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Abstract

Two modern areas of metallasiloxane chemistry are reviewed. The first part deals with the
preparation and structural characterization of the first f-element compounds derived from
tetraphenylsisiloxanediol. In the second part recent developments in the chemistry of
polyhedral metallasilsesquioxanes are surveyed, with special emphasis being placed on early
transition metal and f-element derivatives. Also highlighted are applications of these species
in catalysis research. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Disiloxanediolates; Metallasilsesquioxanes; Silsesquioxanes; Lanthanides; Actinides; Early
transition metals

1. Introduction

Metallasiloxanes containing Si–O–M functional groups (M=main group metal,
d-transition metal or f-element) derived from silanediols, disilanols, silanetriols, and
trisilanols are in the focus of current interest for various reasons. In catalysis, many
industrially and commercially important processes are catalyzed by transition metal
complexes immobilized on silica surfaces [1–8]. However, due to the heterogeneous
nature of the catalysts the catalytic species are normally difficult to characterize and
quite often the mechanisms of the catalyzed organic transformations and the
metal–silica interactions remain unclear. In these cases metallasiloxanes may serve
as highly useful molecular model compounds which can to some extent provide
insight into the scenarios occurring on metal-modified silica surfaces [9]. Especially
metal compounds derived from polyfunctional silanols such as silanetriols or
incompletely condensed silsesquioxanes are generally regarded as ‘realistic’ model
compounds in this context as they exhibit the most advanced structural similarity
with modified silica surfaces. The concept of studying polyhedral metal-
lasilsesquioxanes to mimic surface sites in heterogeneous silica-supported transition
metal catalysts was first proposed by Feher [9a]. In materials science certain
metallasiloxanes are of interest as molecular precursors for metal-containing inor-
ganic polymers [10,11] and other new materials [12–16]. Metallasiloxanes have also
been envisaged as single-source precursors for modified zeolites [17]. Last, but not
least, structural chemistry greatly benefits from the enormous variety of ring and
cage structures found in various metallasiloxane derivatives. A wealth of novel
Si–O–M-based polyhedral frameworks and suprastructures has already been un-
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covered and exciting supramolecular assemblies are emerging from this chemistry
[18].

The chemistry of metallasiloxanes, including synthetic and structural aspects, has
been extensively covered in excellent recent review articles [17,19] and a book [20].
More specialized reviews covering the chemistry of silanols, disilanols, and silanetri-
ols [21], silicate cages [22], and silsesquioxanes [23–25] are also available. Thus this
article will focus mainly on the most recent work in the field of disiloxanediolates
and metallasilsesquioxanes. It is divided into two parts. In the first part early
transition metal and f-element complexes derived from tetraphenyldisiloxanediol,
Ph2Si(OH)OSiPh2(OH) (1), will be surveyed. The second part deals with early
transition metal and f-element derivatives of the incompletely condensed
silsesquioxane cage molecule Cy7Si7O9(OH)3 (2) (Cy=cyclohexyl). In addition to
polyhedral metallasilsesquioxanes, a number of highly interesting transition metal
and lanthanide complexes containing cyclo(poly)siloxanolate ligands have been
reported. However, these are not within the scope of this review as their prepara-
tion and structural characterization have been surveyed elsewhere [17,20,23].

2. Disiloxanediolates

2.1. Starting materials

Disilanols are organosilicon compounds containing two Si–OH functional
groups. Among the most often used building blocks in metallasiloxane chemistry
are the disiloxanediolate derivatives Ph2Si(OH)OSiPh2(OH) (1) [26] and
tBu2Si(OH)OSitBu2(OH) (3) [27–31]. Apparently the former is more frequently used
in metallasiloxane chemistry as it offers the advantage of being readily preparable
from cheap starting materials. Hydrolysis of Ph2SiCl2 (4) in the presence of
ammonium carbonate affords tetraphenyldisiloxanediol 1 in yields up to 51% [26].
Minor products in this synthesis are diphenylsilanediol, Ph2Si(OH)2 (5, 6% yield)
and hexaphenyltrisiloxanediol, Ph2Si(OH)OSiPh2OSiPh2(OH) (6, 18% yield). The
dilithium derivative of 1, Ph2Si(OLi)OSiPh2(OLi) (7), can be prepared and isolated
in the presence of various Lewis bases such as THF, pyridine, or 1,4-dioxane.
Interesting supramolecular structures have been found in the crystalline adducts
Ph2Si(OLi)OSiPh2(OLi)·2py (8) [32] and Ph2Si(OLi)OSiPh2(OLi)·3dioxane (9) [33].
In 8, dimeric self-assembly leads to the formation of a ladder-type structure
consisting of three four-membered Li2O2 rings, while 9 is polymeric in the solid
state.

2.2. Early transition metal deri6ati6es

Well-defined Lewis-base adducts of 7 as mentioned in the previous section can be
used to prepare transition metal derivatives of tetraphenyldisiloxanediol. However,
a more convenient preparative route involves in situ formation of 7 by treatment of
1 with two equivalents of n-butyllithium in THF followed by treatment with the
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appropriate main group or transition metal halides. Various metallasiloxanes
containing six-membered MSi2O3 rings (M=Ti, Zr, Hf, V, Cr, Mn, Co, Cu, Mg,
B, Sn) have been synthesized using this method [17]. In these complexes the
disiloxanediolate ligand can be either chelating [34–36], bridging [37–44], or
chelate-bridging [45,46]. Apparently the latter two coordination modes are generally
preferred over simple chelation. Typical examples from early transition metal
disiloxanediolate chemistry which have been studied by Sullivan et al. are summa-
rized in Scheme 1. A particularly interesting phenomenon frequently encountered in
this chemistry, especially in the case of early transition metals, is the formation of
ring-enlarged products containing the hexaphenyltrisiloxanediolate ligand
[Ph2Si(OSiPh2O)2]2− [47–50]. This anion can be coordinated to the metal either as
a simple chelating ligand or in a chelate-bridging coordination mode, e.g. in certain
heterobimetallic complexes. For example, the ring-expanded bis-chelate hafnium
complex [Ph2Si(OSiPh2O)2]2Hf(py)2 (15) was the only product when HfCl4 was
treated with three equivalents of Ph2Si(ONa)OSiPh2(ONa) (10) followed by addi-
tion of pyridine [50]. As can be seen in Scheme 1, the outcome of these reactions

Scheme 1. Preparation of Group 4 metal disiloxanediolates [50].
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Fig. 1. Molecular structure of 11.

with Group 4 metal tetrahalides strongly depends on the nature of the chosen
disiloxanediolate reagent. The molecular structures of the heterobimetallic titanium
complex 11 and the ring-expanded hafnium derivative 15 are shown in the Figs. 1
and 2. The two eight-membered rings in 15 are only slightly puckered.

Thus far metallasiloxanes derived from tetraphenyldisiloxanediol have been
reported for the early transition metals titanium, zirconium, hafnium, and vana-
dium [17,33,39,47,50–53]. Apparently, no related Group 3 metal complex has been

Fig. 2. Molecular structure of 15.
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reported in the literature [17,21b]. Recently the first scandium disiloxanediolate was
prepared via a rather unexpected synthetic route. (Pentamethylcyclopentadi-
enyl)scandium-bis(acetylacetonate), Cp*Sc(acac)2 (16) [54], was treated with 1
(molar ratio 3:2) in refluxing toluene according to Eq. (1). Recrystallization of the
crude product from diethylether afforded the trinuclear scandium disiloxanediolate
[(Ph2SiO)2O]2Sc3(acac)5 (17) in 72% yield.

(1)

During the course of this reaction the Cp* ligand in the starting material was
completely replaced upon protonation by 1. An X-ray structure analysis of 17 (Fig.
3) confirmed the presence of a trinuclear scandium complex containing the te-
traphenyl-disiloxanediolate ligand in a novel chelate-bridging coordination mode
involving three scandium ions.

Fig. 3. Molecular structure of 17.
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2.3. Lanthanide deri6ati6es

Apart from a series of very interesting cyclosiloxanolates [55,56], which have been
reviewed elsewhere [17,20,23], the lanthanide (and actinide) elements had mostly
been excluded from metallasiloxane chemistry. There have been reports on trialkyl
and triphenylsilanolates of cerium and some other lanthanides [57], and most
recently several tris(trimethylsilyl)siloxides of lanthanum and gadolinium have been
prepared and structurally characterized. [58] However, no information on tetra-
phenyldisiloxanediolates of the rare earth elements was available. The only closely
related lanthanide siloxane derivative which has been reported in the literature is
(m-OSiMe2OSiMe2O)[Cp*2 Sm(THF)]2 (18), which was first obtained from a reaction
of the highly reactive organosamarium hydride [Cp*2 Sm(m-H)]2 (19) with dimethyl-
silicone joint grease. A more straightforward preparation of 18 (88% yield) involves
treatment of 19 with hexamethylcyclotrisiloxane in THF solution [59]. Our investi-
gations in this field focussed on the chemistry of lanthanide complexes containing
the tetraphenyldisiloxanediolate ligand. A ‘silylamide route’ [60] was found to be
the method of choice for making such species. The silylamide precursors
Ln[N(SiMe3)2]3[LiCl(THF)3]3 (20a: Ln=Eu, 20b: Ln=Gd, 20c: Ln=Sm) are
readily accessible by reacting anhydrous lanthanide trichlorides with three equiva-
lents of LiN(SiMe3)2 (21) in THF [61]. The silylamides 20 were prepared in situ and
subsequently reacted with 1 in different stoichiometries according to Scheme 2 [62].

In all cases heterobimetallic complexes are formed which formally contain
lithium disiloxanediolate ligands acting as monoanionic ligands. Thus it is impor-

Scheme 2. Synthesis of the lanthanide disiloxanediolates 22–24. Reagents and conditions: i, Ln=Eu,
n=3, toluene-Et2O; ii, Ln=Gd, n=2, THF; iii, Ln=Sm, n=2, DME (four phenyl groups in 23 and
24 have been omitted for clarity).
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tant to employ the in situ prepared silylamide precursors which still contain a large
amount of lithium chloride. Another interesting result of these experiments is the
finding that the nature of the products strongly depends on both the stoichiometry
of the precursors and the size of the Ln3+ ion. The three complexes 22–24 have
been isolated in the form of colorless crystalline solids. They were fully character-
ized by elemental analyses, spectroscopic data, and X-ray-crystallography. A ho-
moleptic complex is obtained in the case of trivalent europium as central ion. The
X-ray analysis (Fig. 4) reveals the presence of a heterobimetallic metallasiloxane, in
which the Eu3+ ion is surrounded by three mono-anionic chelating
(Et2O)Li[(Ph2SiO)2O]− units.

Even more remarkable are the molecular structures of the gadolinium and
samarium derivatives 23 and 24. Both compounds are disubstituted lanthanide
metallasiloxanes comprising two lithium disiloxanediolate units while retaining one
functional ligand [Cl or N(SiMe3)2, respectively] (Figs. 5 and 6). The latter should
make these complexes suitable candidates for carrying out derivative chemistry. The
most striking structural feature of the species, however, is their similarity with
certain lanthanide metallocenes such as Cp*2 LnN(SiMe3)2, 25, (cf. 23) [63,64] or
Cp*2 LnCl(THF), 26, (cf. 24) [65,66]. Such organolanthanide complexes are impor-
tant as catalyst precursors or highly active catalysts in a variety of organic
transformations [67,68]. It can be anticipated that the lithium disiloxanediolate
units in the ‘inorganic metallocenes’ 22–24 are quite robust spectator ligands as
they involve only lanthanide–oxygen coordination. Thus there might be a chance of

Fig. 4. Molecular structure of 22.
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Fig. 5. Molecular structure of 23.

using these materials to prepare organolanthanide catalysts which are less sensitive
to air and moisture than the catalytically active lanthanide metallocenes. In the
literature there is only one previous report on Li-containing anionic ligands
formally replacing the Cp* ligands in lanthanide metallocenes, i.e. the [Li(DAD)]−

units (DAD=1,4-diazadiene dianion) [69].
While the reactions of tetraphenyldisiloxanediol with the lanthanide silylamide

reagents proceed in a clear and straightforward manner, a completely different
picture is seen when anhydrous lanthanide trihalides are allowed to react with
Ph2Si(OLi)OSiPh2(OLi) (7). Some products resulting from these reactions still
remain to be fully characterized, but it appears that they are all different from those
shown in Scheme 1. An interesting example in which retention of lithium halide
leads to a self-assembled polymeric structure is the product obtained from the
reaction of anhydrous NdBr3 with three equivalents of 7 in THF solution. Extrac-
tion of the crude product with diethyl ether afforded the heterobimetallic
neodymium disiloxanediolate 27 as a blue crystalline solid (Eq. (2)).

(2)
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Fig. 6. Molecular structure of 24.

According to the X-ray analysis the neodymium complex 27 contains a central
core which is similar to that of the monomeric europium derivative 22 (Fig. 7).
Three formally monoanionic lithium disiloxanediolate ligands are coordinated to
Nd and the coordination sphere of two lithium ions is completed by an additional
THF ligand. A polymeric superstructure results from retention of lithium bromide,
which connects these monomeric units to give a linear chain polymer (Fig. 8).
Clearly more structural investigations are needed to corroborate the nature of
lanthanide disiloxanediolates resulting from reactions of anhydrous lanthanide
trihalides with the lithium reagent 7. A further structural variety can be expected
when other alkali metal derivatives of tetraphenyldisiloxanediol are employed.

The derivative chemistry of lanthanide disiloxanediolates such as 23 and 24 is
currently under active investigation in our laboratory. Especially the preparation of
related s-alkyl and hydride derivatives would be of interest as potential catalyti-
cally active species. A preliminary result was obtained from a reaction of 23 with
diphenylsilanediol, Ph2Si(OH)2 (5). Plausible reaction pathways were thought to be
either replacement of the silylamido ligand with formation of a diphenylsilanedio-
late complex or ring-enlargement. In fact, the latter did occur, but in a rather un-
expected way. Treatment of 23 with two equivalents of 5 resulted in the formation
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Fig. 7. Molecular structure of 27.

Fig. 8. Supramolecular chain structure of 27.

of a colorless crystalline solid after recrystallization from acetonitrile. Spectroscopic
evidence and X-ray diffraction revealed this material to be the acetonitrile solvate of
the dilithium derivative of hexaphenyltrisiloxanediol (28, Eq. (3); Fig. 9).

(3)
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Fig. 9. Molecular structure of 28.

The molecular structure of 28 consists of an Li4O4 heterocubane in which an
acetonitrile ligand is coordinated to each lithium ion. The two hexaphenyltrisilox-
anediolate ligands are arranged in a perpendicular fashion with respect to each
other. The reaction leading to 28 is of interest as a deliberate way of achieving the
ring-enlargement starting from a tetraphenyldisiloxanediolate and a monosilicon
building block. In addition, the dilithium derivative 28 may well serve as a useful
reagent for the preparation of other metal hexaphenyltrisiloxanediolates.

2.4. Actinide deri6ati6es

Like the rare earth elements, actinides were virtually non-existent in metallasilox-
ane chemistry until recently. In this context it is interesting to note that even the
chemistry of simple uranium trialkylsilanolates is very little developed and no
structural information is available. The few existing reports in the literature are
mainly concerned with uranium(V) and uranium(VI) siloxides such as U(OSiR3)5

(29; R=Me, Et) or U(OSiR3)6 (30; R=Me, Et) [70–73]. It was found that
reactions of UCl4 with two or three equivalents of 7 were always accompanied by
complete decolorization of the reaction mixtures, indicating oxidation to urani-
um(VI) species. However, it proved difficult to isolate pure compounds from these
mixtures. Finally this became possible by employing a salt-free synthetic route
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starting with the long-known uranium sandwich complex uranocene, (COT)2U (31,
COT=h8-C8H8) [74]. Treatment of uranocene with an excess of tetraphenyldisilox-
anediol in toluene solution resulted in clean formation of the colorless uranium(VI)
complex U[Ph2Si(OSiPh2O)2]2[(Ph2SiO)2O] (32) according to Eq. (4) [62].

(4)
This reaction and the nature of the product are quite remarkable in several ways.

First of all, the replacement of both cyclooctatetraene ligands upon treatment with
the disiloxane reagent is an unprecedented reaction pathway for uranocene. Sec-
ondly, clean oxidation to uranium(VI) readily takes place in the presence of 1 and
not even traces of uranium(IV) disiloxanediolate species have been detected.
Finally, an X-ray structure analysis revealed that 32 represents the first example of
a mixed-ligand metallasiloxane containing both the original tetraphenyldisiloxane-
diolate dianion and the ring-expanded hexaphenyltrisiloxanediolate chelating ligand
[47–50] (Fig. 10). Thus the monomeric molecule contains one six-membered and
two eight-membered metallasiloxane ring systems.

3. Metallasilsesquioxanes

3.1. Starting materials

Silsesquioxanes are silicon–oxygen cage compounds of the general formula
(RSiO1.5)n which can be prepared by hydrolysis of the corresponding trifunctional
organosilicon monomers RSiCl3 or RSi(OMe)3 [75]. Various aspects of their
chemistry, including the preparation and structure of metallasilsesquioxanes, have
been documented in a number of review articles [17,22–25,76–81]. Among the fully
condensed silsesquioxane polyhedra are trigonal prisms (R6Si6O9, n=6), cubes
(R8Si8O12, n=8), and drum-shaped frameworks (R10Si10O15, n=10; D2d-
R12Si12O18, n=12). Especially interesting for the preparation of metallasilsesquiox-
anes and other functional derivatives are incompletely condensed silsesquioxanes
which can be regarded as intermediates in the formation of the fully condensed
frameworks. The most prominent representative of this class of organosilicon
compounds is the trisilanol derivative Cy7Si7O9(OH)3 (2), which was first reported
by Brown and Vogt [82,83] and more recently investigated in great detail by Feher
and co-workers [25]. An improved synthetic route developed by the latter research
group involves kinetically controlled hydrolysis of trichlorocyclohexylsilane accord-
ing to Eq. (5) [84].
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(5)

Fig. 10. Molecular structure of 32.
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Scheme 3. Synthesis of the silylated silsesquioxanes 38–40 (R=Cy). Reagents and conditions: Me3SiCl/
NEt3, THF, r.t.

Other products resulting from this reaction are the fully condensed silsesquioxane
33 and the disilanol derivative 34, from which 2 can be readily separated by an
extraction procedure. A certain drawback of this synthesis is that the kinetically
controlled hydrolytic polycondensation of the in situ formed cyclohexylsilanetriol,
CySi(OH)3 (35), takes up to 3 years to proceed to completion. However, syntheti-
cally useful quantities of 2 can already be isolated after a reaction time of several
months. Related trisilanols based on a silsesquioxane cube have been isolated with
R=cyclopentyl (36) and cycloheptyl (37) [85]. In these cases, and quite in contrast
to the formation of 2, the rates of the hydrolysis reactions can be dramatically
improved by refluxing the reaction mixtures.

The derivative chemistry of 2 and especially the study of related metalla-
silsesquioxanes as molecular models for silica-supported metal catalysts have been
pioneered by Feher et al. [9a]. Synthesis, characterization, and reactivity of these
compounds have been surveyed in a recent review article [25]. Thus the present
contribution focuses mainly on new results published after 1995. The preparation of
metal derivatives of 2 generally involves treatment of the parent trisilanol with the
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appropriate metal halide in the presence of a base such as triethylamine [17,25]. In
addition, Feher et al. have demonstrated that the reactivity of 2 can be modified
and tuned by silylation of the Si–OH functions [84,86] or by preparing the
corresponding thallium silanolates [87]. The latter offer the advantage that thallium
reagents are non-reducing and thus allow the preparation of transition metal
derivatives in high oxidation states. On the other hand, silylation is an effective way
to protect one or two Si–OH functions and thus prepare the corresponding mono-
and disilanol derivatives. Scheme 3 illustrates the selective preparation of mono-,
di- and trisilylated silsesquioxanes starting from 2.

The silylated products 38 and 40 can be readily isolated as pure materials by
fractional crystallization from pentane or hexane. The disilylated silsesquioxane 39
is not as easily prepared as it is very soluble in hydrocarbon solvents and thus
somewhat difficult to purify. Recently an analytically pure sample of 39 was
obtained by repeated crystallization from acetonitrile and this enabled us to
determine its molecular structure. Figure 11 depicts how the single Si–OH function
is sterically shielded by a cyclohexyl substituent and two -OSiMe3 units.

In contrast to the monomeric nature of 39, the parent trisilanol 2 had previously
been reported to crystallize as a hydrogen-bonded dimer [9a].

In an extension of this chemistry the reaction of 2 with the difunctional reagent
dichlorodimethylsilane was studied [88]. A pure reaction product, the bis(-
silsesquioxane) derivative 41, can be isolated when the reaction is carried out in a
2:3 molar ratio according to Eq. (6).

(6)

The white crystalline solid was structurally characterized by X-ray diffraction
(Fig. 12). In this molecule one corner of the original incompletely condensed
silsesquioxane is capped by a Me2Si unit. A third Me2Si group connects two of
these partially closed silsesquioxane cages.

Lithium, sodium or potassium silanolates derived from the trisilanol 2 would be
of paramount interest as they could also serve as useful starting materials for the
preparation of other polyhedral metallasilsesquioxanes. In fact, it was first demon-
strated by Feher et al. that deprotonation of the trisilanols 2, 36 or 37 with one
equivalent of sodium t-butoxide cleanly affords the corresponding mono-sodium
derivatives, but these products were found to be stable only for short periods of
time in solution and could not be isolated as crystalline materials [25]. Another
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Fig. 11. Molecular structure of 39.

Fig. 12. Molecular structure of 41.
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route to remarkably stable mono-anionic derivatives involves the comproportiona-
tion reaction of 2 with Cy7Si7O9(OTl)3 (42) [87] followed by reaction with [PPh4]Cl,
[PnBu4]Cl, or [NnBu4]Br to produce the corresponding salts of [Cy7Si7O10(OH)2]−,
i.e. the monoanion derived from deprotonation of 2 [89a]. A single-crystal X-ray
diffraction study revealed that the salt [NnBu4][Cy7Si7O10(OH)2] (43) exists in the
solid state as isolated ion pairs with strong intramolecular hydrogen bonding (Fig.
13) [89a].

Quite in contrast, early attempts to exhaustively deprotonate the Si–OH func-
tions with the use of strong bases such as NaOtBu resulted in decomposition,
presumably owing to skeletal degradation of the silsesquioxane cage [25]. Recently
it was discovered that a successful preparation of fully deprotonated trisilanols
strongly depends on the proper choice of the base [89b,c]. It was found that the
silsesquioxane cage remains intact and all three Si–OH functions are deprotonated
when 2 is treated with three equivalents of LiN(SiMe3)2. Diethyl ether, THF or
toluene are suitable solvents for these reactions. When the deprotonation reaction
between 2 and LiN(SiMe3)2 (21) is carried out in toluene, the unsolvated lithium
silanolate Cy7Si7O9(OLi)3 (44) precipitates as an amorphous, presumably polymeric
material. However, crystalline adducts are readily obtained in the presence of
suitable Lewis bases. Eq. (7) illustrates the preparation of the acetone solvate
[Cy7Si7O9(OLi)3]2·3Me2CO (45), which was the first adduct of this type to be
isolated and structurally characterized [89a].

(7)

As shown by X-ray diffraction, supramolecular self-assembly of 45 leads to the
formation of an unsymmetrical dimer in the solid state (Fig. 14).

The central structural unit of 45 consists of a box-shaped Li6O6 polyhedron.
Acetone ligands are coordinated to three lithium ions while the other three interact
with framework oxygen atoms of the silsesquioxane cages. This results in tetracoor-
dination around each lithium. Structurally related box-shaped Li6O6 or Li6S6

polyhedra have previously been reported for some hexameric lithium phenoxides or
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Fig. 13. Molecular structure of 43.

arenethiolates [18]. The structural investigation of 45 clearly demonstrated that fully
deprotonated trisilanols can be generated without concomitant break-down of the
silsesquioxane cage structure and that the products can be isolated as stable
crystalline solids. In a similar manner the well-defined adducts
[Cy7Si7O9(OLi)3]2·3Et2O (46) and [Cy7Si7O9(OLi)3]2·3THF (47) have been isolated
in high yields and fully characterized. The dimeric molecular structure of 47 is
shown in Fig. 15.

Most recently, Aspinall et al. also succeeded in preparing fully deprotonated
silsesquioxanes [89c]. These authors demonstrated that it is possible to isolate the
unsolvated lithium silanolate Cy7Si7O9(OLi)3 (44) by reacting 2 with three equiva-
lents of nBuLi in hexanes. Under these conditions 44 was obtained in high yield as
a white solid, which was found to be indefinitely stable in the air at room
temperature! Hydrolysis of a 1-year-old sample with HCl in THF resulted in clean
and quantitative formation of 2, indicating that no noticeable degradation of the
silsesquioxane cage had occurred. In a similar manner, mono-silylated 38 could be
deprotonated in the presence of n-butyllithium to afford Cy7Si7O9(OSiMe3)(OLi)2

in moderate yield [89c]. Initial experiments indicate that other alkali metal deriva-
tives of fully deprotonated 2 can be readily prepared using the corresponding alkali
metal bis(trimethylsilyl) amides [89b]. For example, treatment of 2 with three
equivalents of KN(SiMe3)2 (48) in DME solution afforded the potassium silanolate
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Fig. 14. Molecular structure of 45.

[Cy7Si7O9(OK)3]2·4DME (49) in almost quantitative yield as a colorless, moisture-
sensitive crystalline solid (Eq. (8)) [89b]. According to the X-ray analysis the crystal
structure of 49 consists of dimeric molecules formed by self-assembly of two fully
deprotonated silsesquioxane cages and six potassium ions (Fig. 16).

(8)
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Fig. 15. Molecular structure of 47.

Similar to the lithium silanolates 44–47 a box-shaped K6O6 arrangement forms
the central structural unit of the dimer. Four chelating dimethoxyethane ligands are
needed to saturate the coordination sphere of the potassium ions owing to the
larger ionic radius of potassium.

The first reactivity studies have already demonstrated, that the novel alkali metal
silsesquioxanes 44–47 and 49 are excellent building blocks for the construction of
heterobimetallic metallasiloxanes (vide infra) [89b,c]. New silylated derivatives are
also readily prepared from these starting materials, as exemplified by the reaction of
44 with three equivalents of ClSiMe2(CH�CH2) according to Eq. (9). White
crystalline Cy7Si7O9[OSiMe2(CH�CH2)]3 (50) can be isolated in ca. 90% yield.
Oligo(vinylsilane) derivatives such as 50 may be of interest as precursors for the
synthesis of carbosilane dendrimers based on the incompletely condensed
silsesquioxane cage of 2.
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(9)

It should be noted at this stage that until recently the number of incompletely
condensed silsesquioxanes which were available in preparatively useful quantities
was quite limited [82–85,90–92]. In fact, virtually all studies directed towards the
synthesis of metallasilsesquioxanes or silsesquioxane-derived hybrid organic-inor-
ganic polymers have been carried out using 2 or its cyclopentyl-substituted analog
36. However, a new synthetic route to incompletely condensed silsesquioxanes has

Fig. 16. Molecular structure of 49.
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recently been developed by Feher et al. [93–96]. It involves the acid-mediated
cleavage and — in some cases — rearrangement of fully condensed silsesquioxane
frameworks such as trigonal prismatic Cy6Si6O9 (51) or cubic Cy8Si8O12 (52). The
resulting silanediols (e.g. C2�Cy6Si6O8(OH)2 (53)) are a valuable addition to the
current pool of incompletely condensed silsesquioxanes and it can be anticipated
that they will exhibit a rich derivative chemistry and provide access to interesting
new Si–O frameworks [96].

Fig. 17. Molecular structure of 65.
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Fig. 18. Molecular structure of 73.

3.2. Early transition metal deri6ati6es

Thus far, metallasilsesquioxane derivatives containing the Group 3 elements
scandium, yttrium, and lanthanum are unknown [17]. Previously reported Ti
compounds include titanium(III) [97] and titanium(IV) silsesquioxanes [98]. The
former have been prepared by allowing 2 to react with either Ti[N(SiMe3)2]3 (54) or
TiCl3(NMe3)2 (55). The initial product in these reactions is the blue dimeric
complex [Cy7Si7O12Ti]2 (56). Treatment of 56 with pyridine afforded the bis-adduct
[Cy7Si7O12Ti(py)]2 (57) in virtually quantitative yield. Both 56 and 57 have been
structurally characterized by X-ray analyses [97]. Corner-capping of the silsesquox-
ane framework with a TiCp unit is readily achieved by treatment of either
Cy7Si7O9(OSbMe4)3 (58) or the thallium silanolate Cy7Si7O9(OTl)3 (42). In both
cases the product is monomeric Cy7Si7O12TiCp (59) [98]. Other titanasilsesquiox-
anes have been designed as model compounds for titanosilicates, which are industri-
ally important as oxidation catalysts [99]. Prominent examples of such realistic
models include (MeC5H4)4Ti4(SitBu)4O12 (60) [100], [2,6-iPr2C6H3NH3]-
[(RSiO3)3Ti4Cl4(m3-O)] [61, R=2,6-iPr2C6H3N(SiMe3)] [101], [Cy7Si7O12MgTiCl3]n
(62, n=1,2) [102], and [R7Si7O12TiOiPr]n (63, R=c-C5H9, 64, R=c-C6H11; n=
1,2) [103]. In the presence of triethylaluminum, compound 62 was found to exhibit
high catalytic activity for ethylene polymerization, while the model compounds 63
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and 64 display catalytic activity in the epoxdation of cyclohexene (cf. Section 4.2).
The high catalytic performance of these two complexes was attributed to a
monomer–dimer equilibrium which could create free coordination sites at titanium.
Treatment of 64 with methanol affords the six-coordinate titanasilsesquioxane
dimer [Cy7Si7O12Ti(m-OMe)(MeOH)]2 (65), which was structurally characterized
(Fig. 17) [103]. The same type of alkoxide-bridged dimer can also be obtained
directly by the reaction of the trisilanols 2 and 32 with titanium tetraethoxide in a
1:1 molar ratio (Eq. (10)) [104,105].

(10)

Fig. 19. Molecular structure of 75.
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Fig. 20. Molecular structure of 83.

The solid state dimeric molecular structure was established by an X-ray diffrac-
tion analysis of 66 [104]. As in 65, two titanium-capped silsesquioxane cages are
connected through alkoxide bridges. One ethanol ligand, which is a by-product in
the formation of these compounds, is coordinated to each Ti atom. In solution,
compound 66 also exists in a monomer–dimer equilibrium as evidenced by 1H-
NMR studies [105]. The protonolytic reaction exemplified in Eq. (10) is not limited
to titanium tetraalkoxides. Related complexes, although monomeric, have also been

Fig. 21. Molecular structure of 85.
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isolated from reactions of 2 with Ti(CH2Ph)4 (68), Ti(NMe2)4 (69) or Ti(OSiMe3)4

(70) [105]. The products, Cy7Si7O12TiCH2Ph (71), Cy7Si7O12TiNMe2 (72) and
Cy7Si7O12TiOSiMe3 (73) were characterized on the basis of elemental analysis and
NMR data as well as an X-ray structural analysis in the case of 65. The molecular
structure of 73 is depicted in Fig. 18.

Similar reactions have also been carried out with the difunctional monosilylated
silsesquioxane precursor 38 [105]. Treatment of 38 with one equivalent of Ti(OiPr)4

smoothly produced monomeric Cy7Si7O11(OSiMe3)[Ti(OiPr)2] (74) as the sole
product. A bis(silsesquioxane) titanium complex, [Cy7Si7O11(OSiMe3)]2Ti (75), can
be prepared using either Ti(CH2Ph)4 (68) [105] or, as shown in Eq. (11), Ti(OEt)4

as reagent.

(11)

According to an X-ray diffraction study [104,105b] the central titanium atom
is tetrahedrally coordinated by the two dianionic silsesquioxane cages (Fig.
19).

Currently, titanium appears to be the metal which displays the richest metal-
lasiloxane chemistry when combined with silsesquioxane frameworks. Crocker and
co-workers recently published a detailed investigation of an extensive series of
monomeric titanasilsesquioxanes including Cy7Si7O12TiL (L=CH2Ph (71), NMe2

(72), OSiMe3 (73), OiPr (76)) and (c-C5H9)7Si7O12TiL (L=CH2Ph (77), OiPr (78))
[105b]. Treatment of Cy7Si7O12TiOiPr (76) with phenols was found to be an
effective synthetic route to the corresponding aryloxide derivatives Cy7Si7O12TiL
(L=OPh (79), OC6H4F-p (80), OC6H4NO2-p (81)).
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Other recent additions include several metallocene derivatives containing
silsesquioxane ligands. Thus far it has turned out that reactions of 2 with titanocene
dihalides are not straightforward and usually lead to the formation of product
mixtures. Several crystalline materials have been isolated from such reactions but not
all of them have been fully characterized. A common feature appears to be the
formation of m-oxo species despite the use of carefully dried solvents. Although at
this stage the occurrence of partial hydrolysis cannot completely ruled out, we assume
that the oxygen-bridges in these complexes result from degradation of the silsesquiox-
ane frameworks. A typical example is the reaction of 38 with Cp2TiCl2 (82) in toluene
solution in the presence of triethylamine. In this case the m-oxo dititanium complex
(m-O)[Cy7Si7O11(OSiMe3)Ti]2 (83) has been isolated in ca. 70% yield in the form of
orange crystals (Eq. (12)).

(12)

The molecular structure of 83 has been established by an X-ray diffraction analysis
(Fig. 20) [104]. It shows the presence of a dinuclear metallasilsesquioxane with a
central Ti–O–Ti unit. During the course of the reaction one cyclopentadienyl ligand
per titanium atom is eliminated upon protonolysis to give the observed mono(cy-
clopentadienyl) titanium(IV) derivative.

At least two different products are formed when 38 is allowed to react with the
corresponding pentamethylcyclopentadienyl titanium complex Cp*2 TiCl2 (84) in the
presence of triethylamine. While a yellow component has not yet been identified, it
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was possible to isolate and fully characterize the red crystalline trinuclear 1,3,5-tri-
titana-2,4,6-trioxane derivative Cp*2 Ti3O3[Cy7Si7O11(OSiMe3)]2 (85) (Eq. (13)). [104]
The molecular structure of 85 has been elucidated by an X-ray structural analysis
(Fig. 21).

(13)

The central structural motif of 85 is an unsymmetrically substituted six-mem-
bered Ti3O3 ring. Two pentamethylcyclopentadienyl ligands are coordinated to one
titanium atom, while the other two are free of Cp*. They are both part of
eight-membered TiSi3O4 ring systems within the silsesquioxane frameworks. This
results in an unusual bis(spirocyclic) inorganic ring system in the molecular
structure of 85.

In a more straightforward manner a bis(pentamethylcyclopentadienyl)titanium-
(III) silsesquioxane complex became available according to the preparative route
outlined in Eq. (14). It involves addition of the monofunctional silsesquioxane
precursor 39 across the Ti�C bond of the ‘tucked in’ fulvene titanium complex
Cp*Ti(C5Me4CH2) (86) [106].
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Fig. 22. Molecular structure of 87.

Scheme 4. Preparation of the silsesquioxane mono(silanol) 88 and its lithium salt 89 (the cube stands for
the (c-C5H9)7Si7O12 cage).
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Scheme 5. Preparation of titanium complexes derived from 89.

(14)
The novel titanium(III) silanolate derivative 87 has been fully characterized and

its molecular structure has been elucidated by an X-ray diffraction study [104]. As
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shown in Fig. 22 a Cp*2 Ti unit has been generated upon protonation of the
coordinated tetramethylfulvene ligand. The resulting deprotonated silsesquioxane is
coordinated to titanium as a bulky monodentate silanolate ligand.

In the search for simple yet realistic model compounds for isolated silanol
functionalities as found in partially dehydroxylated silica, Duchateau et al. recently
published a promising new approach [107]. In contrast to incorporating metal
atoms in a silsesquioxane skeleton, it involves attaching a fully condensed
silsesquioxane cage to a metal through an oxygen bridge. In the first stage, the
silsesquioxane mono(silanol) (c-C5H9)7Si7O12(OH) (88) was prepared in high yield
according to Scheme 4 by allowing 2 to react with SiCl4 in the presence of
triethylamine followed by hydrolysis of the intermediate chlorosilane derivative.

Mono(silanol) 88 itself is an interesting model compound which mimics isolated
silanol sites in partially dehydroxylated silica. Deprotonation with n-butyllithium
cleanly affords the stable lithium salt (c-C5H9)7Si7O12(OLi) (89), which can be used
as a precursor in the preparation of transition metal complexes in which the
silsesquioxane cage is coordinated to the metal via an oxygen bridge. As shown in
Scheme 5 one or two chloride ligands in Cp%%TiCl3 (Cp%%=1,3-C5H3(SiMe3)2) (90)
can be substituted by the novel siloxide ligand [107].

Several attempts to replace the chloride ligands in the complexes 91 and 92 by
alkyl substituents failed. However, a protolytic reaction of the parent mono-silanol
88 and Cp%%Ti(CH2Ph)3 (93) selectively afforded the mono(silsesquioxane) titanium-
trialkyl complex (Eq. (15)) [107].

Fig. 23. Molecular structure of 99.
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(15)

The other Group 4 metals, zirconium and hafnium, have also been successfully
incorporated into the silsesquioxane framework of 2. Capping with a Cp*Zr unit
has been achieved by treatment of 2 with Cp*Zr(CH2Ph)3 (95) to give
Cy7Si7O12ZrCp* (96) [9a]. An alternative preparative route involves the reaction of
2 with Cp*ZrCl3 (97) in CH2Cl2 in the presence of triethylamine. The zirconium
derivative 96 was the first polyhedral metallasilsesquioxane reported in the litera-
ture [9a]. In a similar manner, 2 has been found to react smoothly with Cp*HfMe3

(98) under elimination of methane to afford Cy7Si7O12ZrCp* (99) as a colorless
crystalline solid in 78% yield (Eq. (16)). [108] The formation of a closo-silsesquiox-
ane cage has been confirmed by an X-ray structure determination of 99 (Fig. 23).

Fig. 24. Molecular structure of 103.
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(16)

An interesting series of monomeric and dimeric zirconium and hafnium
silsesquioxane complexes, including s-alkyl derivatives, has recently been reported
by Duchateau et al. [109]. A zirconium analog of 75, [(c-C5H9)7Si7O11(OSiMe3)]2Zr
(100) was obtained in excellent yield by reacting Zr(CH2Ph)4 (101b) two equivalents
of (c-C5H9)7Si7O9(OH)2(OSiMe3) (102). In contrast to the titanium derivative 75,
the tetracoordinated Zr center in 100 is able to add THF to give the bis-adduct
[(c-C5H9)7Si7O11(OSiMe3)]2Zr(thf)2 (103). As shown in Fig. 24, the THF ligands in
103 are positioned cis to each other.

A monomeric zirconium silsesquioxane complex, [(c-C5H9)7Si7O11(OSiMe3)]–
ZrCl2(thf)2 (104) is accessible in high yield through the reaction of the mono-sily-

Scheme 6. Preparation of the Group 4 benzyl complexes 106–108.
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Fig. 25. Molecular structure of 111.

lated precursor 102 with (PhCH2)2ZrCl2·OEt2 (105). A surprising selectivity is
found when the trisilanol 2 is reacted with the homoleptic Group 4 metal benzyl
complexes M(CH2Ph)4 (101, M=Ti, Zr, Hf) [109]. In the case of titanium
a monomeric corner-capped metallasilsesquioxane complex is formed, while the
zirconium and hafnium benzyl complexes are dimeric in the solid state (Scheme
6).

Crocker et al. also described the preparation of a related zirconium
silsesquioxane complex, namely Cy7Si7O12Zr(OtBu) (109). This compound was
made by reacting 2 with Zr(OtBu)4 (110) and it was shown by NMR spec-
troscopy to exist as a monomer–dimer mixture in solution [105b]. Other novel
aspects of Group 4 metallasilsesquioxane chemistry are currently evolving from
the use of the recently discovered alkali metal silsesquioxanes 44–47 and 49
[110]. As an instructive example the preparation of the heterobimetallic zirco-
nium silsesquioxane complex [Li(Me2CO)]2Zr(Cy7Si7O12)2 (111) shall be described
here. High yields of the colorless crystalline material can be isolated according to
Eq. (17) by reacting the lithium derivative 45 with ZrCl4 in THF (molar ratio
2:1).
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(17)

Although 111 is not very soluble even in THF, it was possible to grow X-ray
quality single crystals from this solvent. As shown in Fig. 25, the central zirconium
atom is encapsulated by two silsesquioxane cages resulting in an approximate
octahedral coordination geometry around Zr. Two Li(Me2CO) units are attached to
this formally dianionic Zr(Cy7Si7O12)2

2− moiety. Tetracoordination at each lithium
ion is achieved through coordinative interaction with three silanolate oxygen atoms.
Heterobimetallic metallasilsesquioxanes such as 111 can be expected to be valuable
new precursors for the assembly of unusual metal-containing Si–O frameworks.
The use of lithium salt 44 in the preparation of heterobimetallic lanthanide
silsesquioxane complexes will be outlined in the following section.

3.3. Lanthanide deri6ati6es

Lanthanide derivatives are a more recent addition to the chemistry of metal-
lasilsesquioxanes. The first rare earth complexes derived from the cyclopentyl-sub-
stituted trisilanol 36 were reported by Herrmann et al. in 1994 [111]. Yttrium and
neodymium complexes were prepared via a ‘silylamide route’ [60] by reacting 36
with the corresponding bis(trimethylsilyl)amides Ln[N(SiMe3)2]3 (112a,b, Ln=Y,
Nd) and the dimeric yttrium derivative was structurally characterized. In view of
the industrial importance of lanthanide-doped zeolite catalysts [112–115], such rare
earth metallasilsesquioxanes are of interest as realistic molecular model compounds.
Since these first reports on lanthanide silsesquioxanes this class of compounds has
been extensively investigated in our laboratory. In addition to the original sily-
lamide route other synthetic pathways have been studied, including reactions
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involving anhydrous lanthanide trichlorides or certain organolanthanide complexes.
A considerable body of results has been accumulated and numerous lanthanide-
containing silsesquioxane derivatives have been prepared and characterized by
spectroscopic methods and elemental analyses. However, it turned out that many of
these complexes are difficult to obtain as single crystals suitable for X-ray diffrac-
tion. In most cases this behavior can be attributed to the very high solubility of
these materials even in non-polar hydrocarbon solvents such as pentane or hexane.
Structural information is still scarce and many molecular structures of lanthanide
silsesquioxanes remain rather speculative. It is noteworthy that Herrmann and
co-workers apparently were also confronted with this problem of a rather low
tendency to from suitable crystals. They finally succeeded in crystallizing the
yttrium derivative with the use of triphenylphosphine oxide as an auxiliary ligand
[111]. Thus, in the context of this review the description of lanthanide silsesquiox-
ane chemistry will be limited to a few instructive and well-characterized examples,
keeping in mind that many other compounds of this type are still awaiting further
elucidation.

Taking cerium as a representative member of the lanthanide series, several
methods for preparing metallasilsesquioxanes containing this element have been
developed. As shown in Eq. (18), the silylamide route can easily be extended to
cerium.

Cy7Si7O9(OH)3
2

+Ce[N(SiMe3)2]3
112c

����������

toluene

−2HN(SiMe3)2

Cy7Si7O9Ce
113

[HN(SiMe3)2] (18)

In this case the reaction product, pink crystalline 113, contains one molecule of
hexamethyldisilazane coordinated to cerium.

A generally applicable synthetic pathway to rare earth silsesquioxane complexes
involves treatment of 2 with the corresponding lanthanide trichlorides in the
presence of stoichiometric amounts of triethylamine. Anhydrous lanthanide triflates
can also be successfully employed instead of the trichlorides. Such reactions have
been carried out with various members of the lanthanide series. The preparation of
the cerium(III) complex 114 is depicted in Eq. (19) as a typical example. In this case
the analytical data show that the coordination sphere of cerium is completed by
triethylamine ligands. Once again, however, the seemingly simple reactions are far
more complicated and the products are often difficult to characterize. One of the
reasons for this behavior is the tendency of the lanthanide ions to achieve high
coordination numbers i.e. by coordination of solvent molecules, by retaining metal
halides or by formation of anionic ‘ate-complexes’.

Cy7Si7O9(OH)3
2

+CeCl3+3NEt3 ��������

THF

−2[HNEt3]Cl
Cy7Si7O9Ce(NEt3)n

114
(19)

Similar routes have been followed to prepare related cerium(IV) species. In this
case stable cerium(IV) precursors such as ceric ammonium nitrate (‘CAN’, 115) or



358 V. Lorenz et al. / Coordination Chemistry Re6iews 206–207 (2000) 321–368

cerium(IV) tetra-t-butoxide (117) can be employed. In the first case it has been
found advantageous to utilize the non-reducing thallium silsesquioxane reagent 42
[87] in order to avoid the formation of cerium(III) by-products (Eq. (20)). The
product 116 is readily soluble in THF and can be isolated as a pale yellow
crystalline material after filtering off the inorganic reaction products (TlNO3,
NH4NO3). Protonolysis of cerium(IV) tetra-t-butoxide upon treatment with one
equivalent of trisilanol 2 cleanly affords the mono-t-butoxide derivative 118
as outlined in Eq. (21). Compound 118 also forms pale yellow crystals which
are soluble even in hydrocarbon solvents. It can be anticipated that such
cerium(IV) metallasilsesquioxane might exhibit catalytic activity e.g. in oxidation
reactions.

Cy7Si7O9(OTl)3
42

+ (NH4)2[Ce(NO3)6]
115

���������������

THF

−2TlNO3, −2NH4NO3

Cy7Si7O9CeNO3(thf)2
116 (20)

Cy7Si7O9(OH)3
2

+Ce(OtBu)4(thf)2
117

���������

toluene, reflux

−3tBuOH
Cy7Si7O9Ce(OtBu)

118
(21)

Quite likely the chemistry of lanthanide silsesquioxane complexes too will greatly
benefit from the use of the new alkali metal silsesquioxane precursors 44–47 and

Fig. 26. Molecular structure of 119.
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Fig. 27. Molecular structure of 122a.

49. Initial experiments in this direction are already very encouraging [89c,110].
Interesting new frameworks can be accessed through reactions involving these alkali
metal derivatives and the resulting bimetallic metallasilsesquioxanes have generally
been found to exhibit a much better crystallinity than the corresponding pure rare
earth derivatives. One of the first examples of a reaction product to be structurally
characterized was [Cy7Si7O12Li2]2YbN(SiMe3)2 (119), which was prepared as out-
lined in Eq. (22) [110].

(22)

The ytterbium complex 119 represents a novel type of heterobimetallic lanthanide
metallasilsesquioxanes. Ytterbium is coordinated via oxygen to a lithium
silsesquioxane framework made up of two Cy7Si7O12Li2 units (Fig. 26). There are
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no additional ligands such as Et2O or THF present in this molecule owing to the
involvement of cage oxygen atoms in the coordination to lithium. The overall
structure of 119 resembles that of typical bent lanthanide metallocenes such as
Cp*2 LnN(SiMe3)2 (25) [63,64]. The extension of this chemistry to other rare earth
elements as well as the preparation of potential new catalysts such as
[Cy7Si7O12Li2]2LnCH(SiMe3)2 or [{Cy7Si7O12Li2}2Ln(m-H)]2 (cf. Cp*2 LnCH(SiMe3)2

(120) and [Cp*2 Ln(m-H)]2 (121) [63,64]) is currently an area under active investiga-
tion in our laboratory. Initial results already indicate that the new precursors 44–47
and 49 are the starting materials of choice in this chemistry.

Similar reactions have recently been studied by Aspinall et al. [89c] The monosi-
lylated ytterbium complex [{Cy7Si7O12}{Cy7Si7O11(OSiMe3)}]YbLi2(thf)2(Me-
CN)·2.5THF (122a) was crystallized in minor quantities from a reaction mixture
containing Yb[N(SiMe3)2]3 (112c) and 2 in the presence of PMDTA
(N,N,N %,N %%,N %%-pentamethyldiethylenetriamine). The main product of this reaction
was analyzed as Cy7Si7O12Yb(pmdta) (123). The origin of the siloxy function in
122a can be explained by the presence of small amounts of HN(SiMe3)2. It was
found that a rational synthetic route leading to 122a can be realized by reacting
Cy7Si7O12Yb(thf)2 (124) with Cy7Si7O9(OH)2(OSiMe3) (38). The yttrium derivative
[{Cy7Si7O12}{Cy7Si7O11(OSiMe3)}]YLi2(thf)2(MeCN)·2.5THF (122b) was prepared
analogously. The molecular structure of 122a was determined by X-ray diffraction
and is shown in Fig. 27 [89c].

Fig. 28. Molecular structure of 125.
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Fig. 29. Molecular structure of 126.

3.4. Actinide deri6ati6es

Very little is known about the incorporation of actinide elements into silsesquiox-
ane frameworks. Thus far the only experiments in that direction have been dealing
with uranium. When reactions of uranium compounds such as UCl4 or uranyl
nitrate with 2 were carried out under various conditions it was soon discovered that
in all cases uranium(VI) species were formed regardless of the oxidation state of
uranium in the starting material [110]. This behavior was not totally surprising in
view of earlier experiences with uranium disiloxandediolate systems as described in
Section 2.4. There too oxidation under formation of uranium(VI) species took place
in all cases. For example, treatment of green anhydrous UCl4 with two equivalents
of 2 in THF solution in the presence of triethylamine produced a colorless reaction
mixture, from which colorless [Cy7Si7O12]2U (125) could eventually be isolated. As
in the case of the disiloxanediolate reactions (cf. Section 2.4) it was demonstrated
that a highly useful starting material for the preparation of 125 is uranocene,
U(COT)2 (31). As depicted in Eq. (23), uranocene cleanly reacts with 2 to afford the
uranium(VI) silsesquioxane 125 in more than 80% isolated yield.
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Scheme 7. Monomer–dimer equilibrium of the vanadyl silsesquioxane 127 [118].

(23)

Scheme 8. Synthesis of the heterobimetallic silsesquioxane complex 129 [102].
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Crystalline 125 freely dissolves in various organic solvents including pentane or
hexane. This is quite reasonable considering the fact that the outer shell of the
molecule is covered by no less than fourteen cyclohexyl groups. An X-ray structure
determination clearly show how the central uranium atom is encapsulated between
the two silsesquioxane cages (Fig. 28). A closely related structure has recently been
reported for the analogous tungsten(VI) silsesquioxane derivative [Cy7Si7O12]2W
(126), which was made by the reaction of 2 with WCl6 [116]. Compound 126 was
selectively formed regardless whether 2 was allowed to react with one or two
equivalents of tungsten hexachloride. The structure of 126 was confirmed by
MALDI-TOF mass spectrometry as well as an X-ray diffraction analysis (Fig. 29).

4. Catalysis

This is a very recent development in the chemistry of metallasilsesquioxanes
which can be expected to have a strong impact on catalysis research well into the
next millennium. Today, certain metallasilsesquioxanes, especially titanium deriva-
tives, are emerging as highly promising new catalysts especially for olefin polymer-
izations and oxidation processes. In addition, a high-valent imidomolybdenum
silsesquioxane complex has been found to be an excellent catalyst for the metathesis
of olefins [25,117].

4.1. Olefin polymerization

The first report on catalytic activity of a metallasilsesquioxane originates from
Feher’s work in 1991 [118]. The vanadyl compound Cy7Si7O12VO (127), which can
be prepared by reacting 2 with (nPrO)3VO, (Me3SiCH2)3VO, or VOCl3, exists in
solution in a monomer-dimer equilibrium as shown in Scheme 7. It was found that
addition of Me3Al to benzene or hexane solutions of 2 at 25°C produces a
straw-colored solution (deep red in the case where Al(CH2SiMe3)3 is used) which
readily polymerizes ethylene or 1,3-butadiene. Other olefins were also polymerized,
but not as efficiently as ethylene [118].

Several Group 4 metal silsesquioxanes have already been proven to exhibit high
catalytic activity for olefin polymerization. For example, trisilanol 2 reacts with
butylethylmagnesium to give the magnesium intermediate 128, which exists as a
monomer–dimer equilibrium [102]. Subsequent treatment with TiCl4 afforded the
heterobimetallic Mg/Ti silsesquioxane complex 129 (cf. Section 3.2). The synthesis
is summarized in Scheme 8. Bimetallic 129 has also been found to exist as a
monomer–dimer mixture. In the presence of triethylaluminum as co-catalyst it
shows a high catalytic activity for ethylene polymerization. The properties of the
resulting polyethylene were similar to those obtained with a commercial silica-sup-
ported catalyst with the same components [102].

Other authors have recently pointed out, however, that the high affinity of
aluminum alkyls for the silsesquioxane oxo functions could make them unsuitable
as co-catalysts for silsesquioxane complexes [107,109]. In the case of the titanium
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complexes 92 and 94 (cf. Section 3.2) cation-generating boron reagents such as
B(C6F5)3 or [Ph3C][B(C6F5)4] have been found to be superior reagents for the
generation of silsesquioxane-based olefin polymerization catalysts [107]. Duchateau
et al. also used this approach to synthesize the cationic mono(benzyl) complexes
[{c-C5H9)7Si7O12}2M2(CH2Ph)]+ (130, M=Zr, Hf). These species have been found
to be active single-site ethylene polymerization catalysts (activity: (2–8)×106 g
PE/(mol·h)) [109].

4.2. Oxidation reactions

The second area where metallasilsesquioxanes are currently emerging as promis-
ing catalysts are oxidation and epoxidation reactions. It was first recognized by
Maschmeyer and Johnson et al. that the silsesquioxane titanium alkoxides 65 and
76 display catalytic activity in the epoxidation of cyclohexane. [103]. These com-
pounds react with peroxides such as tetrabutylperoxyhydroxide (TBPH) with
formation of yellow solutions (lmax=320 nm), indicative of h2-coordinated perox-
ide. Catalytic epoxidation of cyclohexene with TBPH was achieved using a cata-
lyst–substrate ration of 1:70:70 resulting in up to 93% conversion with 98%
selectivity towards the epoxide.

Most recently these investigations were extended by Crocker et al. to a large
series of titanium silsesquioxanes (71–74 and 76–81, cf. Section 3.2) [105b]. These
authors studied the catalytic epoxidation of oct-2-ene with tBuOOH (TBHP). It was
concluded from these experiments that the most active site in titanium silicate
epoxidation catalysts corresponds to a four-coordinate site possessing tripodal
geometry. Thus the titanium silsesquioxanes 71–74 and 76–81 can serve as soluble
models for putative tripodal sites in titanium silicates. Other coordination ge-
ometries such as in 75 (tetrapodal) lead to significantly lower activities in the case
of olefin epoxidation [105b]. A heterogeneous epoxidation catalyst has been ob-
tained by Abbenhuis et al. through immobilization of Cy7Si7O12TiCp (59) on silica
or MCM-41 molecular sieve [119]. Finally, a silica-supported vanadium-containing
silsesquioxane catalyst was prepared from 127. This material showed excellent
activity towards the selective photo-assisted catalytic oxidation of methane to
formaldehyde [120].

5. Future outlook

There is no doubt that the beginning of the new millennium will witness the
chemistry of metallasiloxanes as an area of vigorous research activities. Fascinating
new metal-containing Si–O frameworks will be discovered at a rapid pace. This is
the more likely as most of the structural varieties known to date have been realized
with only one polyhedral Si–O framework, i.e. the cube-derived nido-silsesquioxane
cage 2 (and its cyclopentyl analog 32). Further development of the field can be
expected from the use of new polyhedral silsesquioxanes containing Si–OH func-
tions. A highly promising aspect is the application of metallasilsesquioxanes in
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homogeneous and heterogeneous catalysis. Initial studies on titanium silsesquiox-
anes have already revealed, that such compounds are not only realistic model
compounds for silica-supported metal catalysts, but that they may be active
catalysts by themselves (cf. Section 4) This area is expected to continue to be an
exciting topic of research in the future. Further opportunities for future applica-
tions are in materials sciences. Silsesquioxane have already been demonstrated to be
useful building blocks in the construction of novel hybrid organic–inorganic
polymers [77,78]. An interesting novel aspect would be the incorporation of
metallasilsesquioxanes in such new materials which could lead to unusual proper-
ties. Thus it needs no prophet to foresee that the near future will witness a dramatic
increase in research activities dealing with metallasiloxanes and their applications in
catalysis and materials science.
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