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[. Introduction

For 40 years, the industrial production of polyole-
fins has mainly been based on classical heteroge-
neous (Ziegler—Natta- and Phillips-type) catalysts.
Only during the past decade have metallocene,
constrained geometry, and related olefin polymeri-
zation catalysts been developed to a point that they
can be commercialized.* ™18

In the currently applied gas-phase and slurry
processes,’ 2 solid catalyst particles of appropriate
size and shape are required as these catalyst particles
serve as templates for the growing polymer particles.
If performed well, each single catalyst particle will
grow into a polymer particle with the same morpho-
logy, and additionally this template function will
suppress reactor fouling.**-1¢ Hence, when homoge-
neous catalysts are to be applied in the existing
processes, they will have to be immobilized onto a
support to give catalyst particles with the required
properties. Catalyst immobilization has become an
important but difficult issue in modern olefin poly-
merization catalysis.'31¢ Catalyst leaching, resulting
in bad polymer morphology and reactor fouling, and
loss of activity are persistent problems.?*~18 Improve-
ment of immobilization techniques remains therefore
a topic of great importance.
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The nearly universal choice of support for hetero-
geneous olefin polymerization catalysts is amorphous
silica gel;**'% it has a high surface area, good mor-
phology and fragmentation properties, and silanol
functionalities to anchor the catalyst. Molecular
properties of silicas are strongly affected by the
nature of their surface sites. The unsaturated surface
valencies are satisfied by surface hydroxyl function-
alities, which, depending on the calcination temper-
ature, exist in more or less extent as vicinal (hydrogen-
bonded silanols), geminal (two silanol groups attached
to the same silicon atom), or isolated (no hydrogen
bonds possible) silanol sites (Scheme 1).20:2

The molecular structure of the supported catalysts
is a key step for the understanding of the rules
governing the stability and reactivity of the system.
However, detailed studies on porous silicious materi-
als and zeolites as well as the supported catalysts
thereof are considerably hampered by the heteroge-
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Scheme 1. Synthesis of Various Silsesquioxanes and the Surface Silanol and Siloxide Sites They

Represent
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neity of these systems. The molecular properties are
best studied by a combination of physical and chemi-
cal methods such as IR, Raman, Mdssbauer, and
NMR spectroscopy as well as EXAFS, XANES, and
XPS. However, these techniques are bulk measure-
ments, and their sensitivity is often inadequate to
obtain accurate data of the various sites that are
present on the surface in low concentration.

To gain more insight at a molecular level into the
interaction of catalyst precursors with the surface
and the structure and reactivity of the hetero-
geneous catalyst, suitable model systems are of great
importance. By using the surface organometallic
chemistry (SOMC) approach, developed by Basset et
al.,?>~2* the groups of Basset, Choplin, and Scott
synthesized relatively well-defined active surface
sites with a uniform distribution and rather high
concentration,?>~3° which has greatly contributed to
the understanding of several heterogeneous catalytic
processes. A good example for the success of this
approach forms a recent study on supported (half)-

metallocene catalysts by surface organometallic chem-
istry.?’

Another approach, which forms the subject of this
review, uses homogeneous model systems with a
coordination sphere equivalent to that of surface
sites. The major advantage of such homogeneous
models is that different complexes that possibly
represent different surface sites can be studied one
at a time using a wide range of powerful techniques
such as multinuclear solution NMR spectroscopy and
single X-ray diffraction. Several silanols, silanediols,
and silanetriols have been applied as homogeneous
models for silica surface silanol sites.3'73¢ Incom-
pletely condensed silsesquioxanes are probably the
most realistic homogeneous model systems known to
date for surface silanols as found in dehydroxylated
amorphous silicas, mesoporous silicas (MCM-41), and
(dealuminated) zeolites.3’~>* Roughly 10 years ago
silsesquioxane chemistry started as an art. In the
meantime, it has developed into a versatile tool to
clarify various issues of supported catalysts. Krijnen
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et al. assigned the IR vibrations of zeolite defects by
comparing these absorptions with those of several
silsesquioxane silanols.® Basset et al. recently used
tin, tantalum, and boron silsesquioxane complexes
in a comparative study with the corresponding silica-
grafted systems.?6:5657 Various heterogeneous cata-
lytic processes such as alkene epoxidation,>~65
metathesis,’67% and polymerization%-8 have also
been mimicked using metallasilsesquioxane com-
plexes. A good example of the success of homogeneous
model systems for heterogeneous catalysis is formed
by titanasilsesquioxane complexes [R;Si;O12]TiX (R
= ¢-CsHg, c-CeHii; X = alkyl, alkoxide, amido,
cyclopentadienyl)®®-55 that are active olefin epoxida-
tion catalysts that very well resemble titanium sites
in heterogeneous epoxidation catalysts such as TS-1
and titanium grafted onto MCM-41.

In this review, the usefulness and drawbacks of sil-
sesquioxanes as model supports in developing silica-
supported olefin polymerization catalysts will be dis-
cussed. It will be shown that homogeneous models
can contribute to improve immobilization strategies
and provide useful suggestions about the stability
and reactivity of supported catalysts. However, their
homogeneous nature also forms a clear disadvantage
as it allows these systems to undergo consecutive re-
actions affording thermodynamically stable products.

ll. Incompletely Condensed Silsesquioxanes

Silsesquioxanes is the general name for organosi-
loxide species with empirical formula (RSiO3z5), (R
= H, hydrocarbon) and closely related compounds.&
For these compounds irregular, ladder, and cage
structures are known, of which the latter are the
most familiar. These cage structures can be regarded
as small three-dimensional pieces of silica as their
oligomerization is sufficient to result in rigid struc-
tures that resemble, for example, crystalline forms
of silica such as fS-cristobalite or A-tridymite,3%84
whereas their organic substituents allow solubility
in the most common organic solvents.

Incompletely condensed silsesquioxanes have proven
to be realistic homogeneous models for various sur-
face silanol sites found in (partly dehydroxylated)
amorphous and mesoporous silicas and (dealumi-
nated) zeolites (Scheme 1).202%5 The leading repre-
sentative of these incompletely condensed silsesqui-
oxanes is the trisilanol R7Si;O9(OH)s (I, Scheme 1).
Although first reported by Brown et al.,®"*® Feher and
co-workers are synonymous for this silsesquioxane
ligand.39-4648-50 Synthetic methodologies for silses-
quioxane preparation are well-documented, and the
general route consists of hydrolytic condensation of
RSiCl; precursors (Scheme 1). Feher and co-workers
have carried out impressive work on both improving
existing and developing new silsesquioxane synthe-
ses. Recently, they reported an interesting route to
incompletely condensed silsesquioxanes by either
acid- or base-mediated splitting of one of the
Si—O—Si edges of the fully condensed silsesquioxanes
ReSicOg and RgSigO12.43745487%0 In principle, incom-
pletely condensed silsesquioxanes with a wide variety
of organic substituents are available by this route.
The ongoing research in silsesquioxane synthesis is
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expected to result in a wide variety of incompletely
condensed silsesquioxanes with various organic sub-
stituents.

As mentioned before, the leading representative of
the incompletely condensed silsesquioxanes is the
trisilanol R7SizO9(OH); (I, Scheme 1). It is a suitable
model for vicinal silanol sites, abundantly present in
hydroxylated amorphous and mesoporous silicas, and
can be used to model, for example, silica-grafted
species and the reaction of silica with silylating
agents (e.g., CISiMesz, HN(SiMe3),),8586 other surface
modifiers, and tethering groups (e.g., XCH,CH,Si-
(OMe)3).8” This trisilanol can be partially silylated to
afford vicinal disilanols or isolated silanols (I1, VI,
Scheme 1),527%4 similar to surface sites that are
formed upon silylation of silica. In the search for
simple yet realistic model compounds for isolated
silanol functionalities as found in partially dehy-
droxylated silicas, the trisilanol R;Si;Oy9(OH)s; was
treated with SiCl, in the presence of triethylamine
to afford R;SigO12Cl, which was subsequently hydro-
lyzed to give the robust, Cz-symmetric silanol
R7SigO12(OH) (1V, Scheme 1).4” Geminal silsesquiox-
ane siloxanediols R7Si;Oq(0,Si(OH)2)(OSIiR’'3) (I,
Scheme 1) could be obtained in a similar manner.
Reacting the vicinal disilanols R7Si;O¢(OSiR'3)(OH);
(11, Scheme 1) with SiCl, under basic conditions
yielded the geminal siloxane dichlorides R;Si;O¢-
(O5SiCl,)(OSIiR'3), which readily hydrolyze to form the
geminal silsesquioxane siloxanediols.5! Dependent on
the dehydroxylation temperature applied, besides
silanols, silica surfaces contain more or less siloxane
functionalities,?>?* which, when strained, can be
quite reactive.?® Strained siloxane functionalities in
silsesquioxanes can also be obtained. Instead of
heating, dehydroxylating agents (e.g., SbMes, O=PCl;,
MoO,Cl,) are often applied (VI1I, Scheme 1).35:39.53

Not only do incompletely condensed silsesquiox-
anes structurally resemble various silica surface
silanol sites, but their electronic properties also
proved to be compatible with those of silicas.527488
For example, the IR vibration bands of the isolated
and vicinal silsesquioxane silanols correspond very
well with the vibration bands of isolated and hydro-
gen-bonded hydroxyl groups in silica.?0215155 Sjlses-
guioxanes containing vicinal trisilanols are capable
of poly-hydrogen-bonding (von < 3200 cm™1, Figure
1), while silsesquioxanes containing vicinal disilanols
and geminal siloxanediols give considerably less
effective hydrogen bridging (von &~ 3450—3650 cm™2,
Figure 1). Interestingly, the geminal siloxanediol
gives two distinct OH stretching vibration bands at
3625 and 3699 cm™1; one hydroxyl is bridging, while
the other is isolated (Figure 1). The monosilanol
(c-CsHg)7SigO12(OH) (1V, Scheme 1) shows a stretch-
ing vibration at 3706 cm™!, characteristic of an
isolated silanol which is in line with the calculated
difference of the OH-stretching vibrations of isolated
and poly-hydrogen-bonded silanols (Avon = 300 cm™1)
and agrees with the observed difference in acidity of
isolated silanols and silanol nests in zeolitic ma-
terials.51%574 Whereas the weak Brgnsted acidity of
silica surface silanols rarely affects catalytic reactions
directly, a proper understanding of their chemical
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Figure 1. IR stretching vibrations of various silanols in
solution (CCly).

nature is essential for the preparation of silica-
supported catalysts. Acidity measurements®® showed
that the vicinal trisilanol (c-CsHg)7SizO9(OH)3 is
up to 3 orders of magnitude more acidic than the
vicinal disilanols (C-C5Hg)7Si70g(OSiR3)(OH)2 (SIR3
= SiMes;, SiMePh;) and the isolated silanol
(c-CsHg);SigO12(OH) (Table 1).535574 This difference
in acidity results from the more effective hydrogen
bonding in the trisilanol that allows better stabiliza-
tion of the conjugated base.*?%? The difference in
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acidity of the trisilanol (c-CsH11)7Si7O9(OH)3; and the
disilanol (c-CgH11)7Si709(0SiMe3)(OH), was nicely
demonstrated by Feher and co-workers, who found
that silylation of (c-CgH11)7Si709(OH)3 is 4 orders of
magnitude faster than that of (c-CgH11)7SizO9(OSiMe3)-
(OH),.5%%2 Table 1 shows IR stretching vibrations and
PKiprHr Values of a selected number of silsesquioxane
silanols.5?

lll. Hetero- and Metallasilsesquioxanes

During the past decade a wide variety of hetero-
silsesquioxanes and metallasilsesquioxanes have been
prepared and described in detail in the literature and
in recent review articles.31-5458-8290-155 Ejgure 2
gives an overview of the elements that have been
applied in silsesquioxane chemistry. Some interesting
metallasilsesquioxanes have been reported that rep-
resent surface sites in metal-supported silicates,
zeolites, or clays that play an important role as
heterogeneous catalysts or catalyst supports.

For example, boron, aluminum, and gallium sil-
sesquioxane complexes are interesting models for
metal sites in zeolites.#4~14% Spectroscopic (IR and
NMR) data and DFT calculations showed that the
aluminosilsesquioxane {[(c-CsHg);Si;011(0SiMes)]»-
Al}“"H* contains a strong intramolecular hydrogen
bond. This complex proved to be a fairly realistic
structural model for a Brgnsted acidic aluminosilicate
site in zeolite HY (Figure 3).144145156-158 The corre-
sponding Brgnsted acidic boron and gallium silses-
qguioxanes, representing boron and gallium zeolite
sites, were isolated as either the lithium or am-
monium salt {[(c-CsHg)7Si;011(0OSiMePhy)].M} { X} *
(M = B, X* = Li*; M = Ga, X* = HNEt;"; Figure
3)_145,149,159

Recently, silsesquioxane-based iron and titanium
complexes have been prepared as models for silica-
supported oxidation catalysts (Figure 4).58-65117-118
Whereas the titanasilsesquioxanes proved to be ac-
tive olefin epoxidation catalysts, the iron silsesqui-
oxanes showed no activity in benzene oxidation with
N.O. This implies that the local structure or stability
of the active center of the iron silicate differs from
that in the iron silsesquioxane complex,'17:1€0 while
the local structure of the active titanium center in,
e.g., TS-1 resembles the coordination sphere of the
titanium in the titanasilsesquioxanes.58-5

IV. Silsesquioxane-Based Olefin Polymerization
Catalysts

As already outlined in the Introduction, the exist-
ing slurry and gas-phase processes require hetero-
geneous olefin polymerization catalysts.' '8 Morphol-

Table 1. Comparison of the Acidity of Vicinal, Geminal, and Isolated Silanol Groups

IR (Nujol, cm™1) IR (CCl4, cm™1)
type of silanol compound pKip? VoH Vo
vicinal trisilanol (c-CeH11)7Si709(OH)3 7.6 (£0.2) 3158 3217
vicinal disilanol (c-CsHg)7Si709(0OSiMes)(OH), 9.5 (£0.1) 3261 3471
geminal siloxanediol (c-CsHg)7Si;0(0SiMePh;)0,Si(OH), 9.7 (£0.3) 3582, 3438 3699, 3625
isolated monosilanol (c-CsHyg)7SigO12(OH) 8.9 (£0.4) 3706 3700

a pKj, averages of two indicators, deviation in parentheses.
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Figure 2. Elements (bold) that have been incorporated in silsesquioxane complexes. Leading references: group 1, refs
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Figure 3. Schematic and molecular structures of the
Brgnsted acidic aluminosilsesquioxane {[(c-CsHg)7Si7011-
(OSiR3)]2AI}"HT and the corresponding lithium borate
{[(c-CsHg)7Si7011(0SiMePh,)],BLi} and ammonium galate
{[(c-CsHg);Si7011(0SiMePh,)],Ga} { EtsNH} .19

ogy control by replication, leading to uniform polymer
particles with narrow particle size distribution and
high bulk density as well as avoiding reactor fouling,
can only be achieved with heterogeneous catalyst

Figure 4. Molecular structures of (c-CsHg);SigO11(0SiMe3)-
Fe+(DcyPE) and (c-CsHg);SigO1,TiOSiMe3, 1% models for
silica-supported oxidation catalysts.

systems (Figure 5). Besides traditional hetero-
geneous olefin polymerization catalysts (Ziegler—
Natta, Phillips),'~3 immobilization of well-defined
homogeneous catalysts is receiving increasing in-
terest.’* '8 Studying immobilization strategies, the
stability of the supported catalyst, and the electronic/
steric effects of the support on the catalyst’'s perfor-
mance using homogeneous models might be benefi-
cial for the molecular level understanding of supported
catalysts.

A. Classic Heterogeneous Catalysts

Classic heterogeneous olefin polymerization cata-
lysts such as the Ziegler—Natta and Phillips systems
were among the first to be modeled using silsesqui-
oxanes. In 1990, Feher reported the synthesis of
[(c-CeH11)7Si7011(0SiMes3)]CrO; (Figure 6),%° the first
silsesquioxane-based olefin polymerization catalyst
precursor and probably the best homogeneous model
for a Phillips-type precatalyst known to date. Unlike
the real Phillips catalyst, this complex could not be
activated with ethylene alone, and trimethylalumi-
num was needed to obtain an active catalyst. The
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Figure 6. Molecular structure of [(c-CsH11)7SizO11(OSiMe3)]-
CrO,!° and a schematic presentation of a possible corre-
sponding surface structure.

activity of the thus formed catalyst is sensitive to the
amount of AlMe; used to generate the active species
and is the highest when 2 equiv of AlMe; per
silsesquioxane chromate is employed. The molecular
weights of the polymer were in the range M,, =
61000—377000 with M,/M, = 3.5—6.1, suggesting
that more than one active catalyst is present in this
system. No details about the molecular structure of
the actual catalytically active site(s) in this homoge-
neous model system have been reported.®® The sil-
sesquioxane chromate seems to be a realistic model
for a silica-supported chromate site. However, since
the activation behaviors of the real Phillips catalyst
and the silsesquioxane chromate are quite different,
comparison of this homogeneous system with the
actual active Phillips catalyst should be done with
some reservations.

Another olefin polymerization precatalyst that is
related to the silsesquioxane chromate is the vanadyl
silsesquioxane complex {[(c-CsH11)7Si7012]V=0}, (n
=1, 2; Figure 7), which exists in both monomeric and
dimeric form.”°-72 After activation with 1-5 equiv of
AlMe;s, ethylene (1 atm) is polymerized to yield
polyethylene with an M, of 48000 and a narrow
molecular weight dispersity M,/M,, of 2.3, indicating
that this is a truly single-sited catalyst system.”?
Different olefins could also be polymerized or copo-
lymerized. The activity for propene was rather low

74

o B B Go

Si0,

i

Figure 7. Molecular structure of {[(c-C¢H11)7Si7012]-
V=0},1% and a schematic presentation of a possible
corresponding surface structure.

(25 °C, 3 bar, 3 h) and gave low molecular weight
atactic polypropene (M,, < 10%). Copolymerization of
propene (neat) and ethylene (1%) gave small amounts
of polymer containing 5—10% propene units. On the
other hand, 1,3-butadiene was readily polymerized
to mainly trans-polybutadiene. Similar to that of the
silsesquioxane chromate, the activity of the vanadium
catalyst is sensitive to the amount of AlMe; used, and
the highest activity was observed when 3 equiv of
AlMe; was used as cocatalyst. Elegant mechanistic
studies on the interaction of Al(CH,SiMejs); with the
vanadyl silsesquioxane indicated a stepwise alkyla-
tion of the vanadium by the aluminum alkyl that
leads to the active aluminum—vanadium-—silsesqui-
oxane species, the first well-defined silsesquioxane-
based olefin polymerization catalyst.”?

In contrast to the activity exhibited by the
silsesquioxane chromate and vanadyl complexes,
simple siloxy analogues such as (PhsSiO),CrO,,
{[O(0OSiPhy);].Cr(=0),}2, and (PhzSiO);V=0 show
little or no activity toward olefins in the presence
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of AlMe3.16%162 Although the interaction of (Ph3SiO),-
(Me3SiCHy)3-n V=0 with Al(CH,SiMej3); was found to
be very similar to that of [(c-CsH11)7Si701,]V=0, none
of the aluminum alkyl-activated triphenylsiloxy com-
plexes gave particularly active catalysts, and rapid
deactivation was observed as well. This clearly
indicates the difference between silsesquioxanes and
simple (di)silanols.

Recently, a silsesquioxane-based catalyst system
was reported that could be regarded as a homoge-
neous model for a Ziegler—Natta-type catalyst.” Like
the heterogeneous system it serves as a model for,
the precatalyst [(c-CsH11)7Si7012MgTiClz]n (n =1, 2;
Figure 8) can be activated with AlEt; to give an active
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Figure 8. Proposed structure of [(c-CgH11)7Si701,MgTiCl3]>
and a schematic presentation of a possible corresponding
surface structure.

ethylene polymerization catalyst. This system was
reported to be more active in ethylene polymerization
than its heterogeneous congener, which makes it an
interesting catalytic system. The high molecular
weight dispersity of the polyethylene (M,, = 140000,
Mw/M, = 5.5) indicates the presence of multiple active
sites. No further study on the nature of the catalyti-
cally active species was reported.” The bimetallic
magnesium/titanium silsesquioxane complex re-
ported by Liu is possibly a good model for a Ziegler—
Natta-type precatalytic site. However, the fact that
upon activation this single homogeneous complex
yields multiple active sites raises some questions
about how closely the active site in this homogeneous
system resembles the actual active Ziegler—Natta
catalyst.

Oxide-supported zirconium alkyl and hydride spe-
cies such as the ZrR,/SiO, system prepared by Basset
et al 2272628163166 gnd the ZrR4/Al,O3; system devel-
oped by Ittel et al.157168 proved to be interesting olefin
polymerization catalysts. Thorough studies on the
molecular structure of the silica-supported zirconium
system revealed that the active site consists of a
zirconium hydride bonded to three siloxy function-
alities. Attempts to mimic this surface species by
reacting the cyclopentyl-substituted trisilanol
(c-CsHyg)7Si7Og(OH); with an equimolar amount of
Zr(CH,Ph)4 resulted in a dimeric zirconium benzyl
complex, {[(c-CsHo)7Siz012]ZrCH2Ph}, (Figure 9).”
NMR spectroscopy demonstrated that the complex is
also dimeric in solution. The formation of such a

Chemical Reviews, 2002, Vol. 102, No. 10 3531

Figure 9. Molecular structure of {[(c-CsHg);Si;O12]-
ZrCH,Ph},% and a schematic presentation of the surface
structure it should represent.

dimeric structure is a typical example of consecutive
aggregation homogeneous systems can undergo to
form a thermodynamically stable structure. Conse-
quently, comparing these dimeric models with silica-
grafted zirconium hydride species should be met with
great care. Nevertheless, like the silica-grafted zir-
conium hydride system, this dimeric zirconium com-
plex is an active olefin polymerization catalyst, even
without the need of additional cocatalyst! The activity
of this neutral complex was explained by the peculiar
dimeric structure of this zirconium silsesquioxane
complex, in which one of the zirconium atoms acts
as an adjacent Lewis acid activating the other
zirconium. This compares well with the fact that
zirconium hydride supported on silica doped with
Lewis acidic aluminum sites showed enhanced activ-
ity compared to the all-silica system.%®

The proposed synergic effect of the two zirconium
centers in the dimeric structure is intensified when
one of the benzyl groups of the dimer is abstracted
by a strongly Lewis acidic borane, B(CsFs)s (Scheme
2).75 For the thus formed cationic monobenzyl dimer,
an increase in ethylene polymerization activity of
over 2 orders of magnitude was observed (2400 g of
PE/mmol-h) compared to that of the neutral dimer
(10 g of PE/mmol-h). With such activity, this complex
is not only a model for oxide-supported zirconium
species, but also an interesting catalyst itself. The
Mw/M,, of 2.3 (M,, = 6600) indicates that the catalyst
is truly single-sited. The analogous hafnium complex
{[(c-CsHy)7Si7012]HfCH,Ph}, showed a very similar
behavior. Whereas the complex itself is a poorly
active ethylene polymerization catalyst (<10 g of
PE/mmol-h), addition of B(CsFs); as cocatalyst re-
sulted in an impressive increase in catalyst activity
(4800 g of PE/mmol-h). Both complexes showed no
activity toward higher olefins. The corresponding
titanium silsesquioxane compound [(c-CsHg)7Si;O12]-
TiCH,Ph proved to be monomeric in solution, and its
structure resembles more the above-mentioned silica-
supported zirconium hydride system; however, it
showed no ethylene polymerization activity.
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Scheme 2. Accelerating Effect on Ethylene Polymerization by B(CsFs)s-Induced Benzyl Abstraction
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B. Supported Homogeneous Single-Site Catalysts

Although metallocenes are among the most versa-
tile olefin polymerization catalysts known to date,
their commercial use is limited by their homogeneous
nature.l18 To improve the polymer particle morpho-
logy and to solve the reactor-fouling problem, hetero-
genization of such well-defined homogeneous olefin
polymerization catalysts is crucial for industrial
applications.6~18.169-183 Here we will discuss the three
most commonly used methods to immobilize homo-
geneous olefin polymerization catalysts, being graft-
ing and tethering of the catalyst precursor and
immobilization of the catalyst by electrostatic inter-
action with the supported cocatalyst.

1. Grafting of Catalyst Precursors

The earliest immobilization methods consisted of
grafting metallocenes and half-sandwich complexes
onto partly dehydroxylated silica. To activate these
systems, they were subsequently treated with MAO
solutions. Activities were low, and leaching proved
to be a serious problem. In view of this immobiliza-
tion technique, the interaction of silica surface si-
lanols with metallocenes and half-sandwich com-
pounds is of great importance, and silica-grafted
species of the type [SiO,;]-O—M(Cp)X, (X = chloride,
alkyl), containing two chloride or alkyl substituents,
are of interest. Recently Basset et al. used surface
organometallic chemistry to study the synthesis,
characterization, and olefin polymerization activity
of (half)metallocenes grafted onto oxidic supports.?’
Studies on the synthesis, characteristics, and reactiv-
ity of the corresponding homogeneous model com-
plexes have also been carried out to contribute to the
better understanding of such heterogeneous catalysts.

Maschmeyer and co-workers investigated the in-
teraction of the silsesquioxane trisilanol (c-CsH11)7-
SizOg(OH); with the group 4 metal complexes
Cp2MCl, and CpMCl; (M = Ti, Zr, Hf) under basic
conditions.t%? For titanium, two chlorides and one of
the cyclopentadienyls are protonolyzed, yielding both
monomeric and dimeric complexes with general
formula {[(c-CeH11)7Si-O1,] TiCp}n (n = 1, 2). For the
heavier congeners Zr and Hf, both cyclopentadienyl
groups are substituted and complicated structures
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containing [((c-CsH11)7Si7012)4M3Cl]~ fragments have
been proposed. Clearly, not only the chloride but also
the cyclopentadienyl substituents were readily pro-
tonolyzed by the silsesquioxane silanols. Edelmann
recently reported that the reaction of Cp,TiCl, and
Cp*zTiClz with (C-C5H11)7Si7OQ(OH)zoSiMe;:, in the
presence of a base resulted in partial loss of cyclo-
pentadienyl ligands and formation of «-oxo complexes
of the types (u-0)[(c-CsH11)7Siz011(0SiMes) TiCp], and
Cp*,Ti303[(c-CeH11)7Si-011(0SiMe3)],.”® The forma-
tion of u-oxo functionalities suggests that during the
course of the reaction some kind of dehydroxylation
process takes place. Protonolysis of the cyclopenta-
dienyl ancillary ligand upon grafting metallocenes
has also been reported in the absence of an
amine.’678.169 \Whereas protonolysis of the trivalent
titanium fulvene complex (7°-CsMes)(°nt-CsMes-
CHz)Tim with (c-C6H11)7Si709(OH)(OSiMe3)2 ylelded
the trivalent species [(c-CsH11)7Si7010(0OSiMes), ] Ti'"'-
Cp*,, reaction with the disilanol (c-CsH11)7Si;O9(OH),-
OSiMe; resulted in loss of one pentamethylcyclopen-
tadiene and oxidation to the tetravalent titanium
complex [(C-C6H11)7Si701108iMe3][(C-C6H11)7Si7010-
(OH)OSiMe;]TiCp* (Figure 10).778 These reactions
clearly demonstrate the reactivity of surface silanols
and show that even the robust pentamethylcyclopen-
tadienyl ligands can be displaced by silanols, al-
though it has to be stated that most of these reactions
were performed in the presence of an amine to
scavenge the hydrogen chloride. How this will com-
pare with the acidic conditions when silicas are
treated with metallocene precursors is not clear.

An important criterion for silica-grafted olefin
polymerization catalysts forms the stability of the
metal—oxygen bonds. Early-transition-metal—oxygen
bonds are strong and therefore considered to be fairly
stable. However, most of these catalyst precursors are
activated with strong Lewis acidic aluminum-based
cocatalysts for which the Al—O bonds are competi-
tively strong compared to the early-transition-metal—
oxide bonds. Feher et al. demonstrated that
Al(CH,SiMe3)s readily splits two of the three vana-
dium—siloxy bonds in the vanadyl silsesquioxane
(c-CgH11)7Si;012V=0.72 To study the stability of the
group 4 metal—siloxy bonds, metallasilsesquioxane
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site and the molecular structure of [(c-CsH11)7SizO11(OSiMe3)]-
TiCp*[(c-C6H11)7Si7011(OH)(OSiMeg)].159

species of the types [(c-CsHg);Siz012]MCp, [(c-CsHg)7-
Si7011(OSiMeg)]MCp2, and [(C-C5H9)7Si8013]nM(Cp)'
Xs-—n (X = CI, alkyl; n = 1, 2) were subjected to
solutions of MAO in the presence of ethylene (Figure
11).4774 All metallasilsesquioxanes formed active
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Figure 11. Schematic presentation of surface zirconium

sites and molecular structures of [(c-Ce¢H11)7Si7012]ZrCp*
and [(c-Cng)7Si7011(OSiMeg)]ZGC2.159

catalysts after MAO-induced cleavage of the metal—
siloxy bond. Even the terdentate ligand in [(c-CsHo)7-
Si;0]MCp’ (M = Ti, Zr, Hf; Cp' = CsHs, 1,3-
CsH3(SiMe3s),, Cp*) was readily displaced by MAO to
yield active catalysts. Do and co-workers'84 demon-
strated that MMAO-induced metal—siloxy bond break-
ing in [(c-CsHg)7Siz012]MCp* is temperature depend-
ent. At low to ambient temperature M—O bond
breaking leads to a bimodal system (Il and I,
Scheme 3). At elevated temperatures, M—O bond
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breaking is facile and affords a single-site, silsesqui-
oxane-free catalyst (111, Scheme 3).

Protonolysis reaction of the monosilanol (c-CsHg)+-
SigO;12(OH) with Cp"TiR3 yielded the monocyclopen-
tadienyltitananium silsesquioxane dialkyl species
Cp”[(C-C5H9)7Si8013]TiR2 (Cp” = l,3-C5H3(SiM€3)2; R
= Me, CH,Ph),*"7* which are realistic models for
silica-grafted half-metallocenes and are very similar
to the silica-grafted Cp"'ZrRs; species reported by
Basset et al.?” Like the corresponding SiO»(500)-
supported (=SiO)Cp*ZrMe; system, the Cp"[(c-CsHo)7-
SigO13] TiR, complexes are themselves inactive but
can be activated with “non-aluminum” cocatalysts
such as X*[B(CgFs)4]~ (XT = Ph3C*, PAnN(H)Me,") or
B(CesFs)s (Scheme 4). The thus obtained cationic
titanasilsesquioxane species {Cp'"'[(c-CsHyg)7SigO13]-
TiR} "{ RB(CsFs)3} ~ proved to be single-site catalysts
for the polymerization of ethylene (M,, = 260000, M,/
M, = 3.3) and 1-hexene (atactic, M,, = 3000, M,,/M,
= 2.0).47.74

In the studies discussed above silsesquioxanes
representing a variety of silanol sites present on silica
surfaces were used, particularly with regard to the
denticity of the siloxy chelates. It is therefore sug-
gested that silica-grafted early-transition-metal po-
lymerization catalysts might leach upon activation
with MAO or other aluminum alkyls. On the other
hand, when aluminum-based cocatalysts can be
avoided, stable silica-grafted olefin polymerization
catalysts are very feasible.

2. Tethering of Catalyst Precursors

Tethering of organometallic compounds to a silica
support is, with respect to leaching, probably the best
method to anchor a homogeneous catalyst to the
support. Unfortunately, it is also the most laborious
route. Tethering is a versatile method of anchoring
virtually any homogeneous catalyst onto a support
and is gaining more and more attention in the recent
literature.'”5-18 While several studies on tethering
of olefin polymerization catalysts to silicas are re-
ported, curiously enough hardly any information is
available on the effectiveness of the applied im-
mobilization method, the stability of the catalysts,
and the effect of the support on these immobilized
catalysts.1787181 There are two general routes that are
applied: (i) building-up the ligand and subsequently
the metal complex at the surface and (ii) immobiliz-
ing a presynthesized catalyst precursor containing
an anchorable functionality (Scheme 5). Both routes
clearly have their limitations and advantages.1’>-183
Studies using silsesquioxanes to mimic catalyst
tethering have shown that these model supports are
also very suitable for optimizing synthetic strate-
gieS_81,115,126,127,130,132

Three general routes have been applied to tether
cyclopentadienes and various other organic function-
alities to surface supports. They consist of (i) grafting
of a silyl chloride- or silyl ether-functionalized cyclo-
pentadiene (Scheme 5), (ii) salt elimination reaction
of a cyclopentadienyl alkali-metal salt with an alkyl
chloride group previously tethered onto the surface
by method i or, e.g., sol—gel synthesis, and (iii)
hydrosilylation of an olefin-substituted cyclopenta-
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Scheme 3. MAO-Induced M—0 Bond Breaking in Group 4 Metal Silsesquioxane Complexes
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Scheme 4. MAO-Induced M—0 versus Borane-Induced M—C Bond Breaking in Titanium Silsesquioxane
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dienyl. Once the cyclopentadienyl ligand is attached
to the silsesquioxane, it can be deprotonated and
treated with the metal precursor (Scheme 5). For
silsesquioxanes, these are convenient routes since the
silsesquioxane-bonded cyclopentadienyl ligand can be
purified and, more importantly, there are no adjacent
silanol functionalities that can interfere with the
intended reaction (Scheme 5).8! Figure 12 shows an
example of such a complex, a silsesquioxane-tethered
fluorenylcyclopentadienylzirconium dichloride spe-
cies, [(C-C5H9)7Si7013CH2C9H8](Cp”)ZrC|2 (Cp” =1,3-
C5H3(SiMe3)2).81

The second strategy, consisting of treating the
support with a catalyst precursor containing an
anchorable functionality, has the highest chance of
forming a uniform surface—metal complex. Never-
theless, several side reactions can result in decom-
position of the catalyst precursor. Furthermore,
synthesis of such metal complexes containing a
pendant anchorable, reactive functionality is often
not trivial. Reacting Cp"[EtOSi(Me),CH,FIu]ZrCl,
with (c-CsHg)7Si709(OH)s resulted in loss of the
fluorenyl ligand and formation of the corner-capped
zirconium silsesquioxane [(c-CsHg);Siz012]ZrCp'".2%5

R !’ 24
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The same reaction of (c-CsHyg)7Si;O9(OH)s with the
more-hydrolysis-stable  Cp[CsMe;SiMe,OEt]ZrCl,
initially resulted in (c-CsHg)7Si709(OH)(0,ZrCp)-
(CsMe,SiMe,OEt), which slowly reacted further un-
der formation of ethanol and the silsesquioxane-
tethered [(C-CsH9)7Si709(02zrcp)(05M94SiMego—)]n
(Scheme 5). Clearly, reaction of the zirconium chlo-
ride substituents is faster than grafting of the
pendant silyl ether. As long as the cyclopentadienyl
ligands remain attached to the zirconium, this route
can still lead to a uniform silica-tethered metallocene
catalyst. As we have seen previously, silsesquioxane-
grafted zirconocenes form active olefin polymerization
catalysts after activation with MAO, as the latter
effectively splits Zr—0OSi bonds. Hence, complexes of
the type [(c-CsHg)7Siz0¢(02ZrCp)(CsMesSiMe,0—)]n
can be activated in the same way albeit now the
metallocene remains attached to the surface by the
tethered cyclopentadienyl group (Scheme 5).
Complexes containing non-cyclopentadienyl ligands
have also been tethered onto silsesquioxanes.®? For
example, the silsesquioxane-tethered guamidine ligand
[(C'C5H9)7Si8012]C6H4CH2N(i-Pr)C(=N-i-Pr)(N(H)-i-
Pr) could easily be synthesized by reacting [(c-CsHg)7-
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Scheme 5. Examples of Subsequential Support of the Ligand and Catalyst Precursor and Support of a
Catalyst Precursor Containing an Anchorable Functionality
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Sisolz]C6H4CH2C| with LI[C(N-I-Pr)3] Subsequent
protonolysis of Cp'"'ZrMe; afforded the zirconium
guamidinato complex [(c-CsHg)7SigO12]CsH4CH,N-
(i-Pr)C(N-i-Pr)2(Cp')ZrMe; (Scheme 6), which on
activation with B(Ce¢Fs)s forms a single-site olefin
polymerization catalyst.

3. Electrostatic Interaction with Immobilized Cocatalyst.
Supported Alumoxanes

The most common route to immobilize metallocenes
consists of physisorbing the catalyst precursor onto
an MAO-pretreated silica support or treating silica
with a metallocene/MAO mixture,5-18169-174,193-198 |
both cases, the MAO is expected to chemically link
to the silica support and the activated metallocene
cation will in turn be bonded to the supported MAO
by means of electrostatic interactions. The interaction
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of the MAO with the support is of great importance
since this will strongly determine the possibility of
leaching.193-1%

Although many studies have been reported on
immobilized MAO, working with amorphous silica
and MAO is tricky and unpredictable. Since MAO
itself is already poorly defined, immobilizing MAO
onto model supports will not provide much informa-
tion either. Recently, the first attempts to mimic the
interaction of (wet) silica surfaces with trimethyla-
luminum (TMA) using silsesquioxane model supports
have been reported.®® A wide variety of methylalu-
minosilsesquioxanes were obtained and structurally
characterized. These methylaluminum silsesquioxane
species are probably not very suitable models for
Lewis acidic aluminum sites on pacified silica sur-
faces, since the aluminosilsesquioxanes have ag-
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Figure 12. Schematic and molecular structure of
[(C-C5H9)7Si70130H2C9H3](Cp”)ZrC|2.159

Figure 13. Molecular structure of one of the three
conformers of the aluminosilsesquioxane {[(c-CsHg);Si7O11-
(OSiMePhy)]AlIMe} ,.159

gregated into electronically saturated dimers. Sil-
sesquioxane silanols react in various ratios with
TMA, for example, the dimeric silsesquioxane disi-
loxyaluminum methyl complex {[(c-CsHg);Si;O1;-
(OSiMePh,)]AIMe} », which exists in three different
isomeric forms (Figure 13). These dimeric structures
are very stable, and prolonged heating (400 h,
76 °C) is required for these conformers to isomerize

Duchateau

into the thermodynamically most stable mixture
(Scheme 7).

For the preparation of supported MAO, silicas are
used that contain large amounts of silanol groups
and even physisorbed water.14193-198 Reacting such
silicas with aluminum alkyls might result in Brgn-
sted acidic aluminosilicate structures, which in turn
can react further with additional aluminum alkyls.
As expected, the Brgnsted acidic {[(c-CsHg)7Si7011-
(OSiMePh,)].AIT}{H} 6 is readily deprotonated by
TMA, affording the novel Cy-symmetric [(c-CsHo)7-
Si;011(0SiMePhy)],Al,Me; (Scheme 7, Figure 14).8°
The structure of this complex is also very robust and
isomerizes to the thermodynamically most stable
mixture of {[(c-CsHo)7Si;011(0OSiMePh;)]JAIMe}; only
after prolonged heating (1000 h, 76 °C).

It was argued that deprotonating the Brgnsted
acids {[(c-CsHg)7Si7011(0OSiR3)];AlI"}{H*} (SiR; =
SiMes, SiMePh,)'*>146 might afford weakly coordinat-
ing anions supporting cationic metallocene species,
in a fashion similar to, for example, that reported by
Marks et al. for strongly acidic sulfonated zirconia.*®®
However, reaction of Cp,ZrMe, with the Brgnsted
acidic aluminosilsesquioxane did not afford a cationic
zirconocene species but instead resulted in a clean
redistribution reaction yielding [(c-CsHg)7Si7O11-
(OSiMePh,)]ZrCp,, methane, and various methyla-
luminosilsesquioxane species (Scheme 8).80.184

Although the Lewis acidic methylaluminosilses-
guioxane complexes are poor models for supported
MAQO, like Barron'’s tert-butylalumoxanes they could
possibly be applied as olefin polymerization cocata-
lysts.?90.201 \Whereas Cp,ZrMe, definitely interacts
with the Lewis acidic aluminosilsesquioxanes (Scheme
8), no active olefin polymerization catalyst is formed.
In the presence of Cp,ZrMe,, both {[(c-CsHg);Si7O1;-
(OSiMePhy)]AIMe}, (76 °C, 1.5 h) and [(c-CsHo)7-
Si;011(0OSiMePh,)],Al:Me, (76 °C, 8 h) equilibrate
over 2 orders of magnitude faster than without
Cp2ZrMe; (Schemes 7 and 8). It is proposed that
{[(C-C5Hg)7Si7011(OSiMeth)]AIMe}2 and [(C-C5Hg)7-
Si;011(0OSiMePh,)],Al;Me, react as Lewis acids with
Cp2ZrMe, 8% similar to homogeneous Lewis acids
such as B(CsFs)3.227207 However, for the Lewis
acidic aluminosilsesquioxanes, the interaction with
Cp2ZrMe; is clearly too weak to effectively ab-

stract a methyl to form a cationic zirconocene com-
plex.200'2°1’206

Scheme 6. Synthesis of a Guamidinate-Tethered Zirconium Complex
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Scheme 7. Synthesis and Thermal Behavior of Aluminosilsesquioxanes
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Figure 14. Molecular structure of the aluminosilsesqui-
oxXane [(C-C5H9)7Si7011(OSiMeth)]zAlee2.159

4. Electrostatic Interaction with Immobilized Cocatalyst.
Supported Boranes/Borates

Recently, immobilized boranes and borates have
also been reported as suitable cocatalysts.57:208-224
Whereas physisorbed, tethered, and grafted boron
species have been reported, so far only silica-grafted
boranes and borates have been modeled using sil-
sesquioxanes.>77:82 Representative examples are the
neutral silsesquioxane trisborane R;Si;O1,[B(CsFs).]s
and the silsesquioxane borato ammonium salt
{[(c-CsHg);Siz013]B(CsFs)3} {PhN(H)Me,} * (Figure 15).
Recently Basset reported a comparative study on
silica-grafted ammonium borates and hydroxyam-
monium, siloxyammonium, and silsesquioxane am-
monium borates.5” With the help of homogeneous

Ll I/O—Als(‘)/ ’R

o,

[SI T
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i
o o

Figure 15. Molecular structure of {[(c-CsHg);SizO12](OB-
(CsFs)s} {PhN(H)Me,} t1%° and a corresponding surface
structure it should represent.

models they found experimental conditions in which
surface silanols are efficiently transformed into well-
defined ammonium borate functionalities.

While stable in the absence of Cp,ZrMe,, already
at low temperature the silsesquioxane borane com-
plex R7SizOq[OB(CeFs)2]s reacts with Cp.ZrMe; to
form the inactive R;Si;0;1:ZrCp,[OB(C¢sFs),] and
(CeFs)2.BMe, indicating that the B—O bond is readily
split (Scheme 9).82 When zirconocene dibenzyl
Cp2Zr(CH,Ph), is reacted with the silsesquioxane
borato ammonium salt {[(c-CsHg)7Siz013]B(CsFs)3} -
{PhN(H)Me,}* in the presence of ethylene or 1-hex-
ene, an active polymerization catalyst is obtained.””
However, mechanistic studies showed that the ex-
pected {Cp2ZrCH,Ph}{[(c-CsHg)7Si;013]B(CsFs)3} ~
was not formed. As a result of the relatively labile
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Scheme 8. Reaction of Cp,ZrMe; with Brgnsted and Lewis Acidic Aluminum Silsesquioxanes
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B—O bond, the cationic zirconocene silsesquioxane
{[(c-CsHg)7Si7013]ZrCpz} H{ PhCH,B(C¢Fs)s)~ was ob-
tained instead (Scheme 9). This complex is in equi-
librium with the neutral [(c-CsHg)7Si7013]Zr(CH,Ph)-
Cp. and free borane B(C¢Fs)s. It was demonstrated
that exclusively in the presence of an excess of
Cp2Zr(CH,Ph), an active catalyst is formed. The free
borane, that is, together with [(c-CsHg);Si;O13]Zr-
(CH,Ph)Cp:> in equilibrium with {[(c-CsHg);Si7O13]-
ZrCpo} {PhCH,B(CsFs)3)~, reacts with CpyZr-
(CHzph)z to yleld {szerHzph} +{ PhCHzB(Cer)g}f,

\J

d 5 O
gR&; Ogroél\R Fs

the actual active catalyst of this system.”” Further
proof for the lability of the B—O bond in silsesqui-
oxane borates was given by the reaction of the
triethylammonium salt of the silsesquioxane borate
{[(C-C5H9)7Si7013]B(C6F5)3} _{ Et3NH}+ with CpZZr-
(CH2Ph),, which selectively resulted in the forma-
tion of [(c-CsHg);Si7013]Zr(CH,Ph)Cp, and { PhCH,B-
(CeFs)3) {EtsNH} ™ (Scheme 10).77

Clearly, the lability of the B—O bond makes the
silsesquioxane borane and borato systems unsuitable
as cocatalysts. On the basis of these results, it is not
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Scheme 10. Ligand Exchange between Cp,Zr(CH,Ph), and a Silsesquioxane-Based Ammonium Borate

B Zr,..-llCHzPh

unlikely that the B—0O bonds in silica-grafted boranes
and borates are also labile. They are however a
source of unsupported borane (MeB(CsFs), or B(CsFs)3)
that can be considered as being the actual cocatalyst
and explain the fact that ethylene polymerization
activity is still observed for the silica-grafted borato
cocatalysts.?'"-219 Nevertheless, Okuda recently proved
that polyethylene with very nice particle morphology
(spherical, high bulk density) and no reactor fouling
can be obtained using silica-grafted borates, irrespec-
tive of any possible leaching of the borate cocata-
lyst.2%®

V. Conclusions

The results presented here demonstrate that sil-
sesquioxanes resemble several features of silica
surface silanol sites. It is now evident that metalla-
silsesquioxane complexes are capable of mimicking
some characteristics of heterogeneous silica-sup-
ported transition-metal catalysts. Important features
of silica-supported catalysts that can be observed in
the corresponding metal-containing silsesquioxane
complexes include a rigid, electron-withdrawing si-
loxide structure and, for example, the possibility of
adjacent oxygen donors to interact with the metal
center. With these model supports, features such as
the stability and reactivity of metal—siloxy bonds in
the presence of cocatalysts during catalytic reactions
afford detailed insight that would be difficult to
obtain with heterogeneous catalyst systems. How-
ever, since their mobility in solution allows aggrega-
tion reactions to thermodynamically stable com-
plexes, many of the metallasilsesquioxane complexes
do not structurally resemble the silica-supported
systems for which they were intended to serve as a
model. Nevertheless, with activities sometimes ex-
ceeding those of commercial silica-supported olefin
polymerization catalysts, they still are interesting
catalysts themselves.

The use of (metalla)silsesquioxanes as a tool to
better understand processes taking place at silica
surfaces and supported metal sites has gained more
attention in different areas of heterogeneous catalysis
and will most probably continue to do so. However,
as already mentioned, one of the shortcomings of all
homogeneous model systems, including silsesquiox-
ane compounds, is that the mobility of the species in
solution allows the electronically unsaturated species
(the potential active catalysts) to form thermody-

() H

Fs

namically stable, often inactive complexes. Only the
development of larger and even more rigid silsesqui-
oxane structures that might possibly prevent this
problem will lift the usefulness of homogeneous
model systems for heterogeneous catalysts to a higher
level. The first example of not so much more rigid
but less mobile metallasilsesquioxane complexes
forms the study of Skworonska-Ptasinska et al., who
have prepared well-separated titanasilsesquioxane
epoxidation catalysts immobilized onto polysilox-
anes.%
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