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Abstract: This review is mainly devoted to a descrip-
tion of the strategies that have been implemented to
develop well-defined olefin metathesis catalysts im-
mobilized on solid supports. Two main approaches
have been investigated involving supported homoge-
nous catalysts or heterogeneous catalysts prepared
by surface organometallic chemistry. Advantages,
limitations and possible developments of these sys-
tems are discussed.
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1 Introduction

Olefin metathesis was discovered more than forty
years ago in heterogeneous catalysis and disclosed as
“olefin disproportionation”, and it has been used in-
dustrially in the production of basic chemicals ever
since.[1,2] For these processes, the catalysts are typical-
ly group 6–7 oxides supported on large surface area
oxide supports (silica, alumina, magnesia), which are
robust and which can be regenerated by simple calci-
nation. However, these systems usually work at rela-
tively high temperatures (>150 8C), with the excep-
tion of Re2O7/Al2O3, and are typically not compatible
with functional groups unless co-catalysts are used
(metathesis of olefinic esters).
Therefore, it has only been recently that olefin

“metathesis”, as named later by Calderon,[3] has
become a key reaction in organic synthesis and mate-
rial science with the emergence of a series of well-de-
fined homogeneous catalysts which work at low tem-
peratures (25–80 8C) and are compatible with a wider
variety of functional groups. These catalysts are divid-
ed in two main subclasses: 1) the d0 early transition

metal catalysts based on group 6 and 7 transition
metals (Scheme 1a),[4–9] which are referred to as the
Schrock-type complexes, and 2) the Ru complexes,
i.e. , the Grubbs-type complexes[10,11] as well as related
systems[12–15] (Scheme 1b).
Well-defined homogeneous catalysts present the ad-

vantage of working at rather low temperatures, giving
good selectivities (not including stereoselectivity) and
providing ways to implement structure-reactivity rela-
tionships, which are necessary for a rational develop-
ment of the best catalytic system for a given reaction.
However, some of the main drawbacks of homoge-

neous catalysts are, likely, their decomposition via bi-
molecular pathways and the necessity to use complex
processes to separate the reactants/products from the
catalysts. Overall, this can lead to metal contamina-
tion of the products, particularly not acceptable for
pharmaceutical or even polymer industry, and also
hinders the recycling or the regeneration of homoge-
neous catalysts.
In contrast, heterogeneous catalysts can easily be

separated from reactants/products and thereby used
in continuous flow processes. Yet, the nature of their
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active sites is often difficult to assess, and therefore
they are more difficult to improve. In fact, after more
than forty years of research, there are still no hetero-
geneous catalysts which can achieve efficiently the
metathesis of functionalized olefins: the maximum
productive turnovers are limited to several hundreds
and, in these cases, it is necessary to use activators
(such as R4Sn for Re2O7/Al2O3), which make the cata-
lytic system difficult to regenerate (poisoning of the
Re by tin or even volatilization of tin).
Thus, in order to combine the advantages of homo-

geneous and heterogeneous catalysis, two main strat-
egies have been proposed to construct well-defined
heterogeneous catalysts (Scheme 2).
Firstly, immobilization of a homogeneous catalyst

can be carried out by substituting one of its ligands by
a similar one attached via a linker and usually a cova-
lent bond to a support/carrier (oxide, polymer, den-
drimer). This approach is referred to as supported ho-
mogeneous catalysis (Section 2).[16]

Secondly, the organometallic complex is attached
directly to the oxide support [ExOy, silica (E=Si, x=
1, y=2), alumina (E=Al, x=2, y=3)…] via either a
covalent/ionic bond or a Lewis acid–Lewis base inter-

action. In these systems, the surface has the role of a
ligand and is directly involved in the coordination
sphere of the metal, which also contains other ancil-
lary ligands in order to influence the stability, the ac-
tivity and the selectivity like in homogeneous cataly-
sis. This approach requires a detailed understanding
of the structure of the surface complex like in homo-
geneous catalysis and is called surface organometallic
chemistry (Section 3).[16–18]

The main difference between the two approaches is
the tendency to loose the molecular character of the
complex when switching from supported homogene-
ous catalyst to catalysts prepared via “surface organo-
metallic chemistry”. In the former case, most of the
synthetic effort is to preserve as much as possible the
molecular structure after grafting. In the latter case,
the surface of the oxide plays the role of a “rigid”
ligand, and the mobility of the complex is eliminated
as the number of covalent bonds with the support in-
creases (y), a limit case being when there is only one
covalent bond between the surface and the metal: it
is an “hybrid situation” with a very short distance be-
tween the metal and the surface.
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Scheme 1. Examples of homogeneous catalysts based on a) d0 group 6 and 7 transition metal complexes and b) Ru com-
plexes.

Scheme 2. E: heteroelement in the oxide (Al, B, Si…), Os: surface oxygen atoms, x : the number of X-type ligand, n/i : the
number of L-type ligands, (y+1)= the number of covalent bond between the oxide support and the metal center, and (z�2):
the number of oxygen attached to E.
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2 Immobilized Olefin Metathesis Catalysts
via the Supported Homogeneous Catalysis
Approach

2.1 Immobilized Schrock-Type Catalysts

The coordination sphere of the metal in the Schrock-
type catalysts is usually composed of 1) the alkylidene
ligand, 2) an imido ligand, or 3) two alkoxide ligands.
Of the three possible approaches to immobilize the
Schrock-type catalysts, only two strategies have been
implemented so far: via the imido ligand (Section
2.1.1) and via the alkoxide ligands (Section 2.1.2).

2.1.1 Immobilization through the Imido Ligand

The immobilization is carried out by reacting Schrock
catalysts having a bromohexyl substituent in the
para position of the arylimido ligand with a silver per-
fluorosulfonated group attached to a polymer

(Scheme 3).[19] This catalyst (1) displays similar activi-
ties in ring-closing metathesis reactions (RCM).
Moreover, through this route, it is also possible to
prepare the corresponding asymmetric olefin meta-
thesis catalysts, which display similar activities and
enantioselectivities (usually lower) as their homoge-
neous equivalents. This shows that the coordination
sphere at Mo is not too affected by the immobiliza-
tion.

2.1.2 Immobilization through the Alkoxide Ligand

A polymer-supported Mo imidoalkylidene bisphenox-
ide asymmetric complex 2a has been prepared by re-
action of the potassium salt of a bisphenol-containing
polymer with [Mo ACHTUNGTRENNUNG(=CMe2Ph)ACHTUNGTRENNUNG(=NR) ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(DME)]
(Scheme 4). Asymmetric ring-closing metathesis
(ARCM) and the tandem asymmetric ring-opening
metathesis–cross-metathesis (AROM/RCM) with this
catalyst give products in good yields and high enantio-
meric excesses.[20] The activities and selectivities are

Scheme 3.

Scheme 4.
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either close or a little lower than these obtained for
the corresponding homogeneous catalytic system.
Moreover, while the selectivities are constant with
each cycle, the activity decreases, and Mo leaching is
also detected. Noteworthy, using this approach, by
changing the imido group (2b, c) or the chiral bi-
sphenoxides (3a, b), it is possible to improve activities
and selectivities, but they never reach those obtained
for the corresponding homogeneous catalysts.[21]

Improving the synthesis and the performance of
such types of catalysts has been sought by carrying
out most synthetic steps prior to polymer formation.
For instance, using norbornenyl-substituted bisphenol
allows the polymer synthesis to be carried out at the
last step (Scheme 5), either prior to attaching Mo
(4),[22] or as Mo is already attached to the phenoxide
(5).[21] In the former case, good activities and enantio-
selectivities are obtained (still lower than their homo-
geneous equivalent), and lower Mo contamination is
obtained. In the latter case, it was necessary to carry
out the polymerization in the presence of co-mono-
mers in order to obtain a catalyst with good perform-
ances (problem of diffusion of the reactants in a
highly cross-linked polymer).

2.2 Immobilized Grubbs-Type Catalysts

The Ru coordination sphere of the Grubbs-type cata-
lysts is usually composed of 1) an alkylidene, 2) two
chloride, and 3) two neutral ligands, which are either
two phosphine (Grubbs I), one phosphine and one
NHC ligand, where NHC stands for N-heterocyclic
carbene ligands (Grubbs II), or one ether combined
with either a phosphine or an NHC ligand (Grubbs–

Hoveyda). Therefore, three strategies have been im-
plemented to immobilize the Grubbs-type catalysts
via substituting the neutral ligands (Section 2.2.1), ex-
changing of the chloride ligands (Section 2.2.2.) or an-
choring the alkylidene ligand (Section 2.2.3). A fourth
strategy has been to encapsulate the homogeneous
catalyst inside a polymer matrix (Section 2.2.4).

2.2.1 Immobilization through the Phosphine or NHC
Ligand

2.2.1.1 The Grubbs I Catalyst

The first attempt to immobilize the Grubbs I catalyst
was carried out by exchanging its phosphine ligands
(Scheme 6) with phosphines incorporated on a poly-
styrene-divinylbenzene polymer (PS-DVB) (6a–c):[23]

Scheme 5.

Scheme 6.
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as observed in homogeneous systems, the activity of
the supported catalyst system depends on the nature
of the phosphine ligand,[24–26] the more electron rich
the better (6c>6b>6a), however the performances
are very far below those of their homogeneous equiv-
alents (150 times less active). A similar approach has
been carried out by using MCM-41 supported phos-
phine ligands (6d, e).[27] In this case, the performances
are improved, probably because of the larger pores,
which do not limit the diffusion of reactants (one
problem encountered with polymers), but they are
still lower than those of the corresponding homogene-
ous catalysts. Note that, in these cases, olefin metathe-
sis requires the dissociation of one phosphine, and
therefore it is likely that the Ru species has to
“leach” from the support in order to obtain metathe-
sis activity, but the high local density of phosphine li-
gands probably helps to recapture the coordinatively
unsaturated Ru active species. Hence, while these
types of catalysts can probably be useful in solid-
phase synthesis as, for example, in combinatorial
chemistry, they are probably not compatible with flow
reactor technology (leaching).
Finally, Gatard et al. have prepared a Grubbs I-

type supported catalyst 7 by replacing both PCy3 li-
gands by a bidendate phosphine attached to a dendri-
mer, and it has been used to prepare the dendritic
star-polymer by the subsequent ROMP of norbornene
(Scheme 7).[28–30]

2.2.1.2 The Grubbs II Catalyst

Grubbs II catalysts contain one NHC ligand,[31–34]

which provides several advantages: 1) it increases the

interaction of the olefin with Ru compared to phos-
phines and thereby it usually increases the rate of
olefin metathesis,[35,36] and 2) it forms a strong M�L
bond, hence it does not lead to dissociation in con-
trast to phosphine ligands.[37] The latter property
makes it an interesting ligand to anchor permanently
a catalyst to a support, and therefore several strat-
egies have been used to link the Grubbs II catalysts
via the NHC ligand.
First, because imidazolium salts are usual precur-

sors to generate NHC carbene, several strategies have
described the immobilization of these functionalities
and their conversion to immobilized Grubbs II cata-
lysts (Scheme 8):

1) A Merrifield resin (PS-DVB 1%) can be derivat-
ized in order to obtain imidazolium pending ligands,
which can be converted into 8a.[38]

2) Functionalization of the surface of a monolithic
material by ring-opening metathesis polymerization
(ROMP) of norbornene in the presence of an imida-
zolium-containing polynorbornene provides a materi-
al with pending imidazolium salt, which is readily con-
verted into 8b.[39]Scheme 7. The dendrimer-supported Grubbs-type catalyst 7.

Scheme 8.

Adv. Synth. Catal. 2007, 349, 78 – 92 I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.asc.wiley-vch.de 83

REVIEWSStrategies to Immobilize Well-Defined Olefin Metathesis Catalysts

www.asc.wiley-vch.de


3) A polynorbornene polymer having pending imi-
dazolium ligands and one triethoxy end-group can be
grafted on the surface of a silica material (8c).[40]

Other approaches include (Scheme 9):
4) Functionalization of the surface of a monolithic

material by ROMP of norbon-5-ene-2-carboxylic chlo-
ride, and reaction of the acyl chloride end-groups with
a modified Grubbs II catalyst having a pending OH
group on the side chain of the NHC ligand (9a).[41]

5) Reaction of a modified Grubbs II catalyst having
a pending OH group on the side chain of the NHC
ligand with the surface of a silica previously modified
with trichlorophenylsilanes (9b).[42]

6) Reaction of a modified Grubbs II catalyst having
a pending trimethoxy group on the side chain of the
NHC ligand with the surface of a SBA-15 (9c).[43]

These catalysts have been mainly used in RCM and
related reactions. In all cases, good catalytic perform-
ances are obtained, the catalysts can be recycled, and
the Ru-contamination is lowered. Yet, it is not clear
whether or not the catalyst performances have been
improved compared to the homogeneous analogues,
even if site isolation should have limited decomposi-
tion.

2.2.2 Immobilization by Exchanging Chloride Ligands

Grubbs et al. have shown that chlorides can be re-
placed by carboxylates by reacting their silver salt

with [Cl2Ru ACHTUNGTRENNUNG(=CHR) ACHTUNGTRENNUNG(PR3)2].
[26] This methodology has

been used to immobilize Ru olefin metathesis cata-
lysts on supports (Scheme 10). Merrifield resins func-
tionalized with hydroxyethyl groups are first reacted
with perfluoroglutaric anhydride, and the carboxylic
acid thus formed is converted into the corresponding
silver salt, which upon reaction with [Cl2RuACHTUNGTRENNUNG(=CHPh)-
ACHTUNGTRENNUNG(PCy3)2] provides an immobilized Grubbs I catalyst
(10a).[44] In a similar way, using the hydroxymethyl-
functionalized Merrifield resins, the immobilized
Grubbs II catalyst can be prepared (10b).[45] A
Grubbs II catalyst can also be supported on monoliths
(10c) or silica (10d).[46] Immobilized Grubbs–Hoveyda
or Grubbs–Hoveyda–Grela catalysts can also be pre-
pared on monoliths based on PS-DVB polymers
(10e–g).[45,47–49]

These catalysts display good performances in RCM.
Noteworthy, Ru leaching is very low, and product
contamination by Ru is extremely low, i.e., <100 ppb/
g. Additionally, this property makes them suitable to
be used in a continuous flow reactor, where high
TON can be achieved (up to several thousands), but
deactivation remains a problem, and their performan-
ces are still somewhat lower than those of their homo-
geneous analogues.

2.2.3 Immobilization via the Alkylidene Ligand

2.2.3.1 The Grubbs I and II Catalysts

Immobilizing the catalyst precursor is also possible
through its carbene ligand (Scheme 11). This can be
achieved by reaction of Grubbs I[50–53] or Grubbs
II[54,55] catalysts with a macroporous polystyrene or
poly-DVB resin having pendant vinyl groups. In these
heterogeneous catalysts, the active species is in fact a
homogeneous catalyst, and it is not clear how much
of Ru is then re-incorporated as the initial carbene
(boomerang concept), because of a significant loss of
activity after each cycle. However, the contamination
of the final product by Ru is decreased using these
catalysts. Additionally, these systems can be used to
prepared polymer beads with high loading of func-
tionalities,[56] stationary phase of liquid chromatogra-
phy,[57–59]] or star-polymers based on simple first-gen-
eration dendrimers[60,61] through ROMP.

2.2.3.2 The Hoveyda–Grubbs Catalyst

The Hoveyda–Grubbs catalysts have the particularity
of containing a benzylidene ligand, in which the ortho
position of the phenyl group bears an ether group,
which binds to the metal.[11,62–68] These catalysts are
usually more robust (less air sensitive and can be pu-
rified by chromatography) and are more efficient withScheme 9.
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several substrates. One possible reason for the specific
properties of this catalyst is due to the strong affinity
of Ru for the initial ligated alkylidene ligand. There-
fore, the resting state of the catalyst is the catalyst
precursor, which releases (slowly) the active species,
but is also able to recapture it (boomerang concept).
Because of these specific properties, much effort has
been directed at immobilizing these types of com-
plexes through the alkylidene ligands.

The main approach has been to anchor the benzyli-
dene by a substituent of the phenyl ring attached to
(Scheme 12):
1) a polyethyleneglycol (PEG) (12a),[69,70]

2) a dendrimer (12b),[71]

3) a polystyrene support via a butyldiethylsilyl
linker (12c),[72]

4) silica via several types of organic linkers by Hov-
eyda (12d)[73,74] , Blechert (12e)[75] and Moreau
(12f),[76]

5) silica with polymer linkers (12g),[77]

6) polymers based on polynorbornene (12h)[78] or
copolymer of acrylate perfluoroester and acryloyl
chloride (12i),[79]

7) a Wang resin (12j)[80]

8) via ionic interaction with a polymer (12k).[81]

The other approach has been to anchor the benzyli-
dene by the alkyl substituent of the ether group
either to PS[82] or to PEG (Scheme 13).[83]

Scheme 10.

Scheme 11.
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In contrast to the Grubbs I and II catalysts immobi-
lized through the alkylidene ligand, in the case of the
Grubbs–Hoveyda catalyst, Ru leaching is quite low

(in most cases below 100 ppm), and the catalyst can
be easily recycled without a significant loss of activity.
Note that here again the active species is probably ho-
mogeneous, and this has been clearly shown by cross-
over experiments: in fact, the propagating species can
be transported from one bead to another (2%).[74]

Yet, it is possible that a large fraction is recaptured
through formation of the more stable alkylidene
ligand. From all available literature data, it is clear
that the supported system have never out-performed
the homogeneous systems (TON ranges from 100–
2000 in RCM, and after 5–7 recycling using 1–5
mol%, most systems show a sharp drop in activity),
but it helps to decrease the amount of Ru in organic
samples, one of the best systems being 12i (up to 20

Scheme 12.

Scheme 13.
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cycles at 0.5–1 mol% with a marginal loss of activi-
ty).[79] Several of these systems are quite easy to syn-
thesize, and, considering their performances, are good
candidates for their use in combinatorial chemistry.

2.3 Other Immobilized Ru Olefin Metathesis
Catalysts

Another class of Ru-based olefin metathesis catalysts
is composed of Ru bound to an arene ligand, and
therefore the pendant phenyls of polystyrene have
been used as a way to support the Ru catalyst precur-
sor (Scheme 14).[84]

Another approach has consisted in generating well-
defined Ru complexes on the surface of gold colloids
by using thiol as an anchoring agent (Scheme 15).[85]

Noteworthy, this system display better activity in the
ROMP of norbornene (16,000 h�1) than the corre-
sponding homogeneous catalyst (3000 h�1), and the
activity is even improved when flat gold surfaces are
used (80,000 h�1).

2.4 Immobilization by Micro-Encapsulation

Micro-encapsulation by incorporating the Grubbs II
catalyst in a polymer film can also be used as a

method to generate a recoverable olefin metathesis
catalyst and to minimize the contamination of the
product by Ru (<500 ppm).[86]

3 Immobilized Olefin Metathesis Catalysts
via Surface Organometallic Chemistry

3.1 Grafting Hydrocarbyl Complexes

The first well-defined silica-supported alkylidene
complex was based on Ta: 15s [(�SiO)TaACHTUNGTRENNUNG(=CH-t-Bu)-
ACHTUNGTRENNUNG(CH2-t-Bu)2], obtained by grafting [TaACHTUNGTRENNUNG(=CH-t-Bu)-
ACHTUNGTRENNUNG(CH2-t-Bu)3] (15p) on silica partially dehydroxylated
at 700 8C, SiO2�(700), a support which contains ca.
0.26 mmol of OH/g (Scheme 16a). However, it was
only marginally active in olefin metathesis as its ho-
mogeneous equivalents (16).[87] In contrast, the well-
defined silica supported Re alkylidene complex 17s
has shown unprecedented activities in olefin metathe-
sis (Scheme 16b),[88–92] which exceeds those obtained
for both heterogeneous and homogeneous Re-based
catalysts (18).[93,94]

Beside being characterized at a molecular level as
the syn-isomer by a combination of spectroscopic
methods[95] and DFT calculations,[96,97] its catalytic be-
havior is also typical of a well-defined catalyst: the in-
itiation step corresponds to the cross-metathesis of
the olefin and the neopentylidene ligand. In the case
of propene, a 3:1 ratio of t-BuCH=CH2 and t-BuCH=
CHCH3 is obtained, which is in agreement with the
following model (Scheme 17): the favored reaction
pathway corresponds to that in which interactions be-
tween the alkyl substituents of the metallacyclobutane
are minimized, that is, pathway involving [1,3]-inter-
actions>pathway involving [1,2]-interactions.[98]

Moreover, this catalyst can achieve up to 900 TON
in the metathesis of oleate esters in the absence of ac-
tivators.[91] This is in sharp contrast to Re2O7/Al2O3,
which requires the use of an activator (R4Sn) to reach
ca. 150 TON. The observed high reactivity of 17s
probably comes from the optimized ligand set (vide
infra)[96] and the presence of isolated species, which
prevent deactivation via dimerization pathway (vide
infra). Investigation of the origin of the unexpected
high performances of 17s by DFT calculations has
shown that olefin metathesis, even for a d0 metal, is in
fact a four-step process involving (Scheme 18): coordi-
nation of the olefin, [2+2] cycloaddition and the cor-
responding reverse steps {[2+2] cycloreversion and
de-coordination of the olefin}, each step being opti-
mized differently. The energy barrier for coordina-
tion/de-coordination is lowered by having a strong s-
donor ligand (alkyl>alkoxy or siloxy) trans to the in-
coming olefin, and the energy barriers for cyclorever-
sion is mainly controlled by the stability of the metal-

Scheme 14.

Scheme 15.
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lacycle so that having alkyl ligands destabilizes this in-
termediate and lowers the energy barrier for cyclore-
version. Therefore, unsymmetrical catalysts such as
17s are better optimized for each step and constitute

better candidates as highly efficient olefin metathesis
catalysts as was only recently recognized.[99]

Thus, the recent development of an efficient syn-
thesis of 19p (M=Mo)[100] and 20p (M=W)[101] has
lead to the preparation of the silica-supported equiva-
lents of 17s : 19s and 20s. Both are formed as syn iso-
mers (Scheme 16c)[102–104] and display reactivities far
greater than those of 19p/20p and somewhat better
that those of the well-known corresponding bisalkox-
ide homogeneous derivatives (21 and 22, for M=Mo
and W, respectively).[8,105] Moreover, it has been
shown that the molecular and surface monosiloxy Mo
complexes have similar initial rates, but that the sup-
ported complex displays a much better stability in
agreement with the effect of site isolation, which
probably prevents dimerization pathways.[101,106]

Access to well-defined imido Mo alkylidene com-
plexes was also realized by reaction of the nitrido
ligand in [Mo(�N) ACHTUNGTRENNUNG(CH2-t-Bu)3] with the surface sila-
nol of silica (Scheme 19).[107,108] The trisalkyl inter-
mediate cannot be isolated and gives directly 23
[(�SiO)Mo ACHTUNGTRENNUNG(�NH) ACHTUNGTRENNUNG(=CH-t-Bu) ACHTUNGTRENNUNG(CH2-t-Bu)] by elimina-
tion of one 2,2-dimethylpropane molecule. The sur-
face complex 23, a homologue of 19, is also a highly
active olefin metathesis catalyst. Noteworthy, the re-
action of [Mo(�N) ACHTUNGTRENNUNG(CH2-t-Bu)3] with molecular sila-

Scheme 16.

Scheme 17.
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nols gives very stable trisalkylimidosiloxy complexes,
which need to be heated at >80 8C to loose 2,2-dime-
thylpropane to provide a highly unstable olefin meta-
thesis catalyst.[108] Moreover, note that protonation of
the nitrido ligand is not observed upon reaction of
[Mo(�N) ACHTUNGTRENNUNG(O-t-Bu)3] with surface siloxy ligands.[109]
Besides alkylidene surface complexes (vide supra),

well-defined Mo (26s)[108,110] and W (27s)[111–116] alkyli-
dyne surface complexes, whether supported on silica
or alumina, can also be used as catalyst precursors for
olefin metathesis (Scheme 20). They display activities
and selectivities, which are similar to those obtained

for well-defined alkylidene complexes. While the ini-
tiation mechanism is not known, it possibly involves
the [2+2] cycloaddition of the olefin onto the alkyli-
dyne ligand.
Finally, some of these systems {e.g., [(�SiO)Re ACHTUNGTRENNUNG(�C-

t-Bu) ACHTUNGTRENNUNG(=CH-t-Bu) ACHTUNGTRENNUNG(CH2-t-Bu)]} can also be used as
catalyst precursors not only in alkyne[89] but also
in alkane metathesis {e.g., [(�SiO)Ta ACHTUNGTRENNUNG(=CH-t-Bu)
(CH2-t-Bu)2] or [(�SiO)Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=CH-t-Bu) ACHTUNGTRENNUNG(CH2-t-
Bu)]},[117–119] a reaction, which also involves olefin
metathesis as a key carbon-carbon bond formation
step.[120]

3.2 Grafting of Other Types of Molecular Precursors

One of the first approach to generate well-defined al-
kylidene complexes has been to react well-defined al-
kylidyne complexes with silica-supported spe-
cies.[111–113] While the supported systems catalyze
olefin metathesis, it is still not clear if well-defined al-
kylidene complexes have been generated in these
cases. In fact, recent results show that trisamidoalkyli-
dyne Mo complexes [Mo ACHTUNGTRENNUNG(�CEt) ACHTUNGTRENNUNG(N-t-BuPh)3] have
been grafted on silica,[121] and gives the corresponding
surface-bound alkylidyne complex, [(�SiO)Mo ACHTUNGTRENNUNG(�CEt)
(N-t-BuPh)2], which is a highly active catalyst in
alkyne metathesis.

Scheme 18.

Scheme 19.

Scheme 20.
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Generating olefin metathesis catalysts by directly
grafting the Schrock catalysts [(RO)2Mo ACHTUNGTRENNUNG(�NAr) ACHTUNGTRENNUNG(=
CH-t-Bu)] on silica supports has been attempted.
Nonetheless, the structures of the surface species have
not been characterized, and it is not certain that graft-
ing has occurred.[122,123] More work is probably neces-
sary to develop these systems.

3.3 Activation of Molecular Organometallic
Complexes by Surface Lewis Acid Sites

Herrmann et al. have shown that methyl trioxorheni-
um (MeReO3) is activated by Lewis acids (e.g.,
MexAlCl3�x) to generate a highly active homogeneous
olefin metathesis catalyst.[124] Similarly, when MeReO3
is contacted with oxide supports, which contain Lewis
acid sites, it also generates highly active catalysts such
as [MeReO3/SiO2-Al2O3],

[124,125] [MeReO3/Al2O3],
[126]

[MeReO3/Y zeolite],[127] and [MeReO3/Nb2O5].
[128]

While Re is fixed strongly (and irreversibly) to the
Lewis site of the oxide supports,[125] the nature of the
active site is unknown and is still under debate.[128]

4 Conclusion

Olefin metathesis catalysts immobilized through “sup-
ported homogeneous catalysis” can be used to effi-
ciently transform functionalized organic molecules in
good yields, especially via RCM and related reactions,
including ARCM, to provide compounds with lower
metal contents (Mo or Ru) than when using the cor-
responding homogeneous catalysts. In the case of
ARCM, the enantioselectivies obtained are a little
lower in all cases showing that the metal coordination
is slightly modified in the immobilization process.
Overall, this strategy is very suitable for parallel syn-
thesis and can be used to develop libraries of organic
compounds. Moreover, this strategy has also been suc-
cessfully used to prepare polymer beads with high
loading of functionalities, monoliths to develop well-
defined heterogeneous catalysts or well-defined star-
polymers via ROMP, starting from immobilized cata-
lysts on dendrimers. Note, however, that in most cases
the catalyst performances are either lower or much
lower than those of their homogeneous equivalents
(lower yields and selectivities), and more work is
probably necessary to understand, at a molecular
level, the origin of this difference. In contrast, the
level of understanding of immobilized catalysts, pre-
pared by surface organometallic chemistry, has al-
ready provided the following insights: 1) site isolation
on a surface increases the life time of catalysts by
avoiding dimerization pathways, 2) the siloxy ligand
of silica, which is directly in the coordination sphere
of the metal, activates the metal center and increases

its reactivity in olefin metathesis [polarization of the
(+d)M=C(�d) bond] much like the fluoroalkoxy
ligand introduced by Schrock et al. and 3) the coordi-
nation sphere around the metal is better optimized as
evidenced by the better performances of these sys-
tems (rate, TON) compared to most of their homoge-
neous analogues, and recent calculations suggest that
the non-symmetric natures of these supported catalysts
(siloxy-alkyl in place of bisalkoxy) are a key to their
reactivity (each ligand optimizes differently each step
of olefin metathesis).[85] The molecular understanding
of these catalysts has just emerged, and the scope of
these systems in organic synthesis has yet to be investi-
gated in detail. Another important aspect of this re-
search is to find more simple routes to these systems.
Compared to homogeneous catalysts, both strat-

egies have already provided some advantages and
some molecular insights, and further developments
along these lines are expected to provide more effi-
cient, more robust, more tolerant and re-generable
olefin metathesis catalysts.
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