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Role of Siloxides in Transition Metal Chemistry and Homogeneous Catalysis
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The role of siloxide ligands in the chemistry and catalysis of
transition metals is reviewed. The first part deals with recent
aspects of low-valent transition metal siloxide chemistry,
while the second part describes some developments in the
chemistry of transition metal siloxides in high oxidation
states, in particular with regard to the stability of the M–OSi

Introduction
There has been considerable interest in recent years in

the chemistry and structures of well-defined metal siloxides,
which are also referred to as metalla- or metallosiloxanes
and metal silanolates. These molecular compounds have
found widespread application as precursors for novel mate-
rials[1] and heterogeneous catalysts,[2] and as model com-
pounds for silica-supported metal catalysts.[3] The vast ma-
jority of main group metals, and many transition metals,
lanthanides, and actinides are already known to form either
homoleptic metal siloxides of formula M(OSiR3)x or hetero-
leptic complexes of the form LyM(OSiR3)x. Most of these
metal siloxides are derived either from silanols [R3SiOH],
silanediols [R2Si(OH)2], α,ω-siloxanediols [HO-(R2SiO)n-
H], silanetriols [RSi(OH)3], or from incompletely con-
densed polyhedral oligosilsesquioxanes such as
R7Si7O9(OH)3.[4] The synthesis and characterization of
these complexes as well as their precursor compounds is
well documented in the literature.[5] Therefore, it is not the
goal of this review to recount all the efforts being made in
this area but rather to take a more general view of the role
of the siloxide ligand as an ancillary ligand in transition
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bond. The third part highlights applications of well-defined
late and early transition metal siloxides as “single site” cata-
lysts in homogeneous catalysis. Special emphasis is placed
on the steric and electronic influence of the siloxide ligand
on the activity, selectivity, and stability of the catalytically
active metal species.

metal chemistry and homogeneous catalysis. Particular at-
tention will be given to the steric and electronic influence
of siloxide ligands on the structure, stability, and catalytic
activity of the supported transition metal fragments.

Electronic Properties of R3SiO– Ligands
What are the main properties of siloxide ligands that al-

low them to electronically interact with metals and how do
these interactions compare with those of the alkoxides?
(1) The siloxide oxygen atom may form polar covalent
bonds to metal atoms or may support ionic bonds, de-
pending on the relative electropositivity of the metal and
the electronic nature of the R groups bound to silicon.
(2) Siloxides (R3SiO–) are similar to alkoxides (RO–) and,
in principle, are capable of binding to the metal through a
σ-bond and by π-donation of the two p orbitals of oxygen,
provided that the Si–O–M angle is close to 180°. The fact
that M–O distances are shorter for M–O–R groups that
have M–O–C angles approaching 180° is generally accepted
to be due to strong ligand-to-metal π-bonding. The case of
siloxides, however, should be approached with caution,
since silicon is more electropositive than carbon; therefore
Si–O–M angles are generally larger than C–O–M angles.
(3) Moreover, the bonding between the pπ orbital of the
oxygen atom and the dπ orbital of the metal atom (Opπ-to-
Mdπ bonding) is reduced relative to that in aliphatic alk-
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oxides due to backbonding of the Op orbitals into fairly
low-lying and vacant silicon–carbon σ* orbitals of π sym-
metry. This, in turn, decreases the overall donating power
of siloxides and consequently increases the electrophilicity
of the metal center relative to that in aliphatic alkoxides. In
fact, IR spectroscopic studies on a series of molybdenum
complexes of formula [Mo(OR)3(NO)]2 performed by Chi-
sholm and co-workers support this view.[6] The ν(NO) values
increase from 1630 cm–1 (R = tBu), through 1640 cm–1 (R
= iPr) and 1660 cm–1 (R = SitBuMe2) to 1670 cm–1, where
(RO)3 = (cyclohexyl)7Si7O9(O)3, which shows the siloxide
groups to be weaker donors than aliphatic alkoxides. This
could be confirmed by Caulton and co-workers, who re-
ported IR spectroscopic data that indicate the (σ + π) li-
gand donor power of the group X in compounds of formula
X–RuH(CO)(PtBu2Me)2 to be as follows: X = OEt �
OCPh3 � OSiMe3 � OSiMe2Ph � OSiPh3 � OH �
OCH2CF3 � OPh.[7] Both studies also suggest that the
overall electron-releasing properties of R3SiO– can be fine-
tuned by proper choice of R. A good estimate of the donor
properties of R3SiO– can be obtained from the relative acid-
ity of its protonated form, R3SiOH, which progressively de-
creases as R becomes more electropositive, consistent with
the order in acidity: (Siloxy)3SiOH � (Alkoxy)3SiOH �
(Aryl)3SiOH � (Alkyl)3SiOH � (Silyl)3SiOH.

General Aspects

In general, transition metal siloxides can be prepared by
deprotonation of silanols with transition metal alkyls, hy-
drides, alkoxides, and amides, or by reactions between alkali
metal siloxides and transition metal halides by salt metathe-
sis. The latter route is important for the synthesis of mid to
late transition metal siloxides. Alkali metal siloxides can be
synthesized readily from reactions of the metal or the metal
hydride with silanols in polar solvents (Scheme 1).

Scheme 1. Synthetic routes to transition metal siloxides.

By far the most popular monoanionic siloxide ligands
used in the coordination chemistry of structurally well-de-
fined metal siloxides are Ph3SiO–, (tBuO)3SiO–, and tBu3-
SiO– (silox). In particular, the latter is a thermally very ro-
bust siloxide with unusual steric properties, even though the
large-scale preparation of the starting material, tBu3SiOH,
is challenging and requires multistep synthesis.[8] Ph3SiOH
and (tBuO)3SiOH, on the other hand, are less sterically de-
manding but commercially available. From a steric point of
view, potentially interesting but less frequently used silanols
are Mes3SiOH,[9] [Me(Me3Si)2Si]3SiOH,[10] bowl-shaped
(3.5-Mes2–C6H3)3SiOH,[11] and (Ph2MeSiCH2CH2)3-
SiOH.[12]
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Cyclic metal siloxides have also been employed, mainly
to improve the stability of the M–O bond towards metal–
ligand cleavage. The most frequently investigated are tri-
anionic [R7Si7O9(O)3]3– derived from the “incompletely
condensed” POSS, R7Si7O9(OH)3 (3), and dianionic
[(OSiPh2)2O]2–, derived from either Ph2Si(OH)2 or (HO)Si-
Ph2OSiPh2(OH) (1a). The latter silanols often unselectively
react with metal salts or alkyls by self condensation and/or
ring expansion to afford mainly eight-membered polycyclic
metal siloxides or undesired cyclic polysiloxanes. As re-
ported recently by Krempner et al., the design of disilanols
1b–d[13] and trisilanols 2,[14] where the SiOH moieties are
linked together either directly or via silicon- and carbon-
containing spacer groups (Z), avoids “self condensation”
and gives much better control over ring size in cyclic metal
siloxides (Scheme 2).

Scheme 2. Structures of various disilanols and trisilanols.

Low-Valent Transition Metal Siloxides

Wolczanski, in his paper on the coordination chemistry
of the monoanionic ligand tBu3SiO– (also referred to as “si-
lox”), noted: “The most interesting feature of the silox li-
gand is its ability to stabilize reduced early transition metal
centers.”[8] In fact, a variety of low-coordinate monomeric
TiIII, VIII, TaIII, MoIII [as (tBu3SiO)3M] and NbIII, WIII [as
(tBu3SiO)3ML (L = CO, PMe3)] compounds have been sta-
bilized with the help of silox.[8,15] A striking example is
(tBu3SiO)3Ta, a relatively stable monomeric tantalum(III)
siloxide obtained from reduction of (tBu3SiO)3TaCl2 with
sodium amalgam.[16] The reduction is proposed to proceed
via TaIV, through the formation of the dichloride-bridged
[(tBu3SiO)3Ta]2(μ-Cl)2, which instantly disproportionates
into (tBu3SiO)3Ta and (tBu3SiO)3TaCl2 as a result of steric
strain caused by the bulky silox groups (Scheme 3). Accord-
ing to detailed experimental and computational studies,
diamagnetic (tBu3SiO)3Ta has a singlet ground state with a
(dz2)2 electron configuration that is 14 kcal/mol lower in en-
ergy than the lowest lying triplet state. The stability of (tBu3-
SiO)3Ta is attributed to the extreme bulk of the three silox
groups, which prevent the empty metal-based dxz and dyx

orbitals from being attacked by any donor. Note that cyclo-
metalation to 4 occurs only slowly in solution (benzene,
t1/2 = 90 h, 25 °C) and the solid state.

Wolczanski et al. have also shown that the steric proper-
ties of the siloxide ligand can significantly affect the re-
duction chemistry of the various dichloridotantalum silox-
ides (Scheme 3).[17] For example, the significantly smaller
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Scheme 3. Reduction of various tantalum siloxides.

ligand iPr3SiO– enables reduction to the dimer, but dispro-
portionation to the tantalum(III) siloxide did not take
place. In the case of the bulkier tBu2MeSiO–, reduction and
disproportionation occurred, but the intermediate complex,
(tBu2MeSiO)3Ta, proved unstable and subsequently reacted
with solvent molecules to form [(tBu2MeSiO)3Ta]2(μ-H)2

and [(tBu2MeSiO)3TaO]2 as the major products.
Another notable aspect of the chemistry of low-coordi-

nate Ta and Nb siloxides, (tBu3SiO)3M (M = Ta, Nb), is
their ability to activate hydrocarbons (Scheme 4).[18] At ele-
vated temperatures, (tBu3SiO)3Ta(olefin), derived from the
reaction of various terminal and cyclic olefins with (tBu3-
SiO)3Ta, is slowly converted into the alkylidine complex
(tBu3SiO)3Ta=CRH. The rearrangement proceeds through
oxidative addition of TaIII, which results in the formation
of a “tuck in” TaV intermediate that is stable enough to be
structurally characterized by X-ray crystallography.

Scheme 4. Stoichiometric activation of hydrocarbons.

Despite extensive shielding by the bulky silox ligands, the
metal often retains its high reactivity with respect to formal
oxidation as exemplified by (tBu3SiO)3Mo(PMe3) and
(tBu3SiO)3W(PMe3) (Scheme 5).[19] Both complexes were
prepared by reduction of (tBu3SiO)3MCl with sodium am-
algam in the presence of PMe3. Upon treatment with P4,
formation of the corresponding phosphide complexes
(tBu3SiO)3M�P rapidly occurred with formal oxidation of
M from (3+) to (6+).
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Scheme 5. Formation of MoIII siloxides and a MoVI phosphido-
siloxide.

Transition Metal Siloxides in High Oxidation
States

Numerous examples of well-defined transition metal
siloxides in high oxidation states have been reported, and
the structural chemistry of these molecular compounds is
well documented in the literature. The siloxides Cr(OSi-
Et3)4,[20] V(OSiPh3)4,[21] and (Cy8Si8O13)2Ce(py)3

[22] provide
examples of oxophilic metal compounds in oxidation state
4+. The related halides CeX4 and CrX4 are thermodynami-
cally unstable, and in the case of the more stable VCl4, oxi-
dation to OVCl3 can readily occur at ambient conditions.
Note that V(OSiPh3)4 is conveniently formed upon oxi-
dation of Li[V(OSiPh3)4] in air! Also remarkable is the ease
of formation of a uranium siloxide exclusively in oxidation
state 6+ from reactions of the low-oxidation-state uranium
precursors, (COT)2U (COT = η8-C8H8) or UCl4 with (HO)-
SiPh2OSiPh2(OH).[23]

The ability of siloxide ligands to effectively stabilize
highly electrophilic and oxophilic metals in high oxidation
states is thought to be primarily due to their good σ- and
π-donor properties; the stronger the donor properties of the
ligand the stronger the M–O bond, which is reflected in a
shortening of the M–O distances. M–O–Si angles that are
close to 180° could indicate the involvement of Opπ-to-Mdπ

backbonding, which also should result in shorter M–O dis-
tances. However, the M–O–Si angles in metal siloxides are
generally large as a result of repulsive interactions between
the metal and silicon, both of which are partially positively
charged. Table 1 shows the average M–O, Si–O distances,
and Si–O–M angles of selected TiIII and TiIV complexes
supported by linear triphenylsiloxide or cyclic disiloxide li-
gands (Scheme 6). From a comparison of these data, the
following conclusions can be drawn: (1) Generally, in ionic
alkaline or alkaline earth metal siloxides, such as
Ph3SiO–K+(18-crown-6) (5), the Si–O bond can be ex-
tremely short because of oxo anion to silicon backbonding;
the more the positive and negative charges are separated,
the shorter the Si–O bond. (2) For a polar covalent Ti–O
bond, the Si–O distance decreases as the Ti–O distance in-
creases and vice versa regardless of whether the Ti–O bond
is more ionic or more covalent. (3) There seems to be no
correlation between the Si–O–Ti bond angles and the Ti–O
distances, which would indicate a significant involvement of
Opπ-to-Tidπ backbonding. For example, cyclic Ti siloxides
6–9 with acute angles have shorter Ti–O bonds than the
linear triphenylsiloxides 13–17 with larger Si–O–Ti angles.
(4) As can be seen from the Ti–O distances of cyclic tita-
nium disiloxides 6–10, increasing the group electronegativ-
ity of the metal fragment, TiX2, shortens the Ti–O distance
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Scheme 6. Cyclic titanium disiloxides.

and lengthens the Si–O bond. (5) Comparing TiIII species
11 and 12 with the structurally related TiIV complexes 13,
14, and 16 reveals that increasing the oxidation state of the
metal from Ti(3+) to Ti(4+) strengthens the Ti–O but
weakens the Si–O bond.

Table 1. Selected average atom distances [pm] and angles [°] of vari-
ous titanium siloxides (CN = coordination number).

Compound Ref. CN Ti–O Si–O Ti–O–Si

Ph3SiO–K+(18-crown-6) (5) [24] 7 – 157 –

Me2Si[R2SiO]2TiMe2 (6) [25] 4 178 168 143
{Me2Si[R2SiO]2TiC6F5}2O (7) [25] 4 176 170 144
Me2Si[R2SiO]2Ti(C6F5)2 (8) [26] 4 175 171 145
Me2Si[R2SiO]2TiCl2 (9) [25] 4 174 171 146
Me2Si[R2SiO]2[TiCl3]2 (10) [25] 6 172 172 168

(Ph3SiO)3Ti(THF)2 (11) [27] 5 190 161 164
(Ph3SiO)3Ti(Pyr)2 (12) [27] 5 190 162 171
(Ph3SiO)4Ti (13) [28] 4 179 163 164
(tBuPh2SiO)4Ti (14) [29] 4 178 165 171
(Ph3SiO)2Ti(O2CNiPr2)2 (15) [30] 6 180 164 157
(Ph3SiO)2TiCl2(THF)2 (16) [31] 6 178 164 168
Ph3SiOTi(OCH2CH2)3N (17) [32] 5 183 161 180

Similar conclusions can be drawn from a series of struc-
turally related but sterically crowded W and Mo tri-tert-
butylsiloxides (Table 2). The M–O distances in most of
these complexes decrease as the oxidation state of the metal
increases, whereas the Si–O distances become longer, con-
sistent with increasingly covalent interactions between oxy-
gen and the metal. Again, there seems to be no correlation
between Si–O–M angles and the M–O distances, which is
believed to be a hint for Opπ-to-Mdπ backbonding. Note
that the nonbonding W···Si and Mo···Si distances are
within the surprisingly narrow range of 348–353 pm,
whereas the M–O [182–196 pm] and the Si–O [162–172 pm]
distances vary to a larger extent. This suggests that, when-
ever the nonbonding M···Si distances of a series of structur-
ally related metal siloxides are nearly constant, the diamet-
rically opposed change in M–O and Si–O distances is
driven by electronic rather than steric effects. However,
these correlations are only valid for small substituents, since
the nonbonding W···Si and Mo···Si distances can increase
significantly upon introducing bulkier groups. Nonetheless,
it can be concluded from these data that the stability of
the M–O bond in metal siloxides is closely related to the
electrophilicity of the metal (coordination number and oxi-
dation state).
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Table 2. Selected average atom distances [pm] and angles [°] of vari-
ous Mo and W siloxides (M = Mo, W; Si···M = nonbonding Si–
M distance).

Compound Ref. M–O Si–O Si···M M–O–Si

[tBu3SiONa]4 (18) [33] – 161 – –

(tBu3SiO)3W(PMe3) (19) [19] 191 165 351 162
(tBu3SiO)3WCO (20) [19] 188 167 351 165
(tBu3SiO)3WMe (21) [34] 186 167 348 161
(tBu3SiO)3WCl (22) [34] 186 169 349 158
(tBu3SiO)3W=O(Cl) (23) [35] 184 170 351 165
(tBu3SiO)3WCl2 (24) [34] 182 172 353 170

(tBu3SiO)3Mo(PMe3) (25) [19] 193 164 353 166
(tBu3SiO)3MoEt (26) [34] 188 165 351 170
(tBu3SiO)3MoCl (27) [34] 187 167 351 166

(tBu3SiO)2Mo(PMe3)2 (28) [36] 196 162 352 164
(tBu3SiO)2Mo = NtBu(Cl) (29) [37] 188 165 352 171
(tBu3SiO)2MoCl2(PMe3) (30) [36] 183 169 348 161
(tBu3SiO)2MoCl3(THF) (31) [36] 183 171 353 172

One of the most serious problems in homogeneous catal-
ysis is catalyst deactivation at elevated temperatures and/or
in moist air. Particularly, water can block the active site in
a catalyst system by formation of inactive metal oxide spe-
cies, and even more seriously, it can cause metal–ligand
cleavage. Clearly, the thermodynamics and kinetics of these
undesired cleavage processes are mainly governed by the
metal and its oxidation state, but they can also be con-
trolled by the electronic and steric nature of the ancillary
ligand.[38]

Bradley et al. investigated the partial hydrolysis of transi-
tion metal alkoxides and trimethylsiloxides to soluble,
oligomeric, and polymeric oxo(alkoxide)s and oxo(sil-
oxide)s. They found that the rate of hydrolysis for metal
siloxides is lower than that for metal alkoxides.[39] Tilley et
al. studied reactions of water with [(tBuO)3SiO]4M (M =
Zr, Hf) in various ratios of metal siloxide to water
(Scheme 7).[40] In the presence of excess water, complete hy-
drolysis to (tBuO)3SiOH occurred in THF at room tem-
perature, whereas careful addition of one or two equivalents
of water produced the isolable aqua complexes 32 and 33.
Kinetic studies on the rate of hydrolysis of these aqua com-
plexes led to two important findings. First, the aqua ligands
bound to the metal are quite labile and undergo rapid ex-
change at room temperature. Second, the mechanism of hy-
drolysis appears to be associative with intermediate forma-
tion of heptacoordinate [(tBuO)3SiO]4M(H2O)3 (34), which
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Scheme 7. Formation and hydrolysis of Zr and Hf aqua complexes.

subsequently releases (tBuO)3SiOH and generates the reac-
tive metal hydroxide 35. The latter species forms oligomeric
and polymeric oxo(siloxide)s by condensation, similar to
what is observed in the hydrolysis of trimethylsiloxides.

The importance of steric effects with regard to hydrolysis
of metal siloxides cannot be overemphasized. For instance,
the sterically overloaded vanadyl chloride (tBu3SiO)2-
V=O(Cl) could be converted in aqueous methanol into the
vanadyl ester (tBu3SiO)2V=O(OMe), and its anhydride,
[(tBu3SiO)2V=O]2O, was formed in good yields by treat-
ment with aqueous KOH.[41] The hydrolytic stability of
[(tBu3SiO)2V=O]2O is remarkable, as no V–OSi bond
cleavage was observed even after a few hours in boiling
aqueous KOH.

Hydrolytic cleavage of the M–OSi bond can also be sup-
pressed by incorporating bulky tripodal siloxide ligands
(Scheme 8). For instance, titanium ethoxide 36 readily hy-
drolyzes in moist solvents to form dinuclear siloxide 37,
which itself is fairly stable towards moisture.[14c] The reac-
tion of tetrasilanol 38 with TiCl4, followed by addition of
pyridine and water, resulted in the formation of the tetra-
nuclear TiOH cluster 39, which was found to be thermally
stable up to 250 °C and stable in water and protic oxidizing
media.[42] By a similar synthetic approach, the air and
moisture stable monomeric TiOH species 40 supported by
a tripodal silsesquioxane could be synthesized and isolated
in high yields.[43] Compounds 39 and 40 did not show the
tendency to form Ti–O–Ti bonds by condensation and eli-
mination of water. Moreover, both complexes were found
to efficiently catalyze alkene epoxidations with aqueous
H2O2 as the oxidizing agent (cyclooctene was epoxidized
with selectivities and conversions higher than 90% with
1.5 mol-% of 39).[5a] Following the mechanism of hydrolysis
proposed for group 4 metal siloxides (vide supra), the hy-
drolytic stability of these complexes can reasonably be ex-
plained by unfavorable changes in entropy; protonation and
subsequent elimination of silanol from tridentate metal sil-
oxides is entropically less favored than from metal siloxides
that bear monodentate siloxide ligands.

Bregeault et al.[44] reported on the synthesis and struc-
tures of a series of siloxide-supported peroxomolybdates
and -tungstates obtained by oxidation of WO3 and MoO3

with H2O2 in the presence of various silanols (Scheme 9).
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Scheme 8. Hydrolytically stable titanium siloxides.

Upon adding phosphonium chlorides, water-stable phos-
phonium salts could be isolated, which showed promising
activities as catalysts in the epoxidation of various cyclo-
alkenes. The catalysts can be recovered from solution with-
out any sign of decomposition if excess H2O2 is used.

Scheme 9. Siloxide-supported peroxomolybdates and -tungstates.

An alternative approach to hydrolytically stable metal sil-
oxides involving the formation of zwitterions has been re-
ported recently by Strohmann et al.[45] (Scheme 10). Reac-
tions of ZnBr2 with various amino-substituted disiloxanes
produced hydrolytically stable zwitterionic zinc siloxides as
a result of hydrolytic cleavage of the Si–O–Si bond.
Whether the zwitterionic approach can be applied to the
synthesis of hydrolytically stable d0 early transition metal
siloxides needs yet to be established.
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Scheme 10. Formation of a zwitterionic zinc siloxide.

Transition Metal Siloxides in Homogeneous
Catalysis

Transition metal siloxides derived from “incompletely
condensed” polyhedral oligosilsesquioxanes (POSS) have
been used extensively as model compounds to mimic known
heterogeneous silica-supported metal catalysts, and cata-
lytic applications in the field of olefin polymerization and
olefin epoxidation were reported in the literature.[3,5e,5f,5h,5i]

Relatively little is known about structurally well-defined
transition metal siloxides as homogeneous “single-site” cat-
alysts in C–C and Si–C bond forming and C–C bond acti-
vation reactions of small organic molecules and organosil-
anes.

The hydrosilylation of olefins is one of the most impor-
tant Si–C bond formation reactions in organosilicon chem-
istry.[46] Recently, Marciniec and co-workers have reported
that dimeric rhodium siloxide [(cod)Rh(μ-OSiMe3)]2 (41) is
a much more effective catalyst in the hydrosilylation of ali-
phatic and aromatic olefins, vinylsilanes, and allyl alkyl
ethers than the respective rhodium complex [(cod)Rh(μ-
Cl)]2 and the commercially available Pt-Karsted catalyst
most frequently used in hydrosilylation chemistry.[47] The
hydrosilylation of olefins with [(cod)Rh(μ-OSiMe3)]2 as the
precatalyst proceeds by initial oxidative addition of the
HSiR3 followed by subsequent elimination of R3SiOSiMe3

to generate the square-planar 16e– alkene complex 42 as the
actual catalytically active species (Scheme 11).[47a] Immobi-
lizing [(cod)Rh(μ-OSiMe3)]2 on silica gives the well-defined
and highly active hydrosilylation catalyst [(cod)Rh-
(OSi�)].[48] Curiously, this catalyst system does not bleach
significantly even after more than ten cycles, which implies
the mechanistic pathway of the hydrosilylation to be dif-
ferent from that of the homogeneous system that involved
elimination of R3SiOSiMe3!

The same authors have also shown that dimeric iridium
siloxide [(cod)Ir(μ-OSiMe3)]2 is a very active and selective
catalyst in the silylcarbonylation of various para-substituted
styrenes,[49] a reaction that gives access to enol silyl ethers
of acylsilanes, important intermediates in organic and or-
ganosilicon synthesis (Scheme 12).[50] It also has been noted

Scheme 12. Silylcarbonylation of para-substituted styrenes.
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Scheme 11. Proposed mechanism of hydrosilylation with rhodium
siloxides.

that both activity and selectivity with [(cod)Ir(μ-OSiMe3)]2
are much better than with the previously used catalysts
Ir4(CO)12 or [Ir(μ-Cl)(CO)3]n, which require a ten-fold ex-
cess of styrene relative to HSiR3 and afford only 50 % yields
of the silylcarbonylation products.[51]

Investigations regarding the mechanism of the reaction
revealed [(cod)Ir(μ-OSiMe3)]2 to be a precatalyst, which in
the presence of CO and HSiR3 generates HIr(CO)3 as the
actual catalytically active species. The formation of
HIr(CO)3 is thought to occur by replacement of cyclooc-
tadiene (cod) by excess CO and simultaneous oxidative ad-
dition of HSiR3 followed by subsequent elimination of
R3SiOSiMe3 (Scheme 13), which is similar to the formation
of rhodium alkene complex 42 (vide supra). HIr(CO)3

readily inserts HSiR3 to form (H)2Ir(CO)3SiR3, which is
also involved in the catalytic cycle of the silylcarbonylation
of olefins.

In an attempt to increase the reservoir of simple and
atom-economic addition reactions, Trost and co-workers re-
cently performed Lewis acid catalyzed reactions of propar-
gyl and allenic alcohols with imines and aldehydes.[52] For
example, reactions of allenic alcohols with various aromatic
and aliphatic aldehydes in the presence of 5 mol-% O=V-
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Scheme 13. Proposed formation of HIr(CO)3 and (H)2Ir(CO)3SiR3.

(OSiPh3)3 gave the desired aldol products 43 and 44 in good
to excellent yields (Scheme 14). Remarkably, O=V-
(OSiMe3)3 gave much slower reactions and poor yields,
whereas the more electron-rich vanadium catalyst O=V(O-
iPr)3 did not show any activity at all. Similar results were
observed when propargylic alcohols were employed in reac-
tions with aldehydes and imines.

Scheme 14. Reaction of propargylic and allenic alcohols with alde-
hydes.

The proposed mechanism for the addition of allenic
alcohols and aldehydes is shown in Scheme 15 and indicates
that one of the siloxide groups of the precatalyst O=V-
(OSiPh3)3 acts as a leaving group to generate the actual
catalytic species 45.[53] Whether one or more siloxide groups
are replaced by excess allenic alcohol remains unclear, since
no studies regarding the structure of the catalyst in its rest-
ing state have been reported. It is worth noting, however,
that of the catalysts studied with the formula O=V-
[OSi(C6H4-p-X)3]3 (X = H, Cl, F), O=V[OSi(C6H4-p-Cl)3]3
is the most active in the related vanadium-catalyzed ad-
dition of propargyl alcohols and imines.[52d] This suggests
that the activity and selectivity of the catalysts is a function

Scheme 15. Mechanism for the addition of allenic alcohols and aldehydes.
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of the electronic properties of the remaining siloxide groups.
Thus, it seems that in these aldol-type reactions catalyzed
by vanadium siloxide, the siloxide groups may act as both
ancillary ligands and leaving groups!

It is known that the performance of Schrock-type alkene
metathesis catalysts of general formula (RO)2M=CHR-
(=NR) (M = Mo, W) is very sensitive to the steric and
electronic nature of the alkoxide ancillary ligands. Best re-
sults have been achieved with the bulky but also strongly σ-
electron-withdrawing fluorinated alkoxide, CH3(CF3)2-
CO–.[54] Feher et al. have shown that the silsesquioxane-
based Mo siloxide 47 (Scheme 16) exhibits comparable ac-
tivities in olefin metathesis.[55] This was ascribed to both the
strongly electron-withdrawing character of the silsesquiox-
ane ligand and the acute M–O–Si angles in structurally re-
lated complexes, which are believed to limit the extent of
Opπ-to-Mdπ backbonding. However, on the basis of a com-
petitive study regarding the alkylidene activity of a series
of linear Mo siloxides, 48–51 (Scheme 16), toward various
olefins, it is unclear whether siloxide ligands have a benefi-
cial effect in olefin metathesis.[56] Some selected data are
summarized in Table 3 and reveal the alkylidene activities
of the complexes 47–51 toward olefins to be in the following
order: 47 �� 49 ≈ 50 � 51b–f � 51a �� 48. Interestingly,
sterically crowded Mo siloxide 48 is completely inactive in
the presence of ethene at 120 °C. Even in the presence of
neat 1-hexene or 1-octene, only 5% consumption of 48 oc-
curred at 120 °C. However, 48 initiates the polymerization
of 100 equiv. of norbornene at 23 °C to give polynor-
bornene in 56% yield. Compound 48 is also relatively stable
in the presence of air, moisture, and heat; it does not de-
compose even at 240 °C in [D4]o-dichlorobenzene!

In comparison to the diverse applications of alkene me-
tathesis in organic synthesis, the related alkyne metathesis is
much less commonly used, primarily because nonterminal
alkynes are very often required as substrates. Another draw-
back of the reaction is that highly air- and moisture-sensi-
tive Schrock-type alkylidynes are required as catalysts,
which makes this synthetic methodology less user-friendly
for the organic community. Very recently, however,
Fuerstner et al. reported on the synthesis and catalytic
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Scheme 16. Various molybdenum imido alkylidenes that contain siloxides.

Table 3. Alkylidene activities of the Mo siloxides 47 and 48–51.

Compound c[a] Solvent Olefin T [°C] t[b]

47[c] 17 C6D6 1-pentene (20 equiv.) 25 [d]

48[e] 55 toluene ethene (5 atm) 120 [f]

48[e] 55 C6Cl2D4 ethene (1 atm) 240 12
49, 50[e] 46 C6D6 ethene 22 12
49, 50[e] 46 C6D6 1-hexene 22 12
51a[e] 55 C6D6 ethene (1 atm) 120 12
51b–f[e] 55 C6D6 ethene (1 atm) 60 ≈ 4

[a] Concentration of 47 and 48–51 in mm. [b] Time taken for com-
plete consumption in hours. [c] Data taken from ref.[55] [d] Com-
plete consumption within a few minutes. [e] Data taken from ref.[56]

[f] No consumption.

application of a set of new Mo nitrides and alkylidynes
that contain triphenylsiloxides as ancillary ligands
(Scheme 17).[57] These siloxides were shown to be active al-
kyne metathesis catalysts that combine easier handling with
high activity, selectivity, and functional group tolerance. Of
the Mo siloxides 52–56, ether adduct 52 – even though air-
and moisture-sensitive – is one of the most active alkyne
metathesis catalysts known to date; it operates at low load-
ings and is distinct from other systems in terms of its selec-
tivity profile. The stability of the Mo siloxide catalysts 52–
54 can significantly be improved by formation of their 1,10-
phenanthroline adducts 55 and 56. Adduct 55 is stable in
air at least for hours, whereas 56 seems to be indefinitely
stable in air and can be handled on the benchtop without
any precautions, even though both are catalytically inactive
at room temperature. The more active species 52–54 can
conveniently be regenerated from 55 as well as 56 upon add-
ing MnCl2 and heating the mixtures at 80 °C.

As noted by the authors: “The compatibility of the new
catalysts is outstanding. Esters, ethers, various silyl ethers,
thioethers sulfonates, amides, carbamates, ketones, acetals,
epoxides, nitro groups, and trifluoromethyl groups are gen-
erally well-tolerated, even if they are oriented toward the
reacting alkyne.”[57b] Particularly 52 is worth mentioning,
as it exhibits high reactivity and exceptional tolerance for

Scheme 18. Synthesis of a precursor for amphidinolide V.
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Scheme 17. User-friendly Mo siloxide catalysts for alkyne meta-
thesis.

functional groups, which is evident from the reaction shown
in Scheme 18, in which the substrate bears a variety of polar
and potentially labile functional groups. Even more exciting
is the fact that 52 has been used very recently as an efficient
catalyst in the high-yield synthesis of key intermediates for
the concise total synthesis of the cell migration inhibitor
lactimidomycin and the ecklonia lactones A and B.[58]

Conclusions

Siloxide ligands are able to coordinate to a large variety
of transition metal fragments in various oxidation states
and coordination numbers to form well-defined mononu-
clear metal siloxides of general formula [R3SiO]mMXn. In
particular tBu3SiO-, (silox), is an extremely bulky and ro-
bust ancillary ligand that has been used to stabilize a variety
of low-valent, coordinatively unsaturated metal species.
Even thermally and hydrolytically stable metal siloxides
supported by silox have been reported. However, as an an-
cillary ligand in catalysis, silox seems to block the active
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metal site by its bulkiness so efficiently that only poor ac-
tivities are observed, as seen in olefin metathesis. The most
promising results in terms of activity and selectivity arise
from the use of simple Ph3SiO– derived from cheap
Ph3SiOH. Particularly, work by Fuerstner et al. and Trost
et al. using simple vanadium and molybdenum triarylsilox-
ides can truly be considered as a breakthrough in the appli-
cation of robust and well-defined transition metal siloxides
as “single site” catalysts for organic transformations. On the
basis of these promising results, the chemistry and catalysis
of transition metal siloxides is expected to be a highly
emerging area of research within the next decade.
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