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a b s t r a c t

The achievement of a structure–activity relationship for heterogeneous catalysts is a desirable step for
improving existing catalysts or for predicting new catalytic reactions. This article reviews the use of
silsesquioxanes (POSS) organometallic complexes as molecular models for silica-grafted catalytic centers.
It will show that POSS complexes, within some limits, have substantially contributed to gaining better
molecular-level understanding of surface reactions and catalysts activity.

© 2009 Elsevier B.V. All rights reserved.

. Introduction, goal and scope

Catalysis is the number one technology in chemical industry
nd petroleum refining. In the future, one may reasonably expect
hat catalysis will be among the leading solution for meeting the
ew, global, and intimately related challenges of environment and
nergy. The advantages of catalytic processes are due to the rel-
tively mild reaction conditions, their cost efficiency, and their
nvironmentally friendly character. Heterogeneous catalysis is the
ost commonly used of the three possible catalytic systems (the

ther ones being homogeneous and enzymatic), has the longest
istory in manmade chemicals, and remains the most widespread
olution in industrial processes, in part due to ease of catalyst
eparation from reaction medium. Nevertheless, heterogeneous
atalysis still suffers from some drawbacks. Sometimes it is not
elective enough, sometimes it produces undesired products (like
O2, NOx or particles), sometimes it requires high temperatures
hich are energy demanding, sometimes the catalyst lifetime is

oo short which is not economical, and sometimes its regener-
tion procedures are complicated, etc. Some of the reasons for
hese drawbacks are inherent to the “heterogeneous” character
f these materials. The multiplicity of active sites in terms of
tructure and their low concentration prevent the achievement
f a structure–activity relationship, a desirable step for improving
xisting catalysts or for predicting new catalytic reactions. Nowa-
ays, spectacular progress in the synthesis of new and well-defined
aterials is being observed. It is now possible to perform ratio-

al design and synthesis, thanks to supramolecular and sol–gel
hemistry, of well-defined supports with the expected structure,
cidity, porosity or shape in the field of oxides. Despite these
mprovements, the synthesis of materials which are more and more
recisely defined from the atomic level, to the nanolevel and to the
entimetre level, has not yet achieved optimum catalytic activity,
electivity, lifetime, and so on.

The “surface organometallic chemistry” (SOMC) [1,2] field has
een developed to propose a well-defined approach to the concep-
ion and synthesis of heterogeneous catalysts, either on traditional
r on novel supports. The SOMC field concerns the grafting of any
rganometallic or coordination compound onto any surface. By
urfaces we mean those of simple oxides (from non-porous, to
esoporous, up to zeolitic materials), those of metals (from unsup-

orted nanoparticles to supported ones, up to single crystals of

the structure of the active site which results from a careful struc-
tural determination, leads to the elucidation of elementary steps
of heterogeneous catalysis. A structure–activity relationship can
thus be achieved in several cases: for example in the case of the
most commonly used supports, that is those of oxides, we have
contributed to reporting a new generation of catalysts, catalytic
reactions, and have improved existing catalysts related to energy
and environment. Nevertheless, such a field still suffers from a lack
of tools to characterize the so-called single sites, even if a variety
of techniques coming from surface science and molecular chem-
istry have emerged: in situ IR, in situ 1H, 13C NMR, 2D NMR, EXAFS,
surface microanalysis, and determination of the stoichiometry of
surface reactions.

The focus of the review will be on the use of molecular models to
mimic and better understand the surfaces of inorganic oxide sup-
ports and their related surface-grafted organometallic fragments.
Such molecular models can help – and have helped as this review
will show in the case of silica – gain insight in the molecular
understanding of the whole catalytic act occurring on heteroge-
neous catalysts. One should not forget that heterogeneous catalysis
is a molecular phenomenon occurring on a surface and surface
organometallic fragments are real reaction intermediates in most
cases. For silica, molecular models of surface-grafted organometal-
lic derivatives have been obtained with model ligands such as
mono- or polysiloxy [3,4], calixarenes [5–7], heteropolyanions [8],
and trisamidates [9]. Among these ligands, the siloxy molecules
belonging to the silsesquioxane family – or more accurately to
the polyhedral oligomeric silsequioxane (POSS) family, character-
ized by a self-organized cage-like structure and reactive silanol
moieties – have asserted themselves among the most convincing
analogues of silica’s surface silanols. The goal of the review will be
to present the structural proof and reactivity analogy that support
such comparison. Where possible, the direct comparison between
analogous experimental properties will be carried out (solid vs.
solution NMR; EXAFS vs. single crystal X-ray diffraction, hetero-
geneous vs. homogeneous catalytic TOF and TON, etc.). The use
of POSS in computational studies for theoretical molecular mod-
elling the SiO2 clusters [10] and possibly silica-based catalysts
[11,12], will not be tackled here. The scope of the review will also
be restricted to POSS-based systems which (i) can be considered
a close molecular analogue of active heterogeneous catalyst, (ii)
have well-defined structural data both for the molecular and for
etals), those of carbon (from carbon black to graphene, to car-
on nanotubes), those of carbides, nitrides, etc.; and the grafting
f organometallic compounds aims at the synthesis of “single site”
rganometallic heterogeneous catalysts. The detailed knowledge of
silica-supported species, and (iii) have direct M-OSi bond, in other
words, the heterogeneous catalysts included here do not take into
account the heterogenized homogeneous ones, obtained for exam-
ple by the tethering approach (that is the use of organic bifunctional
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ethers whose ‘tail’ grafts to the support while its ‘head’ coordi-
ates the active catalytic metals), albeit silsesquioxane have been
uccessfully applied also in these cases [13–15]. In the context
f silsesquioxane-based catalysts, this work is in continuation of
eviews showing metallorganic derivatives of POSS as catalysts in
heir own right [4,16], or used as models for heterogeneous olefin
olymerization catalysts [17,18] and olefin metathesis catalysts
19], or as models for surface organometallic chemistry [1,2,20]. For
ilsesquioxane applications beside catalysis and modelling thereof,
he reader is referred to reviews focusing on silsesquioxane syn-
hesis [21,22], their use as ligands in inorganic and organometallic
hemistry [3,23–25], or their application as material-science pre-
ursors [26–28], that will provide a broader view of all the much
arger bulk of work revolving around silsesquioxanes.

. Analogy between oxidic supports and silsesquioxane
olecules

.1. Silsesquioxane as models of silica surfaces

“Notwithstanding the very simple chemical formula of silicon
ioxide, silica exists in a very large number of different forms”
29]. To attempt a description of the structural features that can
e modelled with silsesquioxane, we will limit ourselves to sur-
ace silanols and their classification in isolated, vicinal or geminal
Chart 1) [29–31], since they are the reactive sites upon which graft-
ng of the organometallic precursor usually occurs in the synthesis
f silica-supported heterogeneous catalysts and whose nature and
oncentration influence the nature of the grafted organometallic
oiety [1]. In the polyhedral oligomeric silsesquioxanes of inter-

st here (Chart 1), the cubic framework of the molecular cage is
ade of Si–R moieties in the corner positions and oxygen atoms

etween them (R being typically cyclopentyl, c-C5H9 or cyclo-
exyl, c-C6H11, rings). The trisilanol (C6H11)7Si7O9(OH)3, 3a−C6H11 ,
he first for which a convenient high-yield (and 6-month long!)
ynthesis was reported [32], is obtained by controlled hydrolytic
ondensation of tricholrocyclohexylsilane. Since then, many other
OSS-based derivatives have been reported, with substitution in
he number of atoms forming the cages, tethers, number of silanols,
tc. The silsesquioxanes of interest here have been chosen for
heir analogy with silica’s silanols, with molecular type and num-
er of reactive silanols that can vary from one (1a–1c), to two
2a–2c) three (3a) or four (4a). In fact, by judicious control of
he hydrolytic condensation reaction conditions, it is possible to
void the fully condensed polyhedra R8Si8O12 or R6Si6O9, and
teer the reaction to prevalently open cages with “dangling” Si–OH
ilica-like moieties. Subsequent silylation [33], base-catalyzed
leavage or cyclocondensations allow the further tuning of the
umber and nature of the available silanols on the partially con-
ensed silsesquioxanes. For example the disilanols R8Si8O10(OH)2,
a, R7Si7O9(OSiMe3)(OH)2, 2b, are reported as model of vicinal
urface silanols, while disilanol R7Si7O9(OSiMe3)(OH)2, 2c, has
een synthesized to model geminal silanols [34]. Monosilanols
7Si7O9(OSiMe3)2(OH), 1b, R7Si7O10(OH), 1c, can be obtained to
odel the isolated surface silanol. Formally connected to the same

amily of POSS, the monosilanol based on the closed structure
7Si8O12(OH), 1a, is also a model for isolated surface silanols [35].
verall, these models along with the tris- and tetrasylanols, mod-
ls of fully hydroxylated surfaces, yield the starting molecules used
s models of various type for reactive silanols molecular model

or isolated, vicinal, and geminal present on silica surface (Chart
).

The close analogy between vicinal silica surface silanols and
ncompletely condensed silsesquioxanes was first highlighted by
eher’s seminal work [32]. The major contribution of the work
emistry Reviews 254 (2010) 707–728 709

was twofold: (i) it proposed a novel, easy, and high-yield synthe-
sis for the known compound (c-C6H11)7Si7O9(OH)3, 3a−C6H11 (see
above), and most importantly for the research field of interest in
this review (ii) it offered a clear description of the analogy between
the silsesquioxane 3a−C6H11 and the surface of a fully hydrated sil-
ica slab. The reported analysis of the X-ray data proved that the
molecular structure of trisilanol (c-C6H11)7Si7O9(OH)3, 3a−C6H11 ,
compared strikingly well to a portion of a (1 1 1)�-cristobalite face:
both siliceous cavities are formed by 12-member siloxane rings,
with silicon atoms arranged in a chair conformation overlapping
over either three or four layers, respectively, resulting in a similar
cavity depth (3.8 Å vs. 5.1 Å) and Si–Si distances (4.9 Å vs. 5.04 Å).
The OH· · ·OH distance in the silsesquioxane 3a−C6H11 is 4.0 Å and
the projected silanol density is 4.8 OH/nm2 [32], which correlates
well with the high-end experimental data of 4.5–5 OH/nm2 mea-
sured for fully hydroxylated silica surfaces [36]. Lower densities are
measured for silica that have undergone thermal treatment under
vacuum, because of the loss of water between adjacent surface
silanols (reaction (1), the temperature T being called the dehy-
droxylation temperature, and the ensuing silica noted as SiO2−T).
Similarly, silsesquioxane can model such chemistry since trisilanol
3a−C6H11 undergoes dehydration to the cyclocondensed monosi-
lanol complex 1c upon heating (reaction (2)) [32]:

(1)

(2)

The analogy between silica surface silanols and silsesquiox-
anes is also spectroscopic. Infrared spectra of silica after extensive
thermal treatment, and hence extensive dehydroxylation (reaction
(1)), show a sharp peak at 3750 cm−1, assigned to truly isolated
(non-acidic) [ SiOH] silanols; likewise, monosilanol silsesquiox-
ane of type 1 gives both in solution and in solid-state IR spectra
a sharp band around 3700 cm−1 [35], while strongly hydrogen-
bonded trisilanol of type 3 displays �(OH) = 3158 (nujol), and
3217 (CCl4) cm−1 [34].

The long-range effect of adjacent siloxide functionalities on the
stretching vibration of isolated silanols on silica was indicated by
the development of a series of POSS monosilanols of type 1b, where
the two capping SiMe3 groups have been replaced by a variable-size
methyl substituted siloxane ring: FTIR data showed that hydrogen
bonding preferentially occurred between the silanol and the flexi-
ble 12 member siloxane ring, suggesting that such effect is present
also on silica, with interesting implication for subsequent catalytic
activities (vide infra) [37].

Silsesquioxane 2c was used to mimic and help the solid-state
assignment of surface geminal silanols IR stretching frequencies

�(OH) [34]; the study also highlighted the different chemical nature
of the two endo and exo Si–OH moieties in the silsesquioxane 2c
[34], possibly explaining the observed chemical behavior of gemi-
nal silanol on silica surface, that rather counter-intuitively behaves
more like an isolated surface silanol than like a disilanol. Spectro-
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Chart 1. Overview of the main silsesquioxanes used as molecular

copic 1H and 29Si NMR measurements also compare well between
ilsesquioxanes [34] and silica surface silanols [22].

Silsesquioxanes acidity compares less well with that of the sil-
cas. While NaOH deprotonates truly isolated silica silanols (thus
Ka = ca. 7) [29], solution indicators measure weaker ion-pair acid-

ty for silsesquioxanes (8.9 for 1a and 9.6 for 1b′) [34]. Nevertheless,
hese values remain closer to silica than the acidities of simpler

olecular models such as Ph3SiOH (pKa = 10.8), indicating that the
ilsesquioxane cage does provide some of the electronegative CF3-
ike electron withdrawing effect of silica bulk on surface silanol.
he silica–silsesquioxane analogy becomes stronger if one looks
t hydrogen-bonded systems: the increase in acidity observed for
oly-hydrogen-bonded surface silanols [29] is also observed for
ilsesquioxanes bearing multiple hydrogen-bonded silanols such
s 3a and 4a (pKib = ca. 7.6) [34], and is absent in vicinal disi-
anols (pKib(2b) = ca. 9.5) or, even more so, in geminal disilanols
pKib(2c) = ca. 10.2). This difference in acidity also affects changes
n reactivity. Partially silylated silsesquioxanes (such as mono and
is trimethylsilyl (TMS) substituted compounds 2b and 1b) dis-
lay enhanced silylation reactivity with respected to the parent
MS-free trisilanol compound 3a, thus leading one to suggest that
he most reactive sites for silylation of hydroxylated silica surfaces

ight be the silanols moieties involved in at least three-membered
utually bonded hydrogen-nested hydroxyls [33]. The difference

n acidity discussed above is part of the explanation. Similarly, the

nvestigation of the reaction of SbMe5 with parent trisilanol 3a and
ariously silylated silsesquioxanes, among which are 1b, 1c, and
b, suggested that nested hydrogen-bonded surface sites are more
rone to reaction with organometallic nucleophiles than isolated
ilanols [38].
ls to isolated, vicinal, and geminal surface silanols found on silica.

2.2. Element-containing silicates and zeolites modelled by
modified silsesquioxanes

Molecular models for Al/Si/O frameworks were obtained from
reaction of trimethylaluminum with trisilanol silsesquioxane 3a
to give alkyl-free Al-capped silsesquioxane dimer [39], a model
for Lewis acidic aluminum sites in zeolites. The dimer can be
transformed in an anionic aluminosilsesquioxane salt, formally
connected to type A zeolite topology (Chart 2) [40]. Reactions of
AlMe3 or AlCl3 with bisisilanols of type 2 lead to the Brønsted
acidic aluminosilsesquioxane [(c-C5H9)7Si7O11(OSiMe3)]Al[(c-
C5H9)7Si7O1(OSiMe3)(OH)], model for acidic sites in zeolites and
aluminosilicates [41], and to anionic aluminosilicate, model of
the tetrahedral aluminum sites in aluminosilicates [42]. The Al–O
distances in the latter molecular complex, ranging from 1.725(7)
to 1.788(6) Å, compare well with the EXAFS-determined 1.75 Å
Al–O distances found in Na-FAU, where the environment around
each aluminum atom is almost perfectly tetrahedral [43]. The
stretching vibration of the former, �(OH) = 3150 cm−1 in C4Cl6,
suggests stronger hydrogen bonding than in the zeolite solids,
where �(OH) = 3550 cm−1 for hydrogen-bonded hydroxyl moieties
of HY zeolite, shifted by about 100 cm−1 with respect to their
non-bridged analogues [�(OH) = 3650 cm−1] [41]. The IR spectra
of silsesquioxane were further applied to model zeolite defective
nests [44], with the limitation caused by the hydrogen-bonded

silsesquioxane dimers in the solid state and in solution [34].

Other group 13 element-containing zeolites and silicates have
been successfully modelled with silsesquioxanes [45], and given
their important role in catalysis will be discussed in the next
section, which is focused on highlighting the accuracy of metal-
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Chart 2. Comparison between aluminum sites in alumina and silica

ontaining coordination and organometallic derivatives of POSS,
lso known as polyhedral metal silsesquioxanes (POMS), as molec-
lar models for silica-supported catalytic systems.

. Structural and activity analogy between silica-grafted
atalysts and silsesquioxane derivatives

.1. Group 3 and lanthanides

.1.1. Lanthanide amides as Diels–Alder cyclization catalysts
Silica-supported group 3 and rare-earth amides

( SiO)Ln{N(SiMe3)2}] (Ln = Y, La, Nd and Sm) are phenylacety-
ene dimerization catalysts [46]. The monosiloxy derivatives are
btained by grafting the peramido precursor Ln{N(SiMe3)2}3
ith highly dehydroxylated silica, SiO2–700, while lower dehy-
roxylation temperature yield a mixture of surface products
47]. The mixture of bisiloxy and monosiloxy derivatives
( SiO)2Ln{N(SiHMe2)2}] and [( SiO)Ln{N(SiHMe2)2}] is obtained
rom the reaction of Ln{N(SiHMe2)2}3 (Ln = Y and Nd) with

esoporous silica (MCM-41) dehydroxylated at 350 ◦C [48].
Straight-forward reaction between the tristrimethylsilylamido

erivatives of Ln = Y, La, Pr, Eu, and Yb with the trisilanol
ilsesquioxane 3a failed to give molecules comparable to the
ilica-grafted amides above, since only amide-free trisilated
ilanol and/or bis-THF adduct [(C6H11)7Si7O12]Ln(THF)2 could
e recovered [49]. A better silsesquioxane model for silica-
upported silylamide yttrium derivative has been obtained
rom a lithium salt of C6H11–3a (Scheme 1), but the mod-
lling is very approximate since the silsesquioxane product

{[(C6H11)7Si7O12]2Li4}Yb{N(SiMe3)2}] is a lithium salt [50].

Silica-grafted lanthanide silylamides were used as precursors
o surface �-diketonate complexes [( SiO)nLn(tBu-COCHCO-
C3F7)m(THF)l] (Ln = Sc, Y and La), successful heterogeneous
atalysts for the Danishefsky cyclization of t-1-methoxy-3-
ina supports (left) and possible silsesquioxane-based model (right).

trimethylsilyloxy-1,3-butadiene with benzaldeheyde [51].
The closest silsesquioxane model is [(C6H11)7Si7O11Si-
(�-O)Sc(acac)2]2, obtained by reaction of Cp*Sc(acac)2
(acac = MeCOCHCOMe) with monosilanol 1a−C6H11 but no catalysis
is reported [52].

3.2. Group 4

3.2.1. Titanium-based epoxidation catalysts
The trisiloxy complex [( SiO)3TiOH] is believed to be one of the

dominant active surface species in silica-supported titanium(IV)
alkoxides and in titanium silicalite-1 industrial epoxidation cata-
lysts [53–58]. Its coordination sphere is reported to expand from
four to six during the catalytic cycle to a time-averaged Ti(IV) sur-
face complex [( SiO)3Ti(OH2)(OOH)] active species [56,57].

Silsesquioxane-based molecular models for the tripodally (open
lattice) site [( SiO)3TiOH] were obtained by reaction of var-
ious titanium(IV) homoleptic tetraalkoxides Ti(OR)4 (OR = OMe
and OPri) and other Ti(IV) TiX4 precursors (X = OSiMe3, OSiPh3,
OGePh3, NMe2, and CH2Ph) [59–61] with trisilanol 3a, or by
exchanging the capping X in the Ti(IV) silsesquioxane [(R7Si7O9)-
O3TiX], (R = C5H9 or C6H11; X = Cl, OPri) with OSnPh3 [57],
OC6H5, OC6H4-p-F, or OC6H4-p-NO2 [61]. In the solid state,
both a hexacoordinated dimeric methanol adduct and a tetra-
hedral monomeric species, [(C5H9)7Si7O9-O3Ti(�-OMe)(MeOH)]2,
and [(C6H11)7Si7O9-O3TiOSiMe3], respectively, have been struc-
turally characterized by X-ray diffraction on single crystal [59,60]
yielding measured Ti–O distances in good agreement with the
EXAFS-determined (average) Ti–O distances for the analogous het-

erogeneous silica-bound species both for the tetrahedral and for
the octahedral geometry (Table 1).

Some of the above mentioned Ti–silsesquioxanes and some oth-
ers complexes (Chart 3 for selected examples), which are models
for tetrapodal, tripodal, bipodal, or monopodal possible grafted sur-
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Scheme 1. Analogy between reactions of yttrium silylamide

ace species (that is displaying Ti atom with 4, 3, 2, or only 1 bond
o the silica), have been tested in cyclohexene or octene epoxida-
ion with tertbutylhydroperoxide. The goal was twofold: (i) try to
stablish some structure–activity relationships for the molecular
pecies, and (ii) gain insight in the same epoxidation reactions cat-
lyzed by their “role-model” heterogeneous titanium silicalite and
i-containing mesostructured MCM-41 silica analogues.

The silsesquioxane analogue for the tetrapodal (closed lat-
ice) site heterogeneous species [( SiO)4Ti], [(R7Si7O9)(OSiMe3)-
2TiO2-(R7Si7O9)(OSiMe3)], obtained by reaction of two equiva-
ents of bisilanol 2b−C6H11 with Ti(CH2Ph)4, is a poor catalyst for
lkene epoxidation, in line with the expected inefficiency of a closed
attice Ti(IV) center in the heterogeneous catalysts [59].

Replacement of methoxide with bulkier alkoxides in the
eries [(R7Si7O9)-O3Ti(OR)] and the ensuing drop in catalytic

able 1
tructure and Ti–O distances in silica-grafted Ti(IV) trisiloxy and corresponding silsesqui

Titanium coordination number Structures

Surface silica-grafted species

Geometry Ti–O distances (Å)

4 1.81

6
1.81
2.35

a Measured by EXAFS.
b Measured by X-ray diffraction on single crystals.

Only half-dimer shown.
ariously dehydroxylated silicas and trisilanol silsesquioxane.

activity (R′ = Me > Bun > Pri), suggested that the catalytic activ-
ity of the silsesquioxane models is positively correlated with
the steric accessibility of the tetracoordinated Ti(IV) center
[60]. The influence of steric congestion on the catalytic perfor-
mance of Ti(IV)-based silsesquioxanes was also shown by the
series of bisilanol derivatives of 2b, [(C5H9)7Si7O9(OSiMe3)-
O2Ti(OR′)2] and [(C5H9)7Si7O9(OSiMe3)-O2Ti(BINOL)], of the
monosilanols derivatives of 1b, [(C5H9)7Si7O9(OSiMe3)2-
OTi(OR′)3] and [(C5H9)7Si7O9(OSiMe3)2-OTi(OR′)(BINOL)], and
of 1c [(C5H9)7Si7O10-OTi(OR′)3] (OR′ = OMe, OPri and BINOL-

′
H2 = 1,1 -bi-2-naphtol). Establishing the catalytic performances
of the Ti silsesquioxane model of open lattice sites was compli-
cated by solution dimerization equilibria of the silsesquioxanes
[59,60]. UV studies have shown that the monomeric form (i.e. the
form most susceptible to be a close molecular analogue to the

oxane models.

Molecular silsesquioxane

a Geometry Ti–O distances (Å)b

1.84(2), 1.658(6)

1.837(1), 2.0022(1), 2.004(1), 2.210(1)
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eterogeneous catalyst surface species) is substantially present
n solution, especially for freshly prepared samples, therefore
llowing parallels between homogeneous and heterogeneous
atalytic performances for the tetrahedrally coordinated Ti(IV)
enters discussed here.

The steric congestion can be induced by the Ti ancillary ligands
OMe > OPri > BINOL) and by the silsesquioxanes cage itself through
he interaction with adjacent OSiMe3 groups present in 2b and 1b
nd not in 1c [62]. Overall, out of all the molecular models, the
ost active, with an activity similar to the surface species appears

o be the less sterically encumbered tripodally attached species
(R7Si7O9-O3Ti(OR′)] (OR′ = OMe with R = cyclopentyl [57,60,62];
R′ = OSiMe3 with R = cyclohexyl [59,61]).

A very elegant study centered on Ti–silsesquioxanes for better
omprehension of the activity of silica-supported Ti epoxidation
atalysts has relied on the diffuse reflectance UV (DR-UV) analysis
f a series of silica and related silsesquioxane models [63]: the het-
rogeneous systems under investigation were grafted Ti(OPri)4 on
ifferent amorphous silicas (MCM-41, Aerosil 200, and MERCK 60
ith different degrees of silanization) at different Ti loadings; the
olecular system studied were Ti(IV) monopodal, dipodal, or tripo-

al silsesquioxanes. Firstly, the comparison between spectra of the
ilica-grafted materials and those of the individual silsesquioxanes
llowed the assessment of the relative ratios between the different
urface species in the heterogeneous catalysts (Fig. 1).

Secondly, the DR-UV study of cyclohexene epoxidation with
2O2, indicated that the crucial structural properties of the silica-
rafted Ti(IV) center necessary for good catalytic activity appear
o be pentacoordination and accessibility [63]. Interesting support
ffects were highlighted: for example, the tendency of MCM-
1 over other non-porous silicas to yield higher concentrations
f tetracoordinated relative to the pentacoordinated species, and
ripodal over dipodal species. These assignments are consistent
ith non-spectroscopic surface-science evidence such as the mass-

alance analysis of the reaction between Ti(OPri)4 and Aerosil
00 SiO2–200 and SiO2–500 for which a pentacoordinated monopo-
al [( SiO)Ti(OPri)(� OPri)2Ti(OPri)3] has been proposed [64]. The
tudy also suggested that the heterogeneous catalysts perform dif-

erently than their homogeneous analogues: while for Ti–POSS, the
ipodal silsesquioxanes lead to less active catalysts with respect to
heir tripodal analogues, for the solids Ti(OPri)4/SiO2 x the larger
he portion of bipodal sites over the tripodal sites the better the cat-
lytic activity. The use of H2O2 as oxidant, and not tBuOOH, as in the

Chart 3. Selected examples
emistry Reviews 254 (2010) 707–728 713

homogeneous catalyses, and the ensuing difference in decomposi-
tion routes, for the oxidants, have been offered as a possible reason
for this difference. The silsesquioxane [(c-C7H13)7Si6O11]3[TiOH]4
is the only molecular silsesquioxanes tested with aqueous hydro-
gen peroxide and it efficiently catalyzes alkene epoxidations [16].
This intriguing thermally robust tetrameric Ti–polyoxotitanate,
which is obtained from the tetrasilanol 4a is not just a model to
heterogeneous catalysts but is an efficient epoxidation catalyst in
its own right [16].

Steric access appears to be the predominant factor for both
heterogeneous and homogeneous catalysts also for the series of
silsesquioxanes [(C5H9)7Si7O9-O3Ti(O-EPh3)] (E = Si, Ge, and Sn)
[57] which were considered as models of modified heterogeneous
titanium catalysts supported on, respectively, straight mesoporous
silica, Ge-doped mesoporous silica by pre-treatment with GeBu4,
and Sn-doped mesoporous silica by pre-treatment with SnBu4
[65]. The dopant effect on the turnover frequency follows the
same trend for the silsesquioxanes and the heterogeneous cata-
lysts Ti/MCM-41, Ti/Ge/MCM-41, and Ti/Sn/MCM-41, i.e. TOF = 18
vs. 34 h−1 (E = Si); 52 vs. 40 h−1 (E = Ge); 33 vs. 12 h−1 (E = Sn),
respectively [57].

In the context of asymmetric catalysis, Ti–POSS containing the
chiral ligand 1R,2S,5R-(−)-menthoxo ligand (MentO) were synthe-
sized from the monosilanol 2b−C6H11 and Ti(OPri)4 (Chart 3). The
molecular complexes were tested as asymmetric homogeneous
catalysts for the epoxidation of cinnamyl alcohol with ter-
butylhydroperoxide (TBPH) and compared with the heterogeneous
catalyst obtained from the grafting of [Ti(OPri)2(MentO)]2 and
[Ti(MentO)4] on silanized SBA-15 [66]. The maximum enantiose-
lectivity for the heterogeneous catalyst was 27% which compared
only partly with the maximum enantioselectivity obtained from
the best homogeneous Ti(MentO)-POSS catalysts, viz. 15%.

3.2.2. Titanocene-, zirconocene- and related half-sandwich based
polymerization catalysts

Albeit titanocene dichloride grafting on mesoporous MCM-41
silica followed by calcinations of the ensuing [( SiO)3TiCp] is an
alternative route to high-performance academic variants of the

industrial titanosilicalite catalyst [53], silica-grafted titanocene and
half-sandwich Ti(IV) complexes have been mostly an entry to
polymerization catalysts[17,67,68]. Approaches such as grafting
CpTiCl3 on silica, followed by methylaluminooxane (MAO) acti-
vation [68–70], grafting Cp2TiCl2 on silica or MAO-modified silica

of Ti–silsesquioxanes.
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ig. 1. (A) DR-UV spectra of Ti–silsesquioxanes complexes with the assigned major
econvolution. The fifth ligand in the pentacoordinated species is represented as an
rom Ref. [63].

71] and MCM-41 with MAO as co-catalyst [72], or grafting TiCl4
ollowed by Cp exchange [73] have been reported.

For the unsubstituted titanocene derivatives, the silsesquiox-
ne [(C6H11)7Si7O12TiCp], i.e. an analogue to the organometallic
urface species [( SiO)3TiCp], can be obtained from either reac-
ion of Cp2TiCl2 (and CpTiCl3) with trisilanol 3a−C6H11 [38,74] or
y reaction of CpTiCl3 with a tris-stibonuim derivative of 3a−C6H11
38] (Scheme 2). The reaction from titanocene dichloride showed
he presence of dimers, and more recent work point to the ten-
ency CpTiCl2 and Cp*2TiCl2 to yield �-oxo Ti–POSS derivatives
25,75] Similarly, decomposition of the metallocene coordination
phere to form inactive surface species has also been reported in a
ilica-supported system [17]. In solution, the use of a Ti(III) fulvene
recursor elegantly circumvented this issue and lead to clean Ti(IV)
ilsesquioxane [75].

Silsesquioxane models for half-sandwich Ti(IV)–silica deriva-
ives containing 1,3-C5H3(SiMe3)2 (Cp′′) bulky cyclopentadienyl
igand were obtained from Cp′′

2TiCl2 and monosilanol 1a [35]
nd trisilanol 3a [69]. Both complexes homogeneously catalyse

thylene polymerization in the presence of MAO, and suggest the
eplacement of at least one Si–O–Ti bond by a Si–O–Al bond, thus
inting at the unstable nature of the heterogeneous catalyst upon
ddition of the alkylating agent. No evidence for silsesquioxane
isplacement is observed when activated with B(C6F5)3, BArF

3, as
es for each maximum. (B) DR-UV spectrum of the Ti(OPri)4 grafted on MCM-41 and
ent surface siloxane bridge, but water or surface silanols are also possible. Adapted

co-catalyst, rather than with aluminum alkyls and the catalytic
activity in ethylene polymerization is retained [35,69]. Addition
of a neighbouring siloxane ring in the silsesquioxane cage causes
considerable retardation of the polymerization but also improves
the catalyst stability, suggesting a parallel with the heterogeneous
catalysts for which an interesting surface effect can be invoked [37].

The development of a single-site zirconocene- and half-
sandwich zirconium-based heterogeneous catalyst was explored
extensively [17,67,76,77]. Direct grafting of Cp2ZrMe2 or
Cp*ZrMe3 on silica dehydroxylated at or above 500 ◦C, lead to
mostly monografted surface complexes, [( SiO)ZrCp2Me] and
[( SiO)ZrCp*Me2], respectively, as indicated by elemental analy-
ses, infrared spectroscopy, and nuclear magnetic resonance (1H
and 13C NMR on enriched compounds) data [78–80]. The grafting
reaction of substituted metallocene (RCp)2ZrCl2 (RCp = C5H4R,
R = H, Me, nBu and iBu), and half-sandwich Zr(IV) chlorides on
silica were also extensively studied [71,81,82]. Several molecular
models for these inactive surface species have been obtained with
silsesquioxanes. Model monografted half-sandwich silsesquioxane

Zr(IV)chloro complex containing the disubstituted cyclopenta-
dienyl 1,3-C5H3(SiMe3)2 (Cp′′) ligand was synthesized from the
reaction of Cp′′ZrCl3 with one equivalent of 1a (R = C5H9), while
addition of a second equivalent of 1a lead to the structurally charac-
terized bis-siloxy complex [(C5H9)7Si7O12SiO]2ZrClCp′′, a potential
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Scheme 2. Silsesquioxane models for half

odel for the bisgrafted surface species [69]. Silsesquioxane mod-
ls for a surface trisgrafted species are [(C6H11)7Si7O12ZrCp′′] and
(C6H11)7Si7O12ZrCp*] and are obtained, respectively, from reac-
ion of starting 3a−C6H11 with Cp′′ZrMe3 [69] and Cp*Zr(CH2C6H5)3
83]. Molecular models for alkyl half-sandwich species are available
ith trisphenyl silanol as siloxy ligand (Ph3SiO)ZrCp′′(CH2C6H5)2

nd (Ph3SiO)2ZrCp′′(CH2C6H5) [69]. Structural distances such
s Si–O–Zr bond can be inferred by EXFAS studies at Zr K-edge
82] and correlate with molecular data (dZr–O = 1.9silica Å vs.
.985silsesquioxane) [83]. These neutral species, as expected due to
he lack of free coordination site on the metal and/or Metal–alkyl
ond, are inactive as polymerization catalysts.

Addition of a Lewis acid to the previously mentioned silica-
rafted neutral metal alkyls is a well-described successful route
o obtain an active polymerization catalyst [17]. Well-defined zir-
onium surface systems have been obtained by addition of BArF

3
o the surface complex [( SiO)ZrCp*Me2] [80]. The borane addi-
ion gives the cationic surface species [( SiO)ZrCp*Me][BArF

3Me],
hich furthers evolves, by methyl transfer on an adjacent silox-

ne bridge, to [( SiO)2ZrCp*][BArF
3Me][ SiO-Me], to yield a ca. 1:2

ixture of monosiloxy and disiloxy cationic species (Scheme 3)
80]. The former is active in polymerization, the latter, which is
lso the major surface species, is inefficient. Among the molecu-
ar models for this system are the benzyl silsesquioxane derivative
(C5H9)7Si7O12ZrBz]2 (which is a sluggish polymerization catalyst
y itself probably due to the involvement of zwitterionic form
(C5H9)7Si7O9(O3Zr(−)(�-O)(Bz)(BzZr(+)O2(O9Si7(C5H9)7]) [84] the
riphenylsiloxy monocyclopentadienyl complex (Ph3SiO)2ZrCp′′Bz
Bz = CH2C6H5), and the non-metallocene starting peralkyl benzyl
omplex ZrBz4 [78,85]. All become active in ethylene polymeriza-
ion upon BArF

3 addition (Scheme 3).
An alternative strategy to synthesize an active polymeriza-

ion catalyst is to graft the co-catalyst on the surface before
he addition of the organometallic precatalysts [17]. This is the
sual procedure in industrial metallocene chemistry. Several alu-
inosilsesquioxanes have been synthesized [25] and have some

ertinence to this approach but the overall relevance is limited
n the context of floating polymerization catalysts [17]. A more
uccessful route to understanding heterogeneous floating Zr(IV)
ationic metallocene consists of the use of organoborane modi-

ed silicas by pre-treatment with BArF

3, possibly in the presence
f Et2NH [86]; and will be discussed in Section 3.11.1 on boron-
ontaining silsesquioxanes.

The tethering approach, or supported homogeneous catalysis,
hich consists of chemically bonding the surface reactive moiety
wich Ti(IV)–silica complex [( SiO)3TiCp].

(i.e. [ SiOH] for silica) with one end of an organic linker (tether)
while coordinating the other end to the active organometallic cat-
alytic center, has been extensively applied toward the development
of Zr-based polymerization catalysts [17]. Silsesquioxanes have
been successfully applied to model such catalysts without direct
metal–surface bond and thus beyond the scope of this review
[15,87].

3.2.3. Ziegler–Natta type polymerization catalysts
The archetypical heterogeneous catalyst for olefin polymer-

ization is the Ziegler–Natta system(s). While, the catalysts were
originally typically obtained by treating crystalline �-TiCl3 with
[AlCl(C2H5)2]2, the most common support is now MgCl2 associated
with several Lewis base ligands [67,88]. Several surface-science
techniques have been applied to the TiCl4/MgCl2/modifiers het-
erogeneous systems and have demonstrated, inter alia, that (i)
Ti(III) and Ti(II) surface species are involved in the activated
catalyst and that (ii) the local surface structure of MgCl2 deter-
mines the isotacticity of the polymer [89]. As far as molecular
silsesquioxane-based models are concerned, the closest analogue
are Ti(III) silsesquioxanes [75,90], but no comparison has been
carried out between the catalytic activities of the homogeneous
and heterogeneous systems. In the context of Ziegler–Natta catal-
ysis, silica has also been used as a third component to yield
“ternary” precatalyst TiCl4/Cp2Mg/SiO2 activated by MAO [91]. The
heterobimetallic Ti–Mg silsesquioxane [(C6H11)7Si7O12MgTiCl3]n

(n = 1 or 2) is reported [92] and has been proposed as a
structural possibility for the heterogeneous TiCl4/MgCl2 cata-
lyst [93], or for the TiCl4/Cp2Mg/SiO2 one (Chart 4). Compound
[(C6H11)7Si7O12MgTiCl3]n catalyses ethylene polymerization in
the presence of triethylaluminum co-catalyst. Its activity (of
about 111 kg PE/gTi h) and the characteristic of the polymer
(MW = 140,000; MW/MN = 5.5, MI = 1.02) are comparable to those of
a typical commercial Ti/Mg/SiO2 silica-supported catalyst [92].

3.2.4. Group 4 alkyls and hydrides (M = Zr, Ti, Hf) for catalytic
hydrocarbon transformations

Silica-supported titanium alkyls can be obtained by grafting
Ti(CH2CMe3)4 on silica aerosol SiO2–500 and on MCM-41500: the
dominant surface species are [( SiO)Ti(CH2CMe3)3] for the former

and a mixture of [( SiO)Ti(CH2CMe3)3] and [( SiO)2Ti(CH2CMe3)2]
for the latter, based on IR spectroscopy, solid-state NMR, XAFS, and
elemental analyses data [94]. The titanium silsesquioxane com-
pounds [R7Si7O12Ti(CH2C6H5)] (R = C6H11 [59], and R = C5H9 [84])
are close structural models for the monografted surface species.



716 E.A. Quadrelli, J.-M. Basset / Coordination Chemistry Reviews 254 (2010) 707–728

Scheme 3. Cationic half-sandwich Zr(IV) surface species obtained from BArF
3 addition to Cp*ZrMe3 grafted on silica, and possible silsesquioxane and other molecular models.

Chart 4. Patented route to heterogeneous precatalyst TiCl4/MgCl2/SiO2 with one of the pro
models.

Scheme 4. Ti(IV) alkyl surface species (left) and model silsesquioxane analogue
(right), displaying formally unusual 8-electron count even in solution.
posed surface structures drawn and possible heterobimetallic Ti–Mg silsesquioxane

NMR data show that these Ti-complexes (unlike their Zr and Hf
homologues, vide infra) are indeed monomeric, yielding a surpris-
ing formal 8-electron count even in solution (Scheme 4).

Reactivity-wise, surface studies have shown that
[( SiO)Ti(CH2CMe3)3] reacts cleanly with alcohol to yield
[( SiO)Ti(OCH2CMe3)3] [94]; the Ti–monoalkyl silsesquiox-
ane complex proved active as a precursor for homogeneous
catalytic olefin epoxidation [59], while the Ti-alkyls per se have not
been reported in catalytic hydrocarbon transformations.

Three routes are reported to silica-supported Zr(IV) alkyls:
(i) by grafting an organometallic precursor on a silica surface
(such as, for example Zr(CH2CMe3)4 [95] on silica dehydrox-
ylated at 500 ◦C, SiO2–500, to give [( SiO)2Zr(CH2CMe3)2] and
[( SiO)Zr(CH2CMe3)3]); (ii) by stoichiometric reaction of zir-
conium hydrides [( SiO)2ZrH2] and [( SiO)3ZrH] [96,97] with
an alkane (such as methane [98] – to give [( SiO)2ZrMe2]
and [( SiO)3ZrMe] – or cyclooctane [99] to give the cyclooctyl
derivative); and (iii) as resting state of the catalyst during the
catalytic transformation of hydrocarbons by [( SiO)2ZrH2] and

[( SiO)3ZrH] (as for example isomerisation and hydrogenation of
long chain polyolefins [100], hydrogenolysis of alkanes [101,102],
Ziegler–Natta type depolymerization [103], etc.). A silsesquiox-
ane model for the trisgrafted surface species [( SiO)3ZrMe] is
obtained by reaction of Zr(CH2Ph)4 with trisilanol 3a (R = C5H9)
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cheme 5. Zr(IV) alkyl surface species (left) and model silsesquioxane (center) an
ount.

o yield [(C5H9)7Si7O12Zr(CH2Ph)]2 which has been structurally
haracterized in the solid state (Scheme 5). Reaction of the same
r(IV) tetrabenzyl precursor (or of related ZrCl2(CH2Ph)2·2THF)
ith disilanol silsesquioxane 2b−C5H9 , R′ = OSiMe3) fails to give a
odel for the bipodal surface dialkyl species since it yields alkyl-

ree bis-silsesquioxane derivatives [(C5H9)7Si7O11(OSiMe3)]2Zr
and [(C5H9)7Si7O11(OSiMe3)]2Zr(THF)2) [84]. An attempt

o isolate a POSS–zirconium(IV) hydride by hydrogenating
(C5H9)7Si7O12Zr(CH2Ph)]2, in order to obtain a close model for
urface species [( SiO)3ZrH] was met by partial success, but isola-
ion of toluene, the expected side product of the hydrogenation,
nd activity of the ensuing solution toward catalytic hydrogena-

Scheme 6. Hydrocarbon transformation catalyzed b
dalamino analogues (right), most of them displaying formally unusual 8-electron

tion of 1-hexene hints at the possible formation of such hydride
(Schemes 5 and 6). Use of the tripodal triamido claw complex
CH[Me2SiNH(C6H5X)]3 (X = F and Me as a molecular model for
a tripodal grafting site) [9] proved a better approach since the
monohydride could be synthesized, observed spectroscopically in
solution under its monomeric form, and crystallographically as
a dimer in the solid state (Scheme 5) [104]. The 1H NMR of the

hydrides compare reasonably well between the molecular and
the surface species [ı(Zr-H) = 8.06 ppm (C6D6 solution) [104] and
10.1 ppm (MAS SS) [104]].

The trisamido Zr(IV) hydride, and its butyl analogue catalyze
polymerization of ethylene[104] by analogy with surface species

y silica-grafted and molecular Zr(IV) hydrides.
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Scheme 6) [96]. The molecular Zr(IV) hydride also catalyzes the
yclization of 1,5-hexadiene [104].

Silica-supported hafnium mono and bis hydrides [105] and
afnium bis and tris alkyl surface species are reported [106]. They
re modelled by silsesquioxane [(C5H9)7Si7O12Hf(CH2Ph)]2 [84],
hich by analogy with the Zr analogue (vide supra) catalyses hydro-

enation of 1-hexene, ethylene polymerization. The sluggish rate of
he latter reaction is accelerated by addition of BArF

3 [84]. Hafnium
etallocenes have been grafted on silicas [71] and a comparative

tudy on the metal effect over the activity has been carried out
Ti < Hf < Zr). Hafnium containing silsesquioxanes include the half-
andwich species [(C6H11)7Si7O12HfCp*] [25].

.2.5. Zirconium acetylacetonate as an acrylate
rans-esterification catalyst

Silica-supported Zr(IV) acetylacetonate surface complexes
( SiO)3Zr(acac)] and [( SiO)Zr(acac)3] (acac = MeCOCHCOMe)
atalyze the trans-esterification of acrylates [107], for which the
orresponding silsesquioxane exhibit excellent catalytic properties
Scheme 7) [1,107,108].

.3. Group 5

.3.1. Vanadium oxides for selective oxidations
Silica-supported vanadium oxides can catalyze the selective

xidation of NOx and hydrocarbons [109,110]. The structure
f the catalyst has been assigned as a tetrahedral oxovana-
ium(V) species such as [( SiO)3VO], through inter alia Raman
nd 51V NMR data [109], rather than to octahedral coordinated

ecavanadate-like structures. Silsesquioxane played a crucial role

n this structural proposal since they helped the assignment
f the original Raman and NMR spectra by comparison of the
omologous spectroscopic data acquired on the triphenylsiloxy
onomeric and on the silsesquioxanes dimeric analogue of the

Scheme 7. Silica-grafted trans-esterification ca
emistry Reviews 254 (2010) 707–728

vanadyl moiety, (Ph3SiO)3V O and [(C6H11)7Si7O12V O]2, respec-
tively [109,111,112]. The crystal data for the latter molecule
provided accurate structural data for the grafted oxovana-
dium(V) moiety in the siliceous framework. Novel vibrational
[113] and XAFS [114] studies on silica-supported vanadium oxide
catalysts further showed that the pyramidal [( SiO)3VO] struc-
ture coexists with the umbrella structures [( SiO)VO(OH)2] and
[( SiO)2VO(OH)], depending on the hydroxylation degree of the
support. Monopodal [115,116] and bipodal [117,118] species were
also observed under other impregnation condition and/or with
different analytical approaches. The geminal [ Si(OH)2] surface
species present on �-cristobalite (1 0 0) planes were suggested as
possible grafting sites for the bipodal models [118]. Attempts to
model such coordination with the geminal silsesquioxane 5b−C5H9
lead to the isolation of the dimer [(C5H9)7Si7O10(OSiMePh2)-
iO2V O(OPri)]2 whose solid-state structure shows that the geminal
Si(OH)2 units do not bind to vanadium oxo units via both
siloxide units if vicinal OH are available [119]. The cyclopentyl
version of the same silsesquioxane was used as catalyst for
the photoxidation of benzene and cyclohexane, and tested
well in comparison with the heterogeneous V2O5/SiO2 catalyst
[120].

3.3.2. Alkylated vanadium oxides for olefin polymerization
Silica-supported vanadium oxides become heterogeneous

catalysts for olefin polymerization after activation by MAO
[17]. Similarly, vanadium(V) silsesquioxane [(C6H11)Si7O12VO]
[111] becomes a homogeneous catalyst for olefin polymer-
ization when AlMe3 (1–5 equiv./V) is added to the solution

(Chart 5) [112]. The narrow polydispersity of the PE obtained
with two equivalents of AlMe3 (MW/MN = 2.28) indicates the
nearly single-site character of the active species. Careful low-
temperature NMR studies with AlNs3 (Ns = CH2SiMe3, neosilyl)
as alkylating agent have shown stepwise neosilyl transfer from

talysts and silsesquioxane-based models.
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hart 5. The activation of V-based silica-supported polymerization catalyst with al
riphenylsilanol one.

he alkylating aluminum species to the vanadium center. The
roduct [(C6H11)Si7O9(OAlNs2)(O2VONs)], which could be the
ctive species in freshly activated solution, slowly evolves to
(C6H11)Si7O9(O2AlNs)(O2VONs)], which also catalyses PE synthe-
is but with higher polydispersity (MW/MN = 5.72) [23,121].

The monomer [(C6H11)Si7O12VO] is also a good butadiene
olymerization catalyst and is a less performing but still active
ropylene polymerization and copolymerization catalyst. Under
imilar conditions, (Ph3SiO)3VO is not a polymerization catalyst
pon addition of alkylating agent [122], while preformed mixed
lkyl siloxide complexes (Ph3SiO)n(Me3SiCH2)3−nVO are (Chart 5)

121]. This case exemplifies the superiority of silsesquioxanes over
impler ligands such as triphenyl silanol as model for silica-rafted
upported catalyst when surface chemistry such as dimetallic inter-
ctions (such as Al· · ·V interactions implied in the alkylation step
equired for the catalytic activity) are involved.

Scheme 8. Silica-grafted Phillips catalyst for ethyle
ng agent MAO can be modelled with AlNs3 on silsesquioxane model and not on the

3.4. Group 6

3.4.1. Chromium-based models for polymerization catalysts
Silica-supported Cr(VI) chromate [( SiO)2CrO2] is a precur-

sor of the Phillips catalyst for ethylene polymerization [17,31].
The silsesquioxane chromate [(c-C6H11)7Si7O9(OSiMe3)O2CrO2],
which can be obtained either from the reaction of CrO3 with bisi-
lanol 2b−C6H11 [123], or from reaction of the di-thallated derivative
of 2b with CrO2Cl2 [124], is a molecular model for such silica-
supported chromate. The silica-grafted chromate can be activated
directly to a very efficient ethylene polymerization heteroge-

neous catalysts by ethylene itself or by reduction under CO, to
yield active Cr(II) bisiloxy species, [( SiO)2Cr] [31]; in contrast,
the molecular silsesquioxane analogue does not lead to an active
polymerization catalyst under ethylene (albeit only low ethylene
pressure were tested); the silsesquioxane chromate requires the

ne polymerization and silsesquioxane model.
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Scheme 9. Analogies and contrasts between surface and molec

ddition of methyaluminoaxane as co-catalyst to yield an active
olymerization catalyst. The comparison between the heteroge-
eous and homogeneous catalytic systems is therefore possible but
uffers from the lack of molecular definition of the active homoge-
eous species obtained after activation with the alkylating agent
Scheme 8) [123].

.4.2. Molybdenum-oxo dehydrogenation catalysts
Molybdocene dichloride, Cp2MoCl2, reacts with silica surface

ilanols and, after calcination, yields an active catalyst for oxida-
ive dehydrogenation of methanol to formaldehyde [125]. XAS
tudies indicate that the calcined species contains isolated tetraco-
rdinate Mo(VI) catalytic centers [( SiO)2MoO2], when the initial
etal loading is low, viz. 0.6 mol% [125]. Attempts to obtain

he silsesquioxane analogue of this latter species by reaction
f MoO2Cl2 with the bis tetramethyl stibonium derivative of
b−C5H9 failed because the POSS cyclocondensed and produced
ntractable mixtures of molybdate salts, [MoCl2O2]2− [38]. Reac-
ion of MoO2Cl2 with the bis-thallium derivative of 2b−C6H11 and
b−C5H9 gave the desired model [R7Si7O9(OSiMe3)-O2MoO2] [124].

.4.3. Molybdenum and tungsten imido carbene as olefin
etathesis catalysts

The silica-grafted Mo(VI) complex [( SiO)Mo( CH-tBu)(-CH2-
Bu)( NH)], obtained from grafting trisneopentyl Mo(VI) nitride,

o(-CH2-tBu)3( N), on silica followed by reductive elimination of
eopentane [126,127], is an active olefin metathesis catalyst [128].
olecular models of the expected trisneopentyl intermediate
re obtained by reaction of the nitride precursor with either
risphenylsilanol [128], disiloxy complex Ph2(SiOH)-O-Ph2SiOH
128], or the monosilanol silsesquioxane 1a−C5H9 [127], to yield,
espectively [(Ph3SiO)Mo(-CH2-tBu)3( NH)], O[(Ph2SiO)Mo(-CH2-
actions to siloxo Mo(VI) and Ta(V) neopentylidene complexes.

tBu)3( NH)]2, and [(c-C5H9)7Si7O12SiOMo(-CH2-tBu)3( NH)]
[127]. In contrast with surface chemistry, and with Ta-analogues
[129–131], further evolution of the perneopentyl molecular com-
plexes to a neopentylidene derivative is not observed in solution
by thermal activation (Scheme 9), and has been observed only
if trimethylphosphine is added to the silsesquioxane derivative
[127].

The surface Mo(VI) imido carbene [( SiO)Mo( CH-tBu)(-
CH2-tBu)( NH)] is an active catalyst toward propene metathe-
sis (780 equiv., TOF5 min = 0.89 molpropene/molMo s for the cat-
alyst obtained by benzene impregnation route) and ethy-
loleate (100 equiv.; TOF5 min = 0.11 mololeate/molMo s for the catalyst
obtained by benzene impregnation route) [127]. The high catalytic
activity of the surface neopentylidene complex has not been mod-
elled by the silsesquioxane analogue [127].

Grafting on silica dehydroxylated at 700 ◦C of [Mo( N-
C6H3

iPr2)( CH-tBu)(-CH2-tBu)2], rather than the aforementioned
nitride complex, yielded the novel Mo(VI) imido surface com-
plex [( SiO)Mo( CH-tBu)(-CH2-tBu)( N-C6H3

iPr2)] which has
been very closely modelled by the silsesquioxane analogue
[(c-C5H9)7Si7O12SiO-Mo( CH-tBu)(-CH2-tBu)( N-C6H3

iPr2)] and
the tetrasiloxy complex [(tBuO)3SiO-Mo(=CH-tBu)(-CH2-tBu)( N-
C6H3

iPr2)] [132]. The latter, analyzed by X-ray diffraction study on
a single crystal, allowed one to observe the expected syn isomer.
The molecular and the surface species displayed very similar NMR
resonances.

The starting organometallic precursor, the silica-supported
species and the silsesquioxane complexes are active catalysts for n-
oct-1-ene and ethyloleate self-metathesis reactions (reactions (3)
and (4), respectively):

(3)

(4)
While the initial TOFs are very similar for the heterogeneous
and the homogenous siloxy catalysts (Table 2), and far better than
the starting organometallic complex (hence showing the enhancing
catalytic effect of the siloxy moiety), the homogeneous silsesquiox-
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Table 2
TOF and time necessary to reach equilibrium for octene and ethyloleate self-metathesis reactions (reactions (3) and (4)) by silica-supported, silsesquioxane, and molecular
Mo(VI) precursor catalysts. Refs. [127,133].

TOF5 min for reaction (3) (time necessary to
reach equilibrium)

TOF5 min for reaction (4) (time necessary to reach equilibrium)

0.02 moloctene/molMo s (–[48 h to reach 40%
conv. rather than 50%])

0.03 mololeate/molMo s (–[deactivation after 2% conv.])

0.06 moloctene/molMo s (10 min) 0.04 mololeate/molMo s (60 min)

0.06 moloctene/molMo s (60 min) 0.03 mololeate/molMo s (24 h)

7 moloctene/molMo sa (120 min) (120 min)
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a In neat 1-octene, ca. 3%cat, TOF calculated after 20 s.

ne system deactivated much faster than the heterogeneous one
presumably by bimolecular pathways unavailable to the silica-
upported catalysts) [132], thus showing the advantage of sturdy
ite isolation obtained on the silica-supported catalyst over solution
hemistry of homogeneous catalysts, ceteris paribus.

The similar silsesquioxane derivative [(c-
6H11)7Si7O9(OSiMe3)O2Mo( CH-CMe2Ph)( N-C6H3

iPr2)]
133] is also an active olefin metathesis (activity reported
oward 1-octene, cis-2-octene, and methyl oleate) [133], with an
ctivity comparable to its organometallic precursor, [(CF3)2MeC-
]2Mo( CH-CMe2Ph)( N-C6H3

iPr2)]. No direct comparison with
ilica-supported bisgrafted analogue is available.

The reaction of [W( Ar)( CHtBu)(CH2
tBu)2] (Ar = 2,6-iPrC6H3)

ith a silica partially dehydroxylated at 700 ◦C, SiO2–700, gives syn-
( SiO)W( NAr)( CHtBu)(CH2

tBu)] as the major surface species,
hich was fully characterized by mass-balance analysis, IR, NMR,

XAFS, and modelled theoretically with DFT periodic calcula-
ions [134], and molecularly with 1a−C5H9 (R = C5H9) to give
(C5H9)7Si7O12SiO)W( NAr)( CHtBu)(CH2

tBu)] [134]. Surface and
olecular model display striking similarities as shown for exam-

le by the common low JC–H coupling constants for both alkylidene
ignals in the NMR spectra (JC–H = 107 Hz for 13C solution spectra
f the silsesquioxanes vs. JC–H = 107 Hz for J-resolved 2D 1H–13C
ETCOR solid-state MAS NMR spectrum of the 13C labelled for the

ilica-grafted compound) [134].
When the same organometallic W(VI) precursor

W( Ar)( CHtBu)(CH2
tBu)2] is reacted with silica partially

ehydroxylated at 200 ◦C, rather than at 700 ◦C, which has
igher concentration of surface silanols, and thus larger

robability to yield bisgrafted species, surface species
( SiO)2W( NAr)( CHtBu)], [( SiO)2W( NAr)(CH2

tBu)2] and
yn-[( SiO)W( NAr)( CHtBu)(CH2

tBu)], are obtained [135]. All
pecies were characterized by infrared spectroscopy, 1D and 2D
olid-state MAS NMR, elemental analysis and molecular models
obtained by using silsesquioxanes 1a−C5H9 and 2a−C5H9 [135].
The silsesquioxanes models for the expected bisgrafted W(VI)
surface products were obtained by reaction of the starting W(VI)
alkylidene with either two equivalents on monosilanol 1a or with
one equivalent of endo silanol 2a [135]. Both reactions lead to
a bisiloxy bissalkyl derivative, and only the latter evolved to an
alkylidene upon gentle thermal treatment. This alkylidene was
identified as the sole disilsesquioxane species active in olefin
metathesis. Comparison of NMR data between these molecules
(solution spectra) and the surface species obtained by the grafting
of [W( Ar)( CHtBu)(CH2

tBu)2] on silica dehydroxylated at 200 ◦C
(solid-state spectra) allowed the proposal of a grafting reaction
sequence for the organometallic W(VI) precursor on the silica
surface (Scheme 10) [135].

Comparison of the catalyst activities of the (inactive) pre-
cursor [W( Ar)( CHtBu)(CH2

tBu)2], the heterogeneous catalysts
obtained by grafting the precursor on SiO2–700, SiO2–200, and the
homogeneous silsesquioxanes-based catalysts showed that the
surface complex is a highly active propene metathesis catalyst,
which can achieve a TON of 16,000 within 100 h, with only a slow
deactivation.

3.4.4. Molybdenum alkylidyne for alkyne metathesis and
homodimerization catalyst

The molybdenum(VI) alkylidyne trisamide complex
Mo{N-tBu(3,5-C6H3Me2)}3( C-Et) reacts with silica pre-
viously dehydroxylated at 400 ◦C to yield predominantly
[( SiO)Mo( C-Et){ N(3,5-C6H3Me2tBu)}2, and some
[( SiO)2Mo( C-Et){ N(3,5-C6H3Me2tBu)}] as shown by elemental

analyses and mass-balance studies [136].

The material is an active catalyst for metathesis of a wide spec-
trum of alkynes and it catalyzes homodimerization of some alkynes
while it is inactive in polymerization, thus becoming an interesting
alternative to homogeneous analogues that cannot avoid this prob-
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Scheme 10. Proposed surface reaction scheme for grafting [W( Ar)( CHtBu)(CH2
tBu)2] on silica dehydroxylated at 700 ◦C vs. silica dehydroxylated at 200 ◦C (left), obtained

through analogy with silsesquioxane chemistry (right).

Scheme 11. Analogies and differences between silica surface chemistry and silsesquioxane solution chemistry with group 7 Re(C-tBu)( CH-tBu)(-CH2-tBu)2 and Mn(-CH2-
tBu)2(tmeda) complexes.



E.A. Quadrelli, J.-M. Basset / Coordination Chemistry Reviews 254 (2010) 707–728 723

Chart 6. Fe-based silsesquioxanes.
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Chart 7. Silica-grafted Au(I) triphenylphosph

ematic side reaction [136]. The alkylidyne bismonosilsesquioxane
o(VI) complex [(C5H9)7O12Si8O]2Mo( C-Et)(NtBuAr)(NHtBuAr)

Ar C6H3Me2) has been synthesized and compares well to the
nalogous penta-coordinated silica-supported alkyne metathesis
atalyst [136].

.5. Group 7

.5.1. Olefin metathesis Re-carbene catalysts
The single-site product of the reaction of the perhydrocar-

yl Re(VII) complex [Re(-CH2-tBu)2( CH-tBu)( C-tBu)] with silica
iO2–700, [( SiO)Re( CH-tBu)( C-tBu)], a very active metathe-
is catalyst [137], is closely modelled by the reaction with the
onosilanol silsesquioxane 1a [138] and by the reaction with triph-

nylsilanol [137]. Similar to the surface data, the syn and anti
somers can be identified for the molecular models, the former giv-
ng rise to an H-agostic interaction [139]. The syn isomer appears
s the sole surface species obtained in the grafting. Thermal or
hotochemical treatment is necessary to observe the anti rotamer
n the surface in a 2:1 syn:anti ratio [138]. Conversely, the solu-
ion models yield directly a 10:1 mixture of the two rotamers
y room temperature reaction in solution (Scheme 11). Such a
ifference points at the possibility to isolate on the surface a
inetic product before evolution to the thermodynamic most sta-
le system occurs, which is usually observed in solution chemistry
and hence modelled with silsesquioxane). Such heterogeneous vs.
omogeneous difference was already observed during the grafting
f Mn(II)(TMEDA)bisneopentyl on silica and solution reaction of
he same Mn(II) precursor with the silsesquioxane model 1 (yield-
ng respectively a monografted monosiloxy tetrahedral Mn(II) and
bis-siloxy octahedral Mn(II), Scheme 11) [140].
oieties and relevant silsesquioxane models.

3.6. Group 8

3.6.1. Fe-based oxidation catalysts
Silica-supported iron materials catalyse oxidation reactions

[141]. Fe(II) and Fe(III) silsesquioxanes are reported (Chart 6)
[142,143], offering possible structural similarities with iron-
zeolites in the ancillary ligand-free systems. Some of the Fe–POSS
were tested in catalytic oxidation of benzene with N2O with little
success [143]. Successful examples of tethered Os(IV) complexes
for dihydroxylation of alkenes are reported [144].

3.7. Group 9

3.7.1. Rhodium-based catalysts for hydroformylation
A surface-grafted phenylphosphane tether to the hydroformy-

lation catalytic dinuclear Rh(II) precursor [Rh2(m-P C)2(m-O2CR)2]
(m-P C-bridging ortho-metalated arylphosphine ligand) was mod-
elled with a silsesquioxane analogue and displayed similar leaching
issues [145].

3.8. Group 10

3.8.1. Platinum catalysts for hydrogenation
Platinum grafted on inorganic oxides is ubiquitous in hetero-

geneous catalysis, including hydrogenation of unsaturated organic
substrates. An unusual silsesquioxane displaying an SiO–C linkage
between the Feher cage 2b and the partially hydrogenated cyclooc-
taenyl C8 organic linker of the organometallic Pt(COD)Cl2 precursor
has been reported [146], and proposed as a distant molecular model
for putative non-innocent surface participation in Pt-catalyzed
hydrogenation reactions (reaction (5)).
(5)
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Scheme 12. Floating cationic Zr(IV) surface species obtained from BArF
3 with silica followed by reaction with either Cp*ZrMe3 or Cp2ZrMe2, and possible silsesquioxane

models.

xane used as a co-catalyst in polymerization reactions.
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Chart 8. Silsesquioxane-based methylaluminosilo

.9. Group 11

.9.1. Gold on silica catalysts
The catalytic relevance of gold nanoparticles or other highly dis-

ersed forms of the noble metal supported on inorganic oxides is
t the forefront of research [147–150]. This includes the micro-
copic understanding of the gold-substrate interaction in a number
f Au/oxide systems (single atoms, two-dimensional islands, three-
imensional nanoparticles, etc.) [151]. A silsesquioxane model for
he interaction of gold(I) precursor Au(O2CNEt2)(PPh3) with sil-
ca surface previously dehydroxylated at 160 ◦C has been reported,
howing that 1a can coordinate three gold molecules without
nducing XPS detectable Au· · ·Au interactions (Chart 7) [152].
.10. Group 12

.10.1. Zinc catalysts
A silica-supported zinc heterogeneous catalyst active in the

opolymerization of cyclohexene oxide with CO2 was obtained by

Chart 9. Analogy between the Lewis acid–base interaction observed for methyl zir-
cononcene grafted on alumina and silica alumina and neighbouring surface acidic
sites and Cp2ZrMe2 interacting with aluminosilsesquioxane.
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highlighted a rich chemistry of tin silsesquioxanes with clusters of
Chart 10. Examples o

eaction of ZnEt2 with mesoporous silica (SiO2–250); ICP-MS data
uggest the formation of a bipodally grafted species [153]. Reaction
f the dimethyl analogue ZnMe2 with silsesquioxane 2b (R = C5H9,
′ = SiMePh2) gave the model [(C5H9)7Si7O9(MePh2)O2Zn2Me2]2
hich is also active in the copolymerization of cyclohexene and
O2 and resembles the molecular zinc bis phenoxide system
153].

.11. Group 13

.11.1. Models of silica-grafted organoboranes for floating Zr
olymerization catalysts

A successful route to heterogeneous floating Zr(IV) cationic
etallocene for olefin polymerization catalysts has consisted

n the use of organoborane modified silicas [86], which are
btained by pre-treatment of the silica with BArF

3, possi-
ly in the presence of Et2NH. In the case of Cp*ZrMe3 it
as lead to [( SiO)BArF

3]−[Cp*ZrMe2NEt2Ph]+, a moderately
ctive ethylene polymerization catalyst [86] with an esti-
ated activity of 67 kg PE molZr−1 atm−1 bar−1. The same

ynthetic route with Cp2ZrMe2 lead to the floating cationic
pecies [( SiO)BArF

3]−[Cp2ZrMe]+. Such primary species under-
oes surface ligand exchange to [( SiO)ZrCp2]+[MeBArF

3]−, thus
ltimately weakening the catalytic activity of the resulting mate-
ial [80]. The synthetic route to floating cationic Zr(IV) with
rganoborane-modified silica has been successfully modelled by
ilsesquioxane chemistry. The monopodal borato silsesquioxane
omplex [(C5H9)7Si7O12SiOBArF

3][NHEt2Ph] is obtained from the
eaction of BArF

3 with silsesquioxane 1a in the presence of the
mine [154] and it models the first step of the borane-modified
ilicas. The borato silisesquioxane reacts with Cp2Zr(CH2Ph)2 to
ield the active catalyst [(C5H9)7Si7O12SiOZrCp2][(CH2Ph)BArF

3]
154]. The borane-pretreated silica can also be modelled by
riborane silsesquioxane [(C5H9)7Si7O9(OBArF

2)3], which reacts
ith Cp2ZrMe2 to yield thermally unstable bimetallic complex

(C5H9)7Si7O9(OBArF
2)(O2ZrCp2)] (Scheme 12) [155].

Boron-containing silsesquioxanes have also been developed
ith their analogous Al and Ga-derivatives as models for group

3 element-doped zeolites [45] (Section 3.11.3).

.11.2. Al-based catalysts for polymerization
An ill-defined aluminum-based heterogeneous catalyst for rac-

actide ring opening polymerization in the melt was obtained
y reaction of aluminum(III) isopropoxide with blandly dehy-

roxylated silica (SiO2–130) [156]. The alkyl-free aluminum dimer
(Me2CH)7O9Si7O3Al]2, used as distant molecular model of the
ilica-supported system, catalyzes the same reaction, albeit with
ifferent activities (viz. yields = 5% vs. 10% yield after 48 h,
N = 24,500 vs. 3000; and MW = 81,400 vs. 4050, for the homoge-
ium silsesquioxanes.

neous and heterogeneous systems, respectively) [156]. The absence
of alkyl moieties in the silsesquioxane model furthers breaks down
the analogy with the heterogeneous catalysts, for which a car-
bon content of 4% was measured, albeit no molecular proposal
for the heterogeneous catalysts was put forward. Rac-lactide poly-
merization tests have been performed for the Ti-isopropoxide
heterogeneous catalysts and its silsesquioxane models discussed
in Section 3.2.1, with the homogeneous systems being more active
[156].

Methyl aluminosilsesquioxane, potential models for MAO-
modified silicas, were obtained from the reaction of AlMe3 with
either the monosilanol 1a in the presence of pyridine or the
monosilylated disilanol 2b (R′ = SiMe2Ph). The final POSS:Al content
depended, inter alia, on the stoichiometry of the reaction (Chart 8)
[157].

The methylaluminosiloxanes have been tested as potential co-
catalysts with, inter alia, Cp2ZrMe2, but were not Lewis-acidic
enough to abstract the methyl and hence did not produce a poten-
tially active polymerization catalyst. The one exception is the
Brønsted acid derivative which gave clean transfer of the POSS
on the Zr coodination sphere, still catalytically inactive. Reaction
of the methylaluminosiloxane with Cp2ZrMe2 lead to isomeri-
sation of the silsesquioxanes to their thermodynamic mixture.
The isomerisation suggests an acid–base interaction similar to the
acid–base interaction between the acid surface aluminum sites and
[( SiO)ZrMeCp*2] moiety grafted on silica-alumina (Chart 9) [79].

3.11.3. Ga-modified silsesquioxanes as models for doped zeolites
Gallium-modified zeolites catalyze light alkane transformation

reactions such as cracking, dehydrogenation, and aromatization
[158–160]. More generally, zeolites and silicates doped by an ele-
ment of the group 13 can act as heterogeneous acidic catalysts and
supports [45]. The modelling with silsesquioxane derivatives (Chart
10 for some examples) showed the relevance of protonolysis and
salt metathesis reactions in their solution chemistry [45,161]. No
catalytic data are reported.

3.12. Group 14

3.12.1. Tin catalysts for oxidation
Tin-containing silicates and tin-grafted silicas are heteroge-

neous oxidation catalysts [162–164]. Model silsesquioxanes have
varying nuclearities [165] and Sn migration mechanisms [166]. No
catalytic activity in oxidation reactions could be observed. Dialkyl
tin(IV) disiloxy silsesquioxane, commercially sold as polyurethane
cure catalysts, have been tested as homogeneous catalyst for ure-
thane polymerization [167].
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. Conclusions

Silsesquioxane, if they had an inkling of personality, could
laim some credit in the ongoing shrinking [1,168–171] of the
eterogeneous–homogeneous gap in catalysis. As this review has
hown, organometallic and inorganic derivatives of silsesquiox-
nes, familiarly called POSS, have been applied to a wide series
f metals to better elucidate a range of heterogeneous catalytic
eactions. These include, for example, titanium POSS-derivatives
o gain insight in epoxidations with TS-1 [59–63], Zr–POSS applied
o heterogeneous catalysts for hydrocarbon transformations [84]
nd esterification [108]; Cr- [123], V- [23,121], zirconium- [84] and
oron- [155] containing POSS for olefins polymerization by silica-
upported catalysts; Re- [138], W- [134], and Mo- [127] derivatives
or olefin metathesis; Fe-POSS for oxidation; Al [39], Ga [45], or
nsubstituted silsesquioxanes [32] for modelling various catalytic
eolites and other oxidic supports, etc.

We can summarize the contributions that silsesquioxane have
ffered to heterogeneous catalysis as threefold: (1) help in
pectroscopic assignments of surface-bound organometallic and
etal–inorganic fragments, (2) better understanding of elementary

tep and reaction mechanism(s) occurring at the surface, and (3)
olecularly precise structure–activity insight for heterogeneous

atalysts.
Regarding the first and historic application of POSS in the field,

hat is the contribution to spectroscopic assignments of surface-
ound fragments, the contribution has been major and is slowly
ading out except for multi-site heterogeneous systems where POSS
till play a significant role.

Indeed, since their initial application in the field by Feher and his
o-workers [32,83,123] to most recent examples almost 20 years
ater [63,119,134,153], silsesquioxanes have consistently proven
o be valuable models for assigning structural and spectroscopic
ignatures of their silica-supported heterogeneous counterparts.
or example, it has been possible to corroborate the solid-state
3C NMR signatures of metal alkylidene derivatives (not eas-
ly observable in the solid state) by direct comparison with the
traightforwardly detectable carbenic signature in the liquid state
MR spectrum of the appropriate POSS molecule [130]. Limits to

he usefulness of this contribution reside in the constant progress
n solid-state techniques. In NMR spectroscopy for example, cur-
ent state of the art MAS solid-state NMR multinuclear correlation
echniques allows molecular-level precision such as, for exam-
le, measuring JC–H coupling in agostically bonded methylidene
f Re(VII) neopentylidene metathesis heterogeneous catalyst [138]
r counting the number of protons borne by one nitrogen atom
n a surface complex after ammonia[172] or dinitrogen activation
173], thus eroding the competitive edge of homogeneous liquid
tate spectroscopy over the solid-state one.

In the case of multiple surface species, even with continuously
ore molecularly precise and performing solid-state analyses,

he assignments of each single surface species to its own signals
emains difficult. In this multi-site context, the silsesquioxanes
till play a key role as standards with which to compare the spec-
roscopic features of the surface bound fragments. The approach
elies, inter alia, on the availability of the various molecular mono-,
i- or trisilanols of the silsesquioxane family which give the possi-
ility to separately synthesize models of different surface species
mono-, di-, and tripodal surface species) possibly coexisting in the
olid catalysts, and thus help to separately assign each respective
pectroscopic signature [135].
Regarding the second contribution that POSS have given to
eterogeneous catalysis, that is to better understand the ele-
entary steps occurring on surface-bound organometallic and
etal–inorganic fragments, examples span from the �-H elimina-

ion of neopentane from Ta(V) neopentyl complexes [130,131], to
emistry Reviews 254 (2010) 707–728

ligand exchange from siloxy borato to siloxy floating zirconocene
complexes [154]. In all cases, the results have highlighted the
validity of classical organometallic elementary steps in the com-
prehension of surface chemistry. Such contributions have also
permitted a clearer relationship in molecular terms between sur-
face reactivity and catalytic activity (or lack thereof) of the species,
as discussed below.

Thirdly, and probably most interesting for core heterogeneous
catalysis, it is possible to evaluate the catalytic activity of a sin-
gle POSS derivative and compare it with the overall activity of the
heterogeneous catalysts under study. The very fact that a POSS
derivative is capable of reproducing a heterogeneous catalytic act
while other molecular models, such as triphenylsilanol, might not
is already insightful. For example, the successful modelling of
the MAO-activated silica-supported vanadyl catalyst by trisiloxy
POSS – which the simpler (Ph3SiO)3V O cannot achieve – shows
the capacity of POSS to mimic the catalytically necessary inter-
atomic interactions found in the silica-supported catalyst (in this
case V· · ·Al) [112]. The structure–activity insight offered by POSS
becomes particularly relevant for a complex multi-site heteroge-
neous catalyst, where most surface species are modelled separately
one POSS analogue at the time, and an intrinsic catalytic activity can
be assigned to each one of the surface species separately.

These three aspects (spectroscopic assignment, discrimination
between different surface species and structure–activity correla-
tion) with the final goal of optimizing the heterogeneous catalyst
under study can indeed be treated in a single study. A valuable
example is the elegant DR-UV study on epoxidation with a series
of Ti-containing silicas, where the correlation between the cat-
alytic activity and the Ti loading, type of silica, or silanization
degree of various heterogeneous catalysts have been established
and understood in molecular-terms thanks to comparison with sev-
eral appropriate Ti–POSS [63]. Beside these positive contributions
that POSS have offered to heterogeneous catalysis, the review has
also shown some cases of silsesquioxanes inadequacy as molecu-
lar analogues to silica-bound fragments. The main limitation to the
insight that silsesquioxane can offer to heterogeneous catalysis is
when the analogy breaks down which sounds almost like a truism.

The analogy mostly breaks down when silsesquioxane can
access a chemistry that heterogeneous catalysts cannot: for exam-
ple, reaction with the solvent, dimerization [140] or other dinuclear
deactivation routes inaccessible to sturdily monomeric immobi-
lized silica-grafted species [127]. By the same token, observing the
limits of silsesquioxane might be considered a way for assessing
some of the advantages of heterogeneous catalysis (site isolation,
lack of solvent deactivation, etc.).

In many instances, picket-fenced molecular models have proven
more efficient than silsesquioxanes: for example, when POSS failed
to stabilize highly electron deficient 8e− Zr(IV) species, claw-type
trisamido molecules lead to isolable solution 8e− molecular species
[104], showing that appropriate design of the molecular model
can provide surprising and efficient heterogeneous–homogeneous
analogies.

In conclusion, under the condition that the solution-only routes
of decomposition are not available to POSS analogues (and thus no
complications arise for the silica–silsesquioxane analogy to hold),
the most insightful lesson from comparing model silsesquioxanes
with the corresponding heterogeneous catalytic systems is, for us,
that the activities are substantially the same. In a nut shell, for sim-
ple uncomplicated cases, the gap between heterogeneous catalysts
and their model homogeneous analogues such as silsesquioxanes

is not only reduced, it is non-existent. It does indeed make sense
that when it boils down to making and breaking the same bonds
under the same conditions, catalysis becomes one, with no dis-
tinction between heterogeneous and homogeneous. But rarely (if
ever) does it boil down to that, summing up the value and limit
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f silsesquioxanes’ accuracy as molecular models for silica-grafted
eterogeneous catalysts.
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