst
on a support that is pretreated with methylalumoxane
(MAO) or other cocatalysts.1 Alternatively, the catalyst
can be tethered or directly grafted onto the oxidic
support.2,3 With regard to catalytic olefin polymeriza-
tion, silica-grafted group 4 metal complexes of the type
[tSiO]M(Cp)X2 (X ) Cl, alkyl) are of interest. A major
drawback, however, is that such heterogeneous metal-
lasiliceous systems are very difficult to study.4 The
elegant work of Feher et al. has revealed that partially
condensed silsesquioxanes can function as realistic
model systems for silica supports,5a giving well-defined
homogeneous metal complexes with reactivities that
approach those of their silica-supported congeners.5b

We were looking for a simple yet realistic model for

isolated silanol functionalities as found in partially
dehydroxylated silica.6,7 Here we report the synthesis
and characterization of the cuboctameric silsesquioxane
mono(silanol) (c-C5H9)7Si8O12(OH) and its use to model
grafting of half-sandwich titanium complexes onto
partially dehydroxylated silica. The titanasilsesquiox-
ane complexes were subjected to olefin polymerization
and leaching studies.

The reaction of (c-C5H9)7Si7O9(OH)3 with 1 equiv of
SiCl4 and 3 equiv of NEt3 yields the chloro silsesquiox-
ane (c-C5H9)7Si8O12Cl (1; eq 1),8 which upon hydrolysis

in a (2:1) THF/H2O mixture (reflux, 48 h) provides the
mono(silanol) (c-C5H9)7Si8O12(OH) (2; eq 1) in high yield.

Silanol 2 is an interesting model system to mimic
isolated silanol sites in partially dehydroxylated silica.
Its high (C3v) symmetry reduces the formation of
isomers and significantly facilitates NMR studies. Fur-
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thermore, the cubic silsesquioxane framework of 2 is
less susceptible toward dehydration or cleavage/polym-
erization by nucleophilic reagents than the open struc-
ture of partially condensed silsesquioxanes R7Si7O9-
(OSiMe3)x(OH)3-x (R ) c-C5H9, c-C6H11; x ) 0-2).9
Whereas for R7Si7O9(OSiMe3)x(OH)3-x only stable thal-
lium and stibonium salts could be isolated,9 deprotona-
tion of 2 with an equimolar amount of n-BuLi (hexane,
25 °C) affords the stable silsesquioxane lithium salt [(c-
C5H9)7Si8O13]Li (3; eq 2).

In CDCl3, the cuboctameric silsesquioxane species (1-
3) display simple yet particularly informative 13C and
29Si NMR spectra consistent with the C3v symmetry of
the silsesquioxane ligand: well-resolved sets of CH
methine and silicon resonances are observed.10 Not
unexpectedly, the 1H NMR spectra are much less
informative, due to the large number of different CH2
and CH protons present.

The room-temperature reaction of Cp′′TiCl3 (Cp′′ )
1,3-C5H3(SiMe3)2) with an equimolar amount of [(c-
C5H9)7Si8O13]Li (3) in hexane affords Cp′′[(c-C5H9)7-
Si8O13]TiCl2 (4; 51%) as a bright yellow microcrystalline
material after repeated recrystallization from hexane
(Scheme 1). Independent of the reaction temperature
(-30 °C, reflux) and solvent (hexane, toluene, ether,
THF) used, small amounts (1H NMR, ∼10%) of Cp′′[(c-
C5H9)7Si8O13]2TiCl (5) were also formed. Compound 5
could selectively be prepared by salt metathesis of
Cp′′TiCl3 with 2 equiv of 3 in hexane at 25 °C (Scheme
1). Despite its high solubility, which prevented crystal-
lization, the excellent selectivity of this reaction allows

the isolation of analytically pure 5 as a bright yellow
foam after evaporation of the hexane. For the mono-
(silsesquioxane) species 4, the 13C{1H} NMR spectrum
displays one resonance (δ 22.12 ppm) for all seven
methine (CH) carbons. On the other hand, the bis-
(silsesquioxane) complex 5 shows a well-resolved set of
methine CH resonances (δ 22.26, 22.21, 22.11 ppm; 1:3:3
ratio), in agreement with the C3v symmetry of the
silsesquioxane ligand. 29Si NMR proves to be a very
useful tool for the characterization of these silsesqui-
oxane complexes, as the sensitivity is high enough to
distinguish between very similar complexes (such as 4
and 5) and integrated relative intensities are in good
agreement with the expected stoichiometries. For com-
pound 4, the 29Si NMR spectrum displays four reso-
nances in a 2:3:4:1 ratio, whereas for 5 the ratio of the
four signals observed is 1:3:4:1. The Cp-SiMe3 reso-
nances are found at -5.63 ppm for 4 and at -6.54 ppm
for 5. The alkyl-substituted silsesquioxane silicon
atoms, (tO)3Si(C5H9), show two resonances in a 3:4
ratio (4, -65.92, -66.66 ppm; 5, -65.99, -66.54 ppm).
Three of the seven silicon atoms, probably the ortho Si
closest to the metal, are clearly distinct from the other
four, resulting in two resonances with the observed
relative intensities of 3:4. Finally, the resonances of the
silicon atoms surrounded by four oxygen atoms have
characteristic chemical shifts of -111.76 ppm (4) and
-111.25 ppm (5), respectively.

Despite several attempts, we were not able to cleanly
replace the chlorides in complexes 4 and 5 with alkyl
substituents. None of the alkylating agents used (MeLi,
MeMgCl, Me2Zn, PhCH2MgCl) gave well-defined prod-
ucts. However, titanasilsesquioxane alkyl complexes
could conveniently be prepared by protolysis reactions.
For example, the reaction of Cp′′Ti(CH2Ph)3 with silanol
2 (hexane, 0 °C) resulted in selective substitution of one
of the benzyl groups, affording the mono(silsesquioxane)
complex Cp′′[(c-C5H9)7Si8O13]Ti(CH2Ph)2 (6; Scheme
1) in moderate yield. Introduction of a second silses-
quioxane ligand failed. Heating, necessary for the
reaction between 6 and (c-C5H9)7Si8O12(OH) (2) to
proceed, resulted exclusively in thermolysis. This is in
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22.17, 22.12, 22.05 (CH C5H9, 1:3:3 ratio); 3, 27.37, 27.29, 27.01 (CH2
C5H9), 22.26, 22.21, 22.09 (CH C5H9, 1:3:3 ratio). 29Si NMR (ppm): 1,
-66.28, -66.85, -66.98, -90.20 (3:3:1:1 ratio); 2, -63.48, -64.18,
-97.75 (4:3:1 ratio).

Scheme 1
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contrast with the reaction between Cp′′TiCl3 and 2 equiv
of 3, which quantitatively yields the bis(silsesquioxane)
complex Cp′′[(c-C5H9)7Si8O13]2TiCl (5). The NMR (1H
and 13C, benzene-d6; 29Si, toluene) spectra of 6 show
roughly the same features as observed for the corre-
sponding dichloro compound 4. For example, only one
resonance (22.78 ppm) is observed for all seven methine
CH carbon atoms of the silsesquioxane ligand and the
29Si NMR spectrum of 6 displays four resonances in the
expected 2:3:4:1 ratio (Cp-SiMe3, -7.98; (tO)3SiC5H9,
-66.22, -6.70; (tO)4Si, -111.53 ppm). The methylene
protons (TiCHH′) in 6 are diastereotopic, giving an AB
spin system (3.48, 2.16 ppm, 2JH-H ) 10 Hz) in the 1H
NMR spectrum. The methylene (TiCH2) carbon appears
as a triplet at 86.82 ppm (1JC-H ) 127 Hz), virtually
identical with the TiCH2 resonance (86.15 ppm) in
Cp′′[Ph3SiO]Ti(CH2Ph)2

7 and very similar to the TiCH2
resonance (83.85 ppm) in (TCP)Ti(CH2Ph)2 (TCP )
2-(tetramethylcyclopentadienyl)-4-methylphenoxo).11 The
normal chemical shift and 1JC-H value of the TiCH2
group, in combination with the absence of a high-field
shift of benzyl ortho phenyl protons, excludes significant
η2-bonding of the benzyl groups in 6.12

Preliminary olefin polymerization experiments of the
described titanasilsesquioxane complexes have been
carried out. In combination with methylalumoxane
(MAO), a toluene solution of Cp′′[(c-C5H9)7Si8O13]TiCl2
(4) generates an active ethylene polymerization catalyst
which continues until gelation of the solution prevents
further uptake of ethylene.13 The observation that a
toluene solution of Cp′′[(c-C5H9)7Si8O13]2TiCl (5) and
MAO13 produces a comparably active ethylene polym-
erization catalyst (5.7 kg PE/(mmol of Ti h) clearly
demonstrates the poor stability of titanium siloxy bonds
toward aluminum alkyls.14 The facile activation of 5
gives rise to some doubt about the stability of reported
metallasilsesquioxanes15 and corresponding silica-grafted

systems1,3 that are used as olefin polymerization cata-
lysts in combination with aluminum alkyls. This as-
sumption is supported by a study of Feher et al., who
demonstrated that V-O bonds in the vanadasilsesqui-
oxane [(c-C6H11)7Si7O12]VdO are effectively split by
aluminum alkyls.15b

The high affinity of aluminum alkyls for the silses-
quioxane oxofunctionalities makes them unsuitable as
cocatalysts/scavangers for silsesquioxane complexes and
corresponding silica-grafted olefin polymerization cata-
lysts. Alternatives for aluminum alkyls as cocatalyst
are cation-generating boron reagents such as B(C6F5)3
and [Ph3C]+[B(C6F5)4]- in combination with the transi-
tion-metal bis(alkyl) precursors. Treatment of the bis-
(benzyl) complex 6 with B(C6F5)3 (2 equiv) in toluene
results in an active olefin polymerization catalyst.
Ethylene was polymerized rapidly (7.3 kg PE/(mmol of
Ti h)), and over a period of several hours 1-hexene was
transformed into atactic poly-1-hexene (Mw ) 2900, Mw/
Mn ) 2.0).16 To test whether B(C6F5)3 is capable of
substituting silsesquioxane ligands, 19F NMR studies
were carried out on solutions of 5 and 6 with B(C6F5)3.
As expected, the 19F NMR spectrum of 5 + B(C6F5)3 (4
equiv) exclusively showed unreacted B(C6F5)3, whereas
the 19F NMR spectrum of 6 + B(C6F5)3 (4 equiv) showed
[PhCH2B(C6F5)3]- 17 as the only boron species besides
unreacted B(C6F5)3. Hence, unlike MAO, B(C6F5)3 does
not abstract silsesquioxane ligands, which gives rise to
promising perspectives for silica-supported analogues
of 6 when they are activated with boron-based cocata-
lysts. A full account of our efforts to mimic silica-grafted
systems, using early-transition-metal siloxy and silses-
quioxane complexes, will be reported in due course.
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