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Since its early days, olefin metathesis has been in the focus of scientific discussions and technology
development. While heterogeneous olefin metathesis catalysts based on supported group 6 metal oxides
have been used for decades in the petrochemical industry, detailed mechanistic studies and the
development of molecular organometallic chemistry have led to the development of robust and widely
used homogeneous catalysts based on well-defined alkylidenes that have found applications for the
synthesis of fine and bulk chemicals and are also used in the polymer industry. The development of the
chemistry of high-oxidation group 5-7 alkylidenes and the use of surface organometallic chemistry
(SOMC) principles unlocked the preparation of so-called well-defined supported olefin metathesis

catalysts. The high activity and stability (often superior to their molecular analogues) and molecular-level
Received 17th December 2020

Accepted 8th February 2021 characterisation of these systems, that were first reported in 2001, opened the possibility for the first

direct structure—activity relationships for supported metathesis catalysts. This review describes first the

DOI: 10.1039/d0sc06880b history of SOMC in the field of olefin metathesis, and then focuses on what has happened since 2007,
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1 Historical views on SOMC in
metathesis: from early days until 2007

Olefin metathesis was discovered more than half a century
ago'™ and is today a key enabling technology applied in the
petrochemical as well as the fine chemical and polymer
industries.** Some of the catalysts discovered in the sixties
are still used today.™*° For instance, the Olefin Conversion
Technology (OCT) process, which converts ethene and
butene to propene at ca. 400 °C, still relies on the original
silica-supported tungsten oxide (WO3/SiO,).>*°*> Molyb-
denum catalysts supported on alumina (or silica-alumina)
can operate at significantly lower temperatures (50-250 °C)
and have been developed to convert liquid olefins in
processes such as the Shell Higher Olefin Process
(SHOP).>»®2101314  Alumina-supported rhenium oxides
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the date of our last comprehensive reviews in this field.

(Re,0,/Al,03) and related systems can operate at room
temperature without pre-activation but have only been
developed in pilot plants due to their relatively fast deacti-
vation, sensitivity to poisons, and the price and volatility of
Re oxides making regeneration problematic.>*%%'>1¢ After
years of research, today we still have very little under-
standing regarding the structure of the active surface sites in
these catalysts and the mechanisms of their formation
under reaction conditions.

In parallel, numerous ill-defined homogenous catalysts
based on group 6 metal chlorides (e.g. MoCls; and WCls) and
organometallic activators (e.g. AlEt; and SnMe,) have been
developed.'”™ One may note that earlier reports demonstrated
that Ti could promote metathesis polymerization.>®** These
catalysts are still used today, mostly in the polymer
industry.>*'*?? Following the proposal of Chauvin (1971)* that
metal carbenes (alkylidenes) and metallacyclobutanes are the
reaction intermediates in these transformations, a tremendous
research effort of organometallic chemists has eventually led to
the development of highly active and selective well-defined
homogeneous olefin metathesis catalysts (Fig. 1) that have
revolutionized the way complex molecules and polymers are
constructed today. These catalysts can be divided in two main
classes: (i) the d° high-oxidation-state metal alkylidenes, mostly
based on Mo and W, and (ii) the Ru alkylidenes.***?

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Timeline of the development of molecular (upper part) and supported (bottom part) group 6—7 olefin metathesis catalysts (until 2007-
2008). Colour codes: selected key experimental findings (yellow), selected mechanistic studies (pink), observation of metallacycle intermediates

(blue), important industrial processes (green). Abbreviations: Ar = 2,6-i

ProCeHs, MeyPyr = 2,5-dimethylpyrrolyl, tBur, = CMe(CF3), tBup, =

CMe(CF3)a, tBug, = C(CF3)s. The complementary time (starting in 2007/2008) can be found in Fig. 9 and the whole timeline figure (1964-2020)

can be found in ESL¥

The development of both molecular***® and surface organ-

ometallic chemistry (SOMC)**** in the seventies also led to the
discovery of highly active supported olefin metathesis catalysts
generated by grafting organometallic precursors on various
supports. Among them the noteworthy examples are WMeg
supported on silica (1974),**** whose structure, [(=SiO)WMes],
and thermal transformations on the surface were only eluci-
dated recently using highly dehydroxylated silica and state of
the art NMR spectroscopic techniques (2014),* and supported
Mo and W allyl complexes, [M(allyl),] (ca. 1974-1978).>5*° All of
these surface compounds probably form the active alkylidene
species in situ. An alternative strategy focused on generating
supported alkylidenes via protonation of molecular alkylidynes
([W(=CtBu)X;], X = OtBu and CH,tBu) with surface silanols
(1989-1994).4*** Later studies showed however that, while

© 2021 The Author(s). Published by the Royal Society of Chemistry

active in olefin metathesis, the corresponding surface species in
these systems were alkylidynes, [(=SiO)W(=CtBu)X,] (2005).**
The same applies to Mo alkylidynes (2001) that turned out to be
active in both alkene and alkyne metathesis.*>™*” Similarly, the
silica-supported Mo imido alkylidene [(=SiO)Mo(=CHtBu)(=
NH)(CH,tBu)], the supported analogue of Schrock catalysts, has
been proposed as putative intermediate formed in situ upon
grafting [Mo(=N)(CH,tBu);] on silica via sublimation
(1996).##* The first reported well-defined surface-supported
alkylidene characterized at the molecular level was based on
Re, [(=SiO)Re(=CtBu)(=CH(Bu)(CH,tBu)] (2001),® and ob-
tained by grafting [Re(=C¢Bu)(=CHBu)(CH,¢Bu),] on SiO, 7o
(silica containing mostly isolated silanols as a result of partial
dehydroxylation at 700 °C under vacuum). Besides being fully
characterized by solid-state NMR and X-ray Absorption Fine
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Structure (EXAFS) spectroscopy® complemented by the
synthesis of molecular models, it showed very high activity in
olefin metathesis, exceeding that of the most active molecular
catalysts at the time. This unexpected activity (considering that
silica-supported Re oxides are inactive) led to detailed compu-
tational studies (vide infra).”>** 1t is noteworthy that the corre-
sponding silica-supported Ta alkylidene [(=SiO)Ta(=
CHtBu)(CH,¢Bu),), also characterized in 2001 and first prepared
several years earlier as a mixture of mono- and bis-grafted
surface species on silica dehydroxylated at 500 °C, showed low
activity,** paralleling what was known in molecular chem-
istry.>**>*¢ These discoveries and the development of numerous
well-defined molecular alkylidene precursors have opened the
way to develop in the following years several generations of
highly active silica-supported metathesis catalysts based on
well-defined surface alkylidenes, prepared by grafting the cor-
responding molecular precursors: first with the isoelectronic
Mo and W imido alkyl alkylidene complexes (2006), [(=SiO)
M(=NAr)(=CH?Bu)(CH,tBu)] (M = Mo’ and W*®) followed by
the Mo and W imido amido alkylidenes (2007), [(=SiO)M(=
NAr)(=CHBu)(NR;)] (M = Mo with NR, = NPh,,” pyrrolyl,>*°
or pyrazolyl,** and M = W with NR, = 2,5-dimethylpyrrolyl®®), as
well as Mo imido alkoxo alkylidene complexes (2008), [(=SiO)
Mo(=NAr)(=CH(Bu)(OR)] (R = ¢Bu, tBuge, 2,6-iPr,CsHj;).*>*
Moving away from having a pendant alkyl to amido and later
alkoxide ligands was a key to the development of highly active,
selective and stable silica-supported metathesis catalysts as the
former invariably showed lower selectivity and fast deactivation
due to the formation of hydrides (vide infra). In many of these
systems the cross-metathesis initiation products were observed
and quantified, demonstrating that up to 100% of the surface
sites were catalytically active. The above summary briefly
reviews the field of olefin metathesis from an SOMC perspective
until ca. 2007-2008 and is depicted in Fig. 1.°° This summary
focuses on early transition metal catalysts in relation to the
corresponding supported metal oxides (Mo, W and Re); Ru-
based catalysts are not discussed because SOMC had so far
only very little influence on their understanding and
development.*”

On the one hand, this summary showed how surface
organometallic chemistry has helped to bridge the gap between
homogeneous and heterogeneous catalysts by providing sup-
ported catalysts with unprecedented activities and fully char-
acterized active site structures. On the other hand, these well-
defined catalysts did not bare much resemblance with and
seem to be unrelated to the supported industrial catalysts based
on supported metal oxides, even though the attempts to shed
light on the classical heterogeneous systems using SOMC
approach have been undertaken since the seventies.***°

In this review, we want to discuss first what we have learned at
the molecular level from these well-defined silica-supported cata-
lysts and how this knowledge has been used to develop new
generations of molecular and supported catalysts; we also want to
draw clear reactivity trends and detailed structure-activity rela-
tionships based on the molecular understanding of large libraries
of supported catalysts (Section 2). Second, we would like to discuss
how surface organometallic chemistry is being finally used to
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understand the supported metal oxides that comprise industrial
catalysts (Section 3). We will then conclude by reflecting on how the
field might develop in the future.

2 Bridging the gap between
molecular and supported catalysts

2.1 From well-defined supported metathesis catalysts to
general guideline principles and consequences for metathesis
catalysts

As discussed above, the first highly active and well-defined
supported olefin metathesis catalyst was [(=SiO)Re(=C-
tBu)(=CHBu)(CH,¢Bu)]. The reactivity of this catalyst was
noteworthy, not only because the molecular precursor
[Re(=CtBu)(=CH¢Bu)(CH,tBu),] is inactive but also because its
activity exceeded that of all reported heterogeneous and well-
defined homogeneous catalysts known at the time, e.g. Re,0,/
Al,O; and [Mo(=NAr)(=CHR)(OtBuy),].”** The remarkable
metathesis activity of such well-defined silica-supported Re
alkylidenes entailed the question regarding the exact role of the
surface siloxy ligand in such catalysts. A DFT-computational
study examined a series of [Re(=CR)(=CHR)(X)(Y)] complexes
and evaluated the influence of various X, Y ligand pairs (X=Y =
alkyl or alkoxide vs. X = alkyl and Y = siloxide) on each
elementary step comprising the metathesis pathway (Scheme
1): olefin coordination, [2 + 2]-cycloaddition, cycloreversion and
olefin de-coordination (the last two ones being micro-reverse of
the first two). It was found that one of the key factors driving the
reactivity of these d° catalysts was the asymmetry at the metal
centre (X # Y).*** Indeed, the presence of a strong o-donor X
ligand together with a weaker Y ligand favours olefin coordi-
nation due to the distortion of the metal site in the complex
prior to olefin binding and disfavours the formation of overly
stabilized metallacyclobutane intermediates, leading to an
overall increase in activity.

More precisely, the presence of two anionic ligands of
different o-donating strength leads to a distortion from a tetra-
hedral structure to a (more) trigonal-pyramidal structure, in
which the stronger ligand X occupies the apical position. This
distortion opens a coordination site trans to X, thus favouring
olefin coordination prior to [2 + 2] cycloaddition of the olefin.
The [2 + 2] cycloaddition yields a metallacyclobutane interme-
diate with a trigonal-bipyramidal (TBP) geometry, in which the
stronger o-donor X ligand is in the equatorial plane, together
with the two metal-carbon bonds of the flat metal-
lacyclobutane. This TBP intermediate can isomerize through
a turnstile process into an often more stable square-pyramidal
(SP) metallacyclobutane with a puckered structure, that corre-
sponds to an off-cycle reaction intermediate, susceptible to
further catalyst deactivation (vide infra). The overall metathesis
involves a retrocyclization from the TBP, that leads to an
inversion of configuration at the metal centre (when X # Y) for
each productive metathesis cycle. One should note that in many
cases the highest transition state corresponds to coordination/
de-coordination and that the most stable intermediate is
usually the SP off-cycle metallacyclobutane, so that the rate of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Mechanism of olefin metathesis and corresponding schematic potential energy surface, indicating the key energy barriers and

reaction energies that are subject to catalyst design.

metathesis is directed by the stability of the latter intermediate
and the ease of the olefin coordination step. This concept, that
showed the importance of dissymmetry at the metal centre, was
soon after generalized to d° Mo and W catalysts, [M(E)(=
CHR)(X)(Y)] with M(E) = Mo/W(imido/oxo) (Scheme 1),°* and
shown to be a predictive guiding principle for the metathesis
catalyst design not only in heterogeneous but also in homoge-
neous systems such as MAP,>7*7® MAC,”>* or NHC-stabilized
cationic catalysts.®**

Metallacyclobutane intermediates of W-based catalysts are
usually more stable than those of their Mo-based congeners and
are often observed; the Mo analogues are rarely reported for
either homogeneous or well-defined silica-supported
systems.”**® Computational results indicate that weaker
o-donating ligands X and Y lead to more stable metal-
lacyclobutane intermediates, and the isomerization between
the two metallacyclobutane isomers (TBP and SP) via a turnstile
process tends to be more facile for W as compared to Mo and for
weaker o-donor ligands.*” It is thus not surprising that most
reported metallacyclobutanes of silica-supported alkylidene
catalysts are based on W. Both TBP and SP W metal-
lacyclobutanes were observed by NMR spectroscopy alongside
the corresponding W alkylidene in a study of silica-grafted W
imido alkylidenes.®” Destabilization of metallacyclobutanes, the
most stable intermediates in the system, by introducing
strongly o-donating ligands has a major consequence on the
catalyst performance because it should lower the overall energy
span of the reaction. This principle has been recently exploited
in designing Mo and W catalysts containing N-heterocyclic
carbenes (NHC)—very strong o-donor ligands (see Section
2.2).57% The effect of the ancillary X ligand on the relative
stability of metallacyclobutanes derived from the reaction of

© 2021 The Author(s). Published by the Royal Society of Chemistry

such silica-supported W imido alkylidenes with ethylene has
been studied in detail by solid-state NMR spectroscopy. With X
= OtBu, a strong c-donor ligand, the SP metallacyclobutane was
formed exclusively. In contrast, with X = OtBugy, a weak
o-donor ligand, the TBP/SP ratio was found to be 83/17,
favouring the TBP structure. The OtBug; and OtBug, ligands
fell in between these two extreme cases, showing the sensitivity
of the TBP/SP ratio to the o-donor strength of the X ligand.®®
Interestingly, the only reported silica-supported molybdacyclo-
butane so far adopts a TBP geometry and contains a strong
o-donor NHC ligand.*” In addition to being off-cycle resting
states, SP-metallacyclobutane intermediates also open catalyst
deactivation pathways, in particular B-H transfer; the resulting
allyl hydrides can lead to de-grafting or promote olefin isom-
erization.”>** B-H transfer is particularly favoured with X = alkyl,
while it is suppressed by X = OR and NR,, consistent with the
higher selectivity and stability of the latter types of catalysts.** It
was also demonstrated that replacing an imido by a stronger
o-donating oxo ligand in Mo and W systems strongly disfavours
B-H transfer in the SP structure,” increasing the catalyst
stability and thus explaining the generally superior perfor-
mance of Mo and W oxo alkylidenes as compared to their imido
analogues (see Section 2.2). These studies highlight the
complexity of the olefin metathesis mechanism and the neces-
sity to account for multiple factors that contribute to the overall
catalyst efficiency, the actual performance of a given catalyst
with particular structure resulting from a combination of all
these features.

The reaction mechanism in Scheme 1 infers that a metal-
lacyclobutane with TBP-structure is the key intermediate in
olefin metathesis for d° metals. Notably, Ru-based metathesis
catalysts involve a similar TBP metallacyclobutane intermediate

Chem. Sci., 2021, 12, 3092-3115 | 3095
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Fig. 2 Chemical shifts of selected metallacyclobutanes and their connection to activity in olefin metathesis.

that has been observed experimentally, while the corresponding
SP structure is predicted to be highly unstable in this case.®**° It
is noteworthy that all metallacyclobutanes that engage in olefin
metathesis show a TBP geometry or a geometry that provides
similar frontier molecular orbitals - e.g. Cp,M(C3H,) — with
a flat metallacycle. In addition, all metathesis-active metal-
lacyclobutane intermediates display similar ">*C NMR chemical
shift patterns, regardless of whether they are based on Ti, Ta,
Mo, W, Re, or Ru. In all known cases, these metallacyclobutanes
feature o- and B-carbon atoms with isotropic **C chemical shifts
of around 100 ppm and 0 ppm, respectively (Fig. 2).#”°” This
stands in sharp contrast to metallacyclobutanes that do not
engage in olefin metathesis, which typically show isotropic *C
chemical shifts of below 50 ppm for their a-carbons and above
30 ppm for their B-carbons. The origin of this empirical corre-
lation was elucidated in 2017 in a detailed analysis of the
chemical shift tensors of metathesis active and inactive metal-
lacyclobutanes.®® It was pointed out that the large deshielding
on the a-carbon atom (around 100 ppm) is mainly due to
a remarkably large deshielding in the direction perpendicular to
the metallacyclobutane plane (the direction of the most
deshielded component of the **C chemical shift tensor - 4,4, see
Fig. 2). Orbital analysis of the >C chemical shift tensor shows
that this specific deshielding and orientation of the tensor is
linked to an electronic structure that is specific and necessary to
olefin metathesis; in metathesis active metallacyclobutanes
with deshielded a-carbons, there is an empty metal d-orbital
that points into the plane of the metallacycle and engages in
T-interactions with the a-carbon atoms. This orbital interaction
introduces a m-character into the metal-carbon single bond,
making the M-C bond alkylidene-like. The presence of this
vacant metal d-orbital enables the retrocyclization of the met-
allacyclobutane to yield the alkylidene and olefin product. In
other words, the presence of alkylidene character at the metal-
lacyclobutane stage entails a low-energy pathway to alkylidene
formation via retrocyclization because the electronic structures
of these metathesis intermediates (i.e. metallacyclobutane and
alkylidene) are quite similar.

The presence of a vacant metal d-orbital pointing into the
metallacycle plane is hence a necessary requirement for effi-
cient olefin metathesis catalysts. Understanding this electronic

3096 | Chem. Sci, 2021, 12, 3092-3115

feature enables rationalization of the observation that certain
metallacyclobutanes remain inactive or are not on the olefin
metathesis pathway. In particular, square-pyramidal (SP) met-
allacyclobutanes are commonly observed with d° catalysts
based on Mo, W, or Re. In these metallacyclobutanes no empty
metal d-orbital is available to engage in a w-type interaction
with the a-carbon atoms. Accordingly, these carbon atoms have
typically "*C shifts of 30-50 ppm and the orientation and
magnitude of the "*C chemical shift tensors do not evidence
residual m-bonding character in the metal-carbon bond. For
these species, no low-energy pathway for cycloreversion exists,
as the metal-carbon single bonds cannot easily convert into
double bonds due to the absence of a suitably oriented metal
d-orbital. Only upon isomerization to the TBP structure can
these intermediates enter the catalytic cycle and undergo ret-
rocyclization. Similarly, ruthenacyclobutanes with d® electron
configuration are not able to participate in olefin metathesis, in
contrast to their d* counterparts. While the d* metal-
lacyclobutanes feature a vacant metal d-orbital pointing into the
ring, this orbital is occupied in the d® case, impeding the
occurrence of cycloreversion.”®

Overall, the study of electronic and structural features of olefin
metathesis catalysts reveals that (i) the electronic dissymmetry at
the metal centre can be beneficial for low-energy cycloaddition/
cycloreversion processes, as the geometric distortion occurring in
these steps is minimized by dissymmetry-induced preorganization,
and (ii) introducing strong o-donor ligand in the coordination
sphere of the metal leads to destabilization of the metal-
lacyclobutane intermediates and thus prevents the formation of
overly stable resting states. In addition, olefin metathesis catalysts
need to feature a low-lying vacant metal d-orbital that points into
the plane of the metallacyclobutane intermediate, usually in a TBP
geometry. Only in the presence of such an orbital are efficient
cycloaddition and cycloreversion possible from an electronic point
of view. Olefin metathesis catalysts hence require a specific ligand
field that provides precisely such electronic structure. The chemical
shift of the metallacyclobutane intermediate is a key descriptor to
detect the presence of such a ligand field from which the corre-
sponding alkylidene can be derived.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Typical test substrates for the metathesis of internal (cis-4-nonene) and terminal (1-nonene) olefins. (b) Comparative activity of
selected silica-supported W and Mo alkylidenes in metathesis of internal olefins. (c) Comparative activity of selected silica-supported W and Mo
alkylidenes in metathesis of terminal olefins. (d) Design of the W catalysts with improved performance in metathesis of terminal olefins. (e) Overall
comparative activity of selected silica-supported W and Mo alkylidenes in metathesis of internal and terminal olefins.
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2.2 Comparative performance and detailed structure-
activity relationships in well-defined silica-supported
alkylidenes and related systems

2.2.1. SOMC as a tool for precise evaluation of catalytic
activity. Highly reactive organometallic intermediates involved
in olefin metathesis (low coordinated alkylidenes and metal-
lacyclobutanes) are prone to multiple deactivation pathways. In
a homogeneous phase, besides poisoning and the possible
formation of metal hydrides that leads to decomposition and
drop of selectivity, one prominent issue, especially for group 6
metals, is the loss of the alkylidene ligand via bimolecular
coupling.>®>'** Hence, a large research effort in homogeneous
catalysis has concentrated on exploring the use of bulky ligand
scaffolds to stabilize these intermediates. In contrast, site
isolation on a surface can be used as an alternative approach for
stabilizing these highly reactive species; this strategy is at the
core of SOMC methodology, which aims at generating well-
defined coordination environments by choosing appropriate
ancillary ligands used in molecular chemistry while exploiting
site isolation to exclude bimolecular decomposition pathways,
and thereby improving catalyst stability. On the one hand, as
shown in Section 1, this strategy has led to the development of
very efficient supported catalytic systems that over the last 20
years have bridged the gap between homogeneous and hetero-
geneous catalysis. On the other hand, it also made SOMC an
ideal tool for discriminating the stability and actual intrinsic
activity of the catalysts, thus independently evaluating the
influence of different structural factors (such as the differences
between metals and the effects of particular ligands) on both
stability and activity rather than on the composite overall
performance. Over the years these studies have provided
a better insight into the origin of the activity, selectivity and
stability of metathesis catalysts in general. Combined with
computational modelling, detailed structure-activity relation-
ships, including quantitative models, have been developed.

In particular, the SOMC approach was extensively used to
investigate the catalytic performance of silica-supported
4-coordinated Schrock-type alkylidenes [M(=E)(=CHR)(X)(Y)]
(where M = Mo or W; X, Y = anionic ligands; E = imido or oxo
ligand) with the goal to understand the role of each ligand, as
well as the effects of the structure of the olefin substrate. Due to
the factors discussed above (high reactivity, sensitivity to
poisons, interference of multiple deactivation pathways) and
complexity of the olefin metathesis mechanism these systems
are very sensitive to the particular reaction conditions (the use
of specific substrates, purification procedures and catalytic test
set-ups), which often results in apparent contradictions
between different studies (e.g. former conclusions about the
activity of Mo vs. W catalysts). In particular, one of the general
effects that was established via comparison of vast arrays of
experimental data and rationalized based on the DFT models
described in Section 2.1 is a marked difference in catalytic
behaviour between internal versus terminal olefins for Mo
and W catalysts. The case studies discussed below focus on the
self-metathesis of cis-4-nonene and 1-nonene as prototypical
internal and terminal olefins, respectively, carried out under
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batch reactor conditions after similar purification protocols (see
Fig. 3a for reaction equations). The descriptors used to char-
acterize the performance of the catalysts are the initial turnover
frequency (typically measured after 3 min of the reaction, TOF;
min) that serves as a measure of catalyst activity (when reaction
occurs without initiation), and the time required to reach
equilibrium or the highest achievable conversion (TON) that
depends on both activity and stability. Note that for terminal
olefins the conversion can theoretically reach 100% if ethylene
is being removed from the reaction medium (non-equilibrium
conditions), while metathesis of 4-nonene reaches equilib-
rium at ca. 50% conversion.

2.2.2. Trends in activity in metathesis of internal olefins.
Comparison of the catalytic activity (TOF; ) in the self-
metathesis of cis-4-nonene within a series of isostructural
silica-supported W imido alkylidenes [(=SiO)W(=NAr)(=
CHCMe;)(X)] (Ar = 2,6-iPr,CeH;) bearing X ligands with
different o-donating ability (X = OtBu, OtBug;z, OtBuge, OtBug,,
OSi(OtBu)3, S-2,4,6-iPr;C¢H,, Me,Pyr)®*19:1°> clearly shows that
the activity in these systems increases with decreasing
o-donating ability of the X ligand, similarly to what is found for
some of the molecular analogues.'*'** Fig. 3b highlights this
trend for selected catalysts tested under strictly identical
conditions: the initial activity increases in a row Me,Pyr <
OtBug; < OtBugg < OtBuge.'®® This trend is in line with what is
expected from the computational model described in Section
2.1 and reflects on the one hand the increasing electronic
dissymmetry between the surface siloxy and the X ligand, and
on the other hand the preference for the TBP over the SP met-
allacycle that increases as a function of the electron-
withdrawing nature of the X ligand. The latter is consistent
with the TBP/SP ratios of tungstacyclobutane intermediates
observed in these systems by solid-state NMR (vide supra).*®
Noteworthy, the same trend, very similar activities and equi-
librium times are observed for the corresponding Mo imido
alkylidene analogues [(=SiO)Mo(=NAr)(=CHCMe,Ph)(X)]
(Fig. 3b).**> Note however that, in contrast to W, no metallacycle
intermediates in this series have been observed so far for Mo.

The study of a broader series of W imido alkylidenes [(=SiO)
W(=NAr)(=CHCMe,R)(X)], where the nature of both imido and
X ligands was varied (Ar = Arjp;, Arc, Arcrs, and Args; X =
OtBugy, OtBugs, OtBu, OSi(OtBu)z;, Me,Pyr; R = Me or Ph; Fig. 4),
revealed however a more complex picture, with an interplay
between E and X ligands.’® In particular, changing electronic
properties of the imido ligand away from the classically used
electron-donating N-2,6-iPrCsH; leads to very different orders of
activity depending on the electronic nature of the X ligand.
Multivariate linear regression analysis tools were applied to
systematically investigate the catalyst performance by corre-
lating the initial TOF with electronic and steric descriptors
(such as NBO charge and Sterimol parameters) of each member
of the ligand set. The resulting quantitative structure-activity
relationship (Fig. 4) showed that the highest activity is achieved
when X and NAr present opposite electronic character (in terms
of electron-donating ability) and that simple evaluation of easily
accessible electronic and steric ligand descriptors allows for
rational catalyst design.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Although supported oxo alkylidenes have long been consid-
ered prototypes of the active sites in industrial heterogeneous
metathesis catalysts based on supported Mo and W oxides, the
preparation of oxo analogues of well-defined silica-supported
imido alkylidenes for both W and Mo, [(=SiO)M(=O0)(=
CHR)(X)] (M = W: X = OHMT (HMT = 2,6-Mes,C¢H,),"* OdAdP
(dAdP = 2,6-Ad,-4-MeC¢H,),"” R = tBu; M = Mo: X = OHMT, %
OtBug,,'* OTPP (TPP = 2,3,5,6-Ph,C¢H),'® R = 4-MeOCsH,;
Fig. 5), was achieved only recently due to the advances in the
synthesis of molecular precursors.”*"'**** This discovery
allowed a direct comparison between oxo and imido supporting
E ligands and confirmed a significantly improved catalytic
activity for the oxo in both Mo and W cases (Fig. 3b), consistent
with the DFT studies on these systems.* The improved perfor-
mance of the oxo ligand can be attributed to the combination of
its smaller size, which enables an easier access of the incoming
di-substituted olefin to the metal centre thereby increasing the
initial rate of metathesis, and its strong o-donating ability,
which concurrently improves the stability of the catalyst (due to
disfavoured B-H transfer in the corresponding SP metallacycles,
vide supra Section 2.1). Paralleling the observations in the imido
systems, Mo and W oxo catalysts with the same X ligand display
very similar activities in metathesis of internal olefins (e.g. for X
= OHMT, Fig. 3b), where frameworks containing electron-
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withdrawing X ligands (OtBug,) display the highest turnover
frequencies.'™ Notably, the activities of the corresponding
molecular aryloxide precursors, [M(=O0)(=CHR)(OAr),], appear
to be drastically lower because of the presence of two identically
bulky ancillary aryloxide ligands in place of only one in the
supported system. It is worth stressing at this point that
a surface siloxy group should be viewed as a rather small ligand,
whose buried volume'* is estimated to be roughly 20.6%, that is
to be compared with 24.3% for HMTO and 36.8% for dAdPO."””
In fact it was shown that introducing a very large siloxide ligand
(tBu3SiO) in the coordination sphere of molecular Schrock-type
alkylidenes drastically suppresses their metathesis reactivity
even towards ethylene.'*® Having a smaller X ligand facilitates
distortion of the metal complex to coordinate the olefin. Thus,
in the case of OtBug, both the supported and molecular Mo
alkylidenes demonstrate very high activity.'*®

2.2.3. Trends in activity in metathesis of terminal olefins.
Earlier studies that typically relied on propene metathesis
(under flow conditions) as a test reaction to evaluate the cata-
lytic performance indicated that W catalysts, although being
more stable and selective, were approximately an order of
magnitude less active than the corresponding Mo analogues
with identical ligand sets (a direct comparison is available for
[(=SiO)M(=NAr)(=CHR)(X)] with X = CH,tBu (W*® vs. Mo*)
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Fig. 5 Well-defined supported W (a) and Mo (b) oxo alkylidenes reported to date.
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and Me,Pyr (W® vs. Mo°***)). The same trend was confirmed in
the metathesis of 1-nonene in batch conditions for the pairs of
analogous Mo and W imido and oxo catalysts (Fig. 3c). At first
sight, these observations may seem contradictory with respect
to what is found in the metathesis of internal olefins (Fig. 3b).
However, one should recall that a key disparity between Mo
and W is the distinct difference in the relative stabilities of their
corresponding metallacyclobutane intermediates (see Section
2.1). Metallacycles are significantly more stable for W than for
Mo and are rarely observed for the latter in either homogenous
or supported well-defined catalysts. In fact, a series of parent
(i.e. unsubstituted) tungstacyclobutanes were prepared and
observed by solid-state NMR upon reaction of *C-labelled
ethylene with silica-supported alkylidenes (Scheme 2).5%10%107
These species were shown to be slow to initiate metathesis even
in the case of internal olefins, whereas the initial alkylidenes are
highly active.®®'*” Therefore these very stable parent metal-
lacyclobutanes (that can be significantly more stable than the
substituted ones involved in metathesis of internal olefins)
correspond to catalytic off-cycle resting states and can be
identified as a main reason for the lower apparent activity of the
W-based systems towards metathesis of terminal olefins, where
ethylene is present as a co-product. The better performance of
the oxo systems as compared to the imido ones (3-5 times
higher initial TOF, Fig. 3c) can be explained by the strong
o-donating ability of the oxo ligand that results in the destabi-
lization of these metallacyclobutanes. Noteworthy in this
context are the supported oxo alkyl systems [(=SiO),-
M(O)(CH,R);_,] (M = Mo and W; R = CMej3, SiMejs, x = 1, 2) that
probably generate alkylidenes in situ via o-H abstraction”**°
and show relatively good performance in propene metathesis at
60-80 °C, the Mo analogues still being significantly more effi-
cient than the W ones. Another difference between Mo and W
that should be pointed out is the lower selectivity of Mo
systems, which often show formation of olefin isomers at higher
conversion. This isomerization is likely associated with the
formation of Mo hydrides or related species and is presumably
related to the easier reducibility of Mo.

As discussed above, the lower activity of W-based supported
metathesis catalyst towards terminal olefins originates from the
formation of very stable SP metallacyclobutanes. In view of the
influence of ancillary ligands on the stability of metal-
lacyclobutane intermediates (see Section 2.1) a possible strategy
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to improve their catalytic performance is to destabilize such
intermediates by introducing strong o-donating ligands
(Fig. 3d). As already shown in the series of W imido systems
[(=SiO)W(=NAr)(=CH¢Bu)(X)], the catalyst bearing the
stronger o-donating pyrrolyl X ligand displays appreciably
better performances towards 1-nonene as compared to the
fluorinated alkoxide analogues.'® Incorporating a very strong
neutral o-donor N-heterocyclic carbene (NHC) ligand in tetra-
coordinated cationic imido alkylidene species® leads to
a significant increase in activity in the metathesis of terminal
olefins (Fig. 3d).*** Similarly, for the oxo systems replacement of
the aryloxide ligand in [(=SiO)W(=O0)(=CH¢Bu)(OHMT)] by
a more o-donating thiolate (SHMT) gives a substantially more
active catalyst (Fig. 3d).*** Ultimately, the tetra-coordinated
cationic NHC-bearing oxo catalysts display a tremendous
boost in activity in the metathesis of terminal olefins and even
surpass values registered for internal olefins. Noteworthy, the
supported cationic W oxo alkylidene NHC complex [(=SiO)
W(=0)(=CHCMe,Ph)(IMes)][B(3,5-(CF;),CsH3),]” not only
showed very high activity (Fig. 3d), but also appeared to be
remarkably stable, reaching TON over 1 million in the metath-
esis of propene over six days under flow conditions."*® Subse-
quently, the utilization of a strong c-donor NHC ligands was
also investigated for the corresponding Mo imido systems
(Fig. 3e).* Within this ligand framework the reactivity towards
metathesis of terminal olefins is increased by almost one order
of magnitude, with TOFs significantly exceeding the ones ob-
tained with internal olefins (probably as a consequence of
increased steric bulk from the NHC and BAr” ligands).

More recently, a combination of high-throughput experi-
mentation, surface organometallic chemistry and statistical
data analysis was employed to gain a better understanding of
key parameters that drive the efficiency of silica-grafted
molybdenum imido alkylidene catalysts for the homometa-
thesis of 1-nonene.** Evaluation of in situ prepared formula-
tions from a library of 35 phenols and two molybdenum bis-
pyrrolide precursors allowed quantitative relation of the
productive turnover number and turnover frequency to struc-
tural features of the aryloxy ligands by examining their
computed electronic and steric characteristics. Apart from
o-donor electronic effects, dispersive interactions were found to
be the key driver for high activity in the homodimerization of
1-nonene. The catalytic activity descriptor TON; ;, correlates
predominantly with attractive noncovalent interactions (NCIs)
when phenols bear ortho aryl substituents and, conversely, with
repulsive NCIs when the phenol has no aryl ortho substituents.
In line with the outcome of analysis performed on the molec-
ular monoaryloxide pyrrolide analogues,'* noncovalent inter-
actions are thus an important synthetic handle to consider for
the design of active d® metathesis catalysts. Furthermore, the
comparison of both molecular complex and surface grafted
analogue revealed a loss of product stereoselectivity for
(2)-selective molecular catalyst upon grafting (vide infra).

Another type of interaction in these heterogeneous catalysts
that has being uncovered by SOMC studies is related to surface
heterogeneity and its potential consequences for the catalytic
behaviour.”® What has been observed for several species and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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studied in  details for [(=SiO)W(=0)(=CHCMe,-
Ph)(IMes)][B(3,5-(CF3),Ce¢Hs)s] , is a peculiar kinetic profile
comprised of two consecutive regimes, which supports the
presence of two types of active sites on the surface with very
different initiation rates. It has been proposed that these two
types of sites result from different interaction of the W centre
with an oxygen atom of a siloxane bridge in its proximity
(Scheme 3). This data highlights the effects that may arise from
the amorphous nature of the supports like silica and the diffi-
culties to obtain truly single-site catalysts—one of the ultimate
goals of SOMC.

2.2.4. Stereoselectivity and metathesis of functionalized
olefins. Another important aspect of olefin metathesis, that has
been a challenge, is stereoselectivity. Since metathesis is
equilibrated, any kinetic stereoselectivity is rapidly eroded as
the course of the reaction proceeds, leading eventually to
a thermodynamic ratio of E/Z olefins.*”*** Controlling the E/Z
ratio of olefin products is particularly important for the
synthesis of advanced intermediates, and has only been

large aryloxide in axial position
(weaker c-donor than pyrrolyl)

b)

anti-coordination
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achieved relatively recently with the emergence of MAP and
MAC catalysts.”®® High Z-stereoselectivity was achieved first
with MAP catalysts bearing very bulky aryloxide ligand; this can
be readily explained from the aforementioned mechanism that
involve coordination of the olefin substrate trans to the strong
o-donor pyrrolyl ligand generating a TBP metallacyclobutane
with the large aryloxide ligand ¢rans to the imido or oxo ligand
(Scheme 4a). The large aryloxide ligand favours the formation of
the olefin complex and the TBP metallacyclobutane where all
substituents point away from that large ligand, hence the
preferential formation of Z-olefins. In the silica-supported well-
defined catalysts, one typically observed only a slight Z-selec-
tivity (ca. 2/1), hence E/Z mixtures close to thermodynamic are
typically obtained at high conversions. While achieving high Z-
or E-selectivity still remains a challenge for silica-supported
systems, the slight observed kinetic selectivity further illus-
trates that the siloxy ligand can be viewed as a small ligand
(Scheme 4b).*” In fact recent advances using organo-silica
materials where large thiolate ligands are introduced show
that achieving high Z-selectivity is at reach.™’

Another important aspect of industrial interest is the
metathesis of functionalized olefins, such as fatty esters. While
among classical heterogeneous catalysts only Re-based systems
are compatible with such substrates, homogeneous group 6-7
catalysts often also suffer from low activity and side reactions
leading to fast deactivation, and thus until recently only Ru-
based catalysts were considered as the main candidates for
these reactions. However, recent advances have shown the d°
Schrock-type catalysts are particularly efficient for the metath-
esis of functionalized olefins, even allowing the formation of
fluoro- and chloro-alkenes in a stereoselective way.””7#81317133

Z-olefin

Q
\:‘S

R

E-olefin

[ small and weak c-donor siloxy ligand J

Scheme 4 E/Z-selectivity in molecular and supported systems.
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To probe the applicability of SOMC catalysts towards this type of
olefins, ethyl (or methyl) oleate was typically used as a test
substrate in some of the studies cited above. While it is very
early to draw any structure-activity relationships in this area,
these results have generally proven that well-defined silica-
supported catalysts based on Re,"** Mpo,?*0%6364108135 gnd
WOL106,107,122,123,135 glkylidenes are sufficiently functional group
tolerant and can easily reach TONs of 500-1000, with the best
record so far being the cationic W oxo NHC complex on silica
reaching TON of ca. 12 000 at 10 ppm catalyst loading."*

2.2.5. Summary. In conclusion, the data collected over the
years (Fig. 3e) is in accordance with the DFT model described in
Section 2.1. Throughout more than a decade, the proposed
model provides explanations for empirical observations on
activity and catalytic behaviour. As highlighted by the most
recent developments, the model still remains reliable today and
provides a predictive power for the discovery of the new cata-
lysts. While being applicable for both molecular complexes and
supported catalysts, it serves as a fundamental tool for Schrock-
type d° metathesis catalyst design and has been validated on
multiple occasions by the outcomes of structure-activity rela-
tionships for numerous catalytic systems. The model provides
guidance to understand the activities and applicabilities of
different catalysts, depending on the nature of the substrate.
Catalyst efficiency though, is based on activity, selectivity and
stability, and up until now, no “universal” catalyst has been
found that is versatile and applicable in all kinds of metathesis
reactions, without compromising on at least one of the three
aspects. As history has shown, the development of such a cata-
lyst (if feasible) might only be approached with a careful study
of the models and insights gained from structure-activity rela-
tionships discovered over the course of the years and summa-
rized in this review.

3 Understanding classical metathesis
catalysts via SOMC—bridging the gap
between molecular and industrial
catalysts

As discussed above, industrial catalysts are based on group 6
(Mo or W) and Re supported metal oxides for which the nature
and the formation of the active sites remain unknown, even if
isolated high-valent metal oxo sites are likely the precursors of
the putative active species, an oxo alkylidene. This proposal has
led to the development of strategies to prepare model systems
based on well-defined metal oxo sites at the surface of oxide
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supports. One typically distinguishes group 6 (Mo or W) from
Re-based systems as the latter is active at room temperatures
without the need of activation step (besides the initial calcina-
tion at high temperatures that is used for all supported metal
oxide catalysts) and only works when supported on alumina-
containing supports. In addition, Re-based catalysts have
been shown to be compatible with olefin substrates containing
ester functionality upon activation with SnMe,. These systems
(group 6 vs. 7) will thus be discussed separately, though we will
draw parallels between the two systems when possible.

3.1 Supported group 6 metal oxides

3.1.1. Background. Supported metal oxides are metathesis
precatalysts that are typically synthesized through incipient
wetness impregnation of a porous oxide support with an inor-
ganic metal ammonium or nitrate salt followed by a calcination
step, typically above 500 °C, leading to the formation of surface
oxo species in their highest oxidation state, M(vi). While iso-
lated high-valent metal oxo species are proposed precursors of
the active sites, clusters and large metal oxide aggregates can
also be present and thought to be inactive or poorly active.
These precatalysts generate the active sites at high temperatures
in the presence of olefins through an initiation step, which is
proposed to yield metal oxo alkylidene species (Scheme 5).
Thermal treatments under reducing conditions prior to the
exposure to olefins also facilitate the initiation process.
However, only small amounts of active sites (often reported to
be below 5%) are generated via the initiation process, making
the understanding of the initiation mechanisms a great
challenge.

The most commonly proposed initiation mechanisms
include: (i) allylic C-H activation,"*** (ii) vinylic C-H activa-
tion,"®*** (iii) H-assisted mechanism,'** (iv) oxidative coupling/
ring contraction,” and (v) pseudo-Wittig mechanism"*'**
(Scheme 6). Most of these mechanisms involve reduction of the
high-valent metal oxo centre prior to the reaction with olefins to
yield the putative oxo alkylidenes (Routes i-iv). The exception is
the pseudo-Wittig mechanism, which allows the direct forma-
tion of the oxo alkylidenes from high-valent isolated metal oxo
sites (Route v).

Reduced metal centres can be generated during pre-
treatment under reducing conditions (e.g. alkenes, H,, N,,
etc.) at high temperatures; this process is accompanied by the
formation of various oxygenate products (e.g. acetaldehyde,
formaldehyde, acetone, water and carbon dioxide). These high
temperature pretreatments are typically used in activating WO,/

142
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Scheme 5 Formation of metathesis active sites from supported group 6 metal oxides.
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geneous olefin metathesis catalysts.

SiO, to increase olefin metathesis activity allowing metathesis
reactions to be performed at lower temperatures.*****° A similar
pretreatment effect has also been reported for supported Mo-
based catalysts.”***>* Early studies have shown that MoO;/SiO,
could be reduced by photoreduction in the presence of H, or
CO, where Mo in +4 oxidation state was proposed to be the
precatalytic species that leads to active site formation.'
Further studies on the photoreduced species revealed that
propylene is directly formed from ethylene; in view of the
kinetic isotope effect observed, a vinylic C-H activation mech-
anism was proposed in the formation of alkylidenes from Mo(1v)
species.” Studies on MoO;/SBA-15 suggest the involvement of
surface Bronsted acid sites, possibly associated with Mo-OH
groups that can protonate propene to reduce Mo(vi) sites to
Mo(wv) with the release of acetone (Scheme 7). Here, too, the
reduced Mo(wv) centres were proposed to undergo a vinylic C-H

>\ )\ o]
o
OH o - CHR
Ty + 2 y M §
Mo¥ ———»  Mo” - = MoV + H+ Mo”' + H+
+ AN

Scheme 7 Proposed initiation mechanism for MoO3z/SBA-15 in the
presence of propylene.
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activation leading to the formation of Mo alkylidenes.'
However, the understanding of the mechanisms of M(vi) (M =
Mo or W) alkylidenes formation from fully oxidized precursor
sites at the molecular level still remains very limited.

3.1.2 Well-defined supported Mo and W oxo complexes. In
view of the proposed formation of oxo alkylidene species as key
reaction intermediates in supported Mo and W oxide catalysts,
the corresponding well-defined silica-supported Mo and W oxo
alkylidene species have been synthesized via SOMC
(Fig. 5).1°¢1%111 They display superior metathesis activity and
stability compared to their homogeneous analogues (as dis-
cussed in Section 2.2) and, unlike the corresponding M(vi) oxo
species, operate at room temperature and do not require any
activation step. Although these well-defined alkylidenes share
some structural similarities with the proposed active sites
generated in supported metal oxo systems, they contain addi-
tional organic ligands (e.g. aryloxy or siloxy ligands) that are
needed for the synthesis of the molecular precursors. Hence,
while such species clearly show that supported oxo alkylidenes
are highly active and efficient catalysts even at room tempera-
tures and without induction periods, these surface species have
structures that are still far from the proposed active sites in
industrial catalysts. Therefore, model systems that are free from
organic ligands are ideal for further investigation and under-
standing of the active sites, including their formation mecha-
nisms in industrial metathesis catalysts.

Access to well-defined supported metal oxo sites have been
enabled by combining SOMC with the use of Thermolytic
Molecular Precursors (TMPs). This approach involves (i) graft-
ing molecular precursors containing thermally labile organic
ligands such as (tBuO);SiO- or tBuO- on the surfaces of
supports, followed by (ii) thermolysis of the grafted materials to
remove the ligands as volatile organics, leaving isolated metal
oxo sites. This process can take place under either vacuum or
oxidative conditions."****

For instance, grafting of [W(0),(OSi(OtBu)s),(DME)]*** on
silica partially dehydroxylated at 700 °C (SiO,.7¢0), followed by
a thermal treatment at 400 °C under high vacuum (10~ mbar)
yields isolated W oxo species. Extended X-ray absorption fine
structure (EXAFS) spectroscopy suggests the presence of a ca.
1:1 mixture of mono-oxo and di-oxo surface species,
[(=Si0),W(0),] and [(=Si0),W(O)] (Scheme 8).**” It is worth
noting that similar surface species—[(=SiO0),W(0),] and
[(=Si0),W(0)] sites—can also be prepared through the SOMC/
TMP approach starting from a mono-oxo molecular precursor
[W(O)(0Si(OtBu)s),], as determined by EXAFS."*® These W oxo
sites are inactive for olefin metathesis below 400 °C, similar to
what is observed for industrial catalysts based on WO,/SiO,
prepared by impregnation for instance. However, upon activa-
tion with an organosilicon reductant (2,3,5,6-tetramethyl-1,4-
bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene; Me,-BTDP),"*°
materials containing isolated W oxo sites become active in
olefin metathesis at low temperature (70 °C). Detailed structural
characterization of the activated well-defined W oxo material
suggests that reduced W(v) species formed upon activation are
the precatalytic sites which initiate at low temperatures to
enable olefin metathesis. Exposure of the activated materials to
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Scheme 8 Preparation (a) and activation (b) of molecularly-defined isolated M(vi) oxo (M = W or Mo) sites on silica.

3C-dilabeled ethylene followed by characterization with *H and
BC solid state NMR indicates the formation of metal-
lacyclopentane and metallacyclobutane species; based on '*C
chemical shift the latter adopt an SP-geometry and can thus be
associated with an off-cycle olefin metathesis intermediate that
would need to isomerize into a TBP-geometry to become part of
the productive catalytic cycle (see Section 2.1). In addition, it
was proposed that the metallacyclobutanes could result from
ring contraction of metallacyclopentanes based on earlier
reports on Ta and Re-based molecular systems (Scheme 6,
Route iv).'*>'* However, ring contraction of metal-
lacyclopentanes to metallacyclobutanes is calculated to be quite
unfavourable according to computational studies (vide infra for
further discussion on initiation mechanisms of W(wv) species).”

Similarly, well-defined silica-supported Mo oxo sites can be
generated and activated using an analogous approach (Scheme
8). Upon grafting [Mo(0),(0Si(OtBu)s),] on SiO,_,¢, followed by
thermolysis and calcination under synthetic air, only di-oxo
species [(=Si0),Mo(0),] are formed on the surface according
to EXAFS.'* In contrast to W, Mo undergoes partial reduction
under vacuum. The Mo-based materials obtained after calci-
nation become metathesis active at 70 °C upon activation with
organosilicon reductants, similar to the well-defined W-oxo
catalyst discussed above. While more detailed mechanistic
investigations are still underway for the Mo-based materials, it
has also been proposed that Mo(wv) species are likely the “acti-
vated” precatalysts that generate supported Mo alkylidenes in
situ from olefins.

In order to further understand the formation of alkylidenes
from the putative M(iv) oxo species, tailored W(wv) oxo
complexes, [WO(OR),(py)s] (R = Si(OtBu)s, tBug,, and tBuy,), and
the  corresponding  well-defined  supported [(=SiO)
WO(OtBug,)(py)s] were synthesized as molecular and supported
model systems, respectively.'®>*%*

With the molecular system, it was shown that addition of
tris(pentafluorophenyl)borane (B(CeFs);) or alternative Lewis
acids was essential to switch on metathesis activity for olefins
containing allylic C-H bonds, though interestingly no metath-
esis activity was observed for olefins without allylic C-H bonds.

3104 | Chem. Sci., 2021, 12, 3092-3115

Detailed spectroscopic, kinetic, and computational studies
suggest that B(Cg¢Fs); removes the pyridine ligands from
[WO(OR),(py)s] generating in situ highly active low-coordinate
W(wv) species that can activate olefins and form metathesis
active species. While contacting a solution of [WO(O¢BuF),(-
py):] and B(Cg¢Fs); in the presence of ethylene yields unsub-
stituted metallacyclopentanes having no pyridine ligands, no
metallacyclobutanes were observed. Detailed mechanistic
studies combined with DFT calculations suggest that the
formation of alkylidenes from the W(iv) precatalyst involves two
key steps: (i) the C-H bond activation of an allylic C-H group in
the olefins and (ii) a proton transfer process facilitated by
pyridine and B(C¢Fs5); (Scheme 9).

The corresponding silica-supported [(=SiO)WO(OtBug (-
py)s), that was prepared by grafting [WO(OtBug,),(py);] on SiO,.
700 (Fig. 6a) was characterized by spectroscopic techniques (IR,
NMR, and EXAFS) and shown to initiate metathesis in the
presence of Lewis acids like B(C4Fs); for all types of olefins,
including those without allylic C-H bonds, suggesting the
opening of alternative and/or additional initiation mechanisms
in the supported system."**

Investigation of this system on silica supports prepared at
different dehydroxylation temperatures shows that the rate of
metathesis for olefins having no allylic C-H bond increases with
increasing amounts of residual OH groups, while olefins having
allylic C-H bonds do not show such behaviour (Fig. 6b), sug-
gesting that surface protons can also be involved in the initia-
tion, similar to what was suggested earlier for supported Mo
metathesis catalysts.” In fact, detailed spectroscopic studies
(including observation of pyridinium species on the surface by
IR and solid-state NMR using '>N-labeled pyridine) show that
the residual surface silanols (=SiOH) display strong Brensted
acidity, likely due to the presence of proximal W species. One
can propose that for olefins having no allylic C-H groups, these
acidic silanols can assist the initiation by protonating the
olefins or the W centre (Scheme 10). Protonation of the olefins
coordinated to W centres can directly lead to the formation of
tungsten—-carbon bonds, i.e. a tungsten alkyl species. Alterna-
tively, protonation of free olefin can yield transient carbocations

© 2021 The Author(s). Published by the Royal Society of Chemistry
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species.’® (b) Different surface Al-OH species present on dehy-
droxylated y-AlLO3 and (c) proposed perrhenate species on Re,O,/
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that can either generate surface alkoxy groups, that are observed
experimentally, or react further with the W(v) centres, forming
the tungsten alkyl species. Another possibility would be
protonation of the W centres to generate W-H species that can
undergo insertion with an olefin to yield tungsten alkyl species.
Subsequent deprotonation of the tungsten alkyl species by the
silanolate ligand leads to the formation of an alkylidene. Hence,
in contrast to the molecular [WO(OtBug, ),(py);] analogue, sup-
ported [(=SiO)WO(OtBug )(py)s] is able to initiate metathesis of
the substrates without allylic C-H bonds. These studies showed
that the initiation of metathesis catalysts (whether involving
substrates with allylic C-H group or not) involves key proton
transfer steps and that oxide supports in heterogeneous olefin
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metathesis catalysts might not always be inert, even for
a support like silica.

3.2 Supported group 7 metal oxides

Since their discovery in the late sixties, supported Re-based
oxide catalysts have attracted much attention for olefin
metathesis processes because of their low temperature activity
(25-80 °C).*** In addition, they catalyse the metathesis of func-
tionalized olefins when activated by organotin reagents.'®®
Another noteworthy feature specific to these catalysts is that
metathesis active species are not generated in the presence of
ethylene alone but require higher olefins, as determined by
labelling experiments."*®'** Despite these properties, the
industrial viability of supported Re oxide catalysts has remained
limited due to their high cost, short term stability, and sensi-
tivity to poisons. In contrast to group 6 systems, rhenium oxides
are inactive when supported on silica and require Lewis acidic
supports, e.g. alumina or silica-alumina, to show activity.
Monomeric Re oxo surface species are generally agreed to be the
active precatalytic sites.'®” Several types of surface perrhenates
have been proposed as precatalytic sites, the coordination
environments of which depend on the specific binding mode to
surface Al sites (Fig. 7). Most recently, based on comprehensive
in situ UV-vis, Raman, IR, and XANES/EXAFS spectroscopic
analyses, complemented by DFT calculations, the precatalytic
sites have been proposed to be dioxo (AlsO),Re(=0), surface
species formed by reaction with acidic p, and p; Al-OH sites
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3sReO3 onto Al,Os, including the bridging uz—methylene Al-CH,-ReO5

complex proposed to be the resting state of the active site. (c) Proposed activation pathway of CHzReO3/Al,O=.17577
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and interacting with tri-coordinate Al sites available on the 110
facet of alumina (vide infra).'*”**°

Despite this improved molecular understanding of surface
sites in Re,0,/Al,O3, the structure of the active sites is still
unclear, as are the mechanisms by which the necessary alkyli-
denes (or metallacyclobutanes) for the catalytic metathesis cycle
are generated from olefins. In parallel, it was shown that
methyltrioxorhenium (CH;3;ReOs3) can catalyse olefin metathesis
in the presence of Lewis acid co-catalysts or when contacted
with supports containing Lewis acid sites."”'”> It may be worth
noting that well-defined pentacoordinated silica-supported Re
oxo alkylidenes are also inactive in metathesis without the
presence of Lewis acid sites.'” In addition, the similar reactivity
patterns of CH;ReO3/Al,0; and organotin-activated Re,O,/
Al, 03, including metathesis activity at low temperature and
compatibility with functional groups, led to further detailed
investigations of the nature of the active sites in CH3;ReOj;/
AlLO,.

First, CHzReO; is metathesis active only on supports with
Lewis acidic sites such as y-Al,0O; and the support needs to be
activated at high temperatures (calcination and/or thermal

(@)

Gas phase

Primary metathesis

Surface |
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treatment >400 °C) prior to grafting CH3;ReO;. The high
temperature thermal treatment leads to dehydroxylation of the
alumina surfaces (removal of chemisorbed H,0) with concom-
itant exposure of highly Lewis acidic Al sites that seem to be
essential to form the active sites. Titration studies point to the
presence of only relatively small quantities of active sites (10-
15%).'7>"77 Detailed experimental and computational studies
on alumina have revealed that high-temperature dehydrox-
ylation exposes highly reactive tricoordinate Alyy sites that react
with H, and CH, via heterolytic splitting of the H-X (X = H or
CH;) on ALO pairs, highlighting their particularly high reac-
tivity."7**7%17% EXAFS analyses indicate that the structure of
CH;3ReO; is only slightly affected by grafting, with the possible
presence of an interaction with an additional oxygen. However,
solid-state NMR studies using *C labelled CH;ReO; with
complementary DFT calculations showed that the major species
on CH3ReO3/Al,0; corresponds to chemisorbed CH3z;ReOj3
interacting with Lewis acidic Al sites via its oxo ligands, while
a minor species involves the C-H bond activation of CH3;ReO;
on Al,O pairs, similarly to what was observed for CH, on
dehydrated Al,O;. Using labelling experiments, it was shown
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Fig. 8 Origin of (E/2) selectivity of CH3zReO=/Al,O3 for propene metathesis. (a) Scheme showing the adsorption, metathesis reaction, and
desorption processes of propene and its 2-butene metathesis products. (b) Scheme showing the isomerization of (E)-2-butene to (2)-2-butene
by secondary metathesis. (c) Equations for the rates of primary metathesis and secondary metathesis isomerization and surface coverages of the

relevant olefins derived from Langmuir—Hinshelwood theory. (d) Propos

ed active sites of CHzReO3/Al,0s and CHzReO3z on MesSi-treated Al,Os.
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that the active species (or more precisely the resting state of the
active species) corresponds to a bridging p’-methylene Al-
CH,ReO; complex (Scheme 11).7>*° This complex was
proposed to generate the active alkylidene in situ on reaction
with olefins, as evidenced by the metathetical exchange between
the grafted CH3;ReO; and gas phase ethylene.'” Subsequent in
situ solid-state >C NMR analyses of CH;ReO3/Al,O; in the
presence of *C,H, revealed the formation of TBP and SP met-
allacyclobutanes, providing experimental evidence that
metathesis catalysed by Al,Os;-supported Re-based materials
proceeds through a similar reaction mechanism as the molec-
ular and supported group 6 catalysts (Scheme 11c)."”” Detailed
DFT calculations showed that the active site involves a very
specific configuration for the chemisorption of the tetra-
coordinate Re centre on alumina, with one oxo ligand bound to
the tricoordinate Al site (Aly; in Scheme 11a) and the methylene
carbon to a tetracoordinate Al site (Al in Scheme 11a)."”” This
geometry maximizes the alkylidene character of the adsorbed -
methylene species as evidenced by the calculated >C chemical
shift, favouring the formation of the alkylidene and a low-
energy metathesis pathway (vide supra Section 2.1). Alternative
configurations of CH;ReO; on alumina lead to either inactive or
poorly active metal sites, illustrating the importance of the Al
sites found on specific facet of the alumina surface. Further
studies of CH3ReO; on different oxide supports including
silica-alumina,'™" chlorinated alumina,’® and amorphous
alumina™ show that CH3;ReO; is activated only by strongly
Lewis acidic surface sites that are removed from surface
Bronsted acid sites and that the activity and stability of the
catalytic sites may be tuned by adjusting the Lewis acidity of the
support. The importance of the Lewis acidity of the support was
also illustrated by a study on the immobilization of CH;ReO;
within the pores of the metal-organic framework (MOF) NU-
1000,"** where dehydration of the zirconia nodes to generate
highly Lewis acidic sites was shown to be a crucial step for the
activation of CH;ReO; for metathesis. In this case, however, it
was not possible to obtain further information about the
structure of the active sites.

Analyses of the propene metathesis kinetics and selectivity
have also been used to probe the structure of active sites in Re-
based metathesis catalysts. Stereoselectivity at low conversions
has been broadly demonstrated as a tool to characterize the
active site structures in olefin metathesis catalysts.'?®!*%18¢
Indeed, the intrinsic stereoselectivity of a catalyst at low
conversions (i.e. far from equilibrium) depends on the local
environment of the active sites, while at high conversions the
stereoselectivity tends toward thermodynamic equilibrium of
(E) and (Z) isomers of the products due to isomerization via
secondary metathesis."” For instance, propene metathesis
reactions catalysed by alumina-supported materials typically
yield thermodynamic (E/Z) ratios of 2-butenes due in part to
strong olefin adsorption on alumina,” which favours
secondary metathesis isomerization over product desorption.***
Indeed, the rates of formation of (E)- and (Z)-2-butene are gov-
erned by the relative rates of surface adsorption, metal-
lacyclobutane formation, secondary metathesis isomerization,
and desorption, as illustrated in Fig. 8a. The rate laws can be
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described by Langmuir-Hinshelwood kinetics (Fig. 8b), where
the rates of primary propene metathesis, 7yeta, and secondary
metathesis isomerization, risom, depend on the surface cover-
ages of propene (6c3;) and butenes (fg4), respectively. The
surface coverages in turn depend on the partial pressures P,
and the equilibrium adsorption coefficients A,. For a catalyst
where olefins adsorb strongly, the rate of isomerization through
secondary metathesis exceeds the rate of metathesis favouring
a thermodynamic (E)/(Z) 2-butene ratio of ~3 with a hyperbolic
dependence on the propene conversion.' This is exactly what
is observed in the propene metathesis behaviour of CH3zReO3/
Al,O; (Fig. 8d, green). This behaviour also provides opportuni-
ties to tune the (E/Z) selectivity of heterogeneous olefin
metathesis catalysts olefin adsorption properties, for instance
by surface modification.’® In fact, generating active sites on
passivated alumina with surface trimethylsiloxy group (Fig. 8c)
leads to greatly enhanced (Z) selectivities by favouring the
desorption of primary metathesis products. Indeed, the
extrapolated selectivity at very low conversion is the same for
both catalysts, indicating the presence of the same active sites.
However, the presence of surface trimethylsilyloxy groups
favours olefin desorption (4;P; < 1) such that the secondary
metathesis isomerization is disfavoured and the (E)/(Z) ratio is
only linear as a function of conversion, as is observed for
CH;3ReO3/Me;Si-Al,O; (Fig. 8d, blue). This suggests that devel-
oping more selective heterogeneous catalysts will require
development of tuneable surfaces where the first coordination
sphere of the metal centre, and corresponding olefin adsorption
properties, can be controlled.

As mentioned above, CH3;ReOj3/Al,0; exhibits similar reac-
tivity patterns to Re,0,/Al,0; activated by organotin additives.
Specifically, both types of catalysts are active for the metathesis
of functionalized olefins, while Re,0,/Al,0; on its own is
not.$#171175188 [ fact, similar ">C NMR signals are observed in
the solid-state ">C MAS NMR spectra of Re,0,/Al,0; activated by
SnMe, and CH;ReO3/Al,03, indicating the formation of similar
p-methylene (Al-CH,ReO;) intermediate species in both mate-
rials.”® Contacting Re,0,/Al,0; with SnMe, was proposed to
form CH3ReO; in situ, which could then generate the p-methy-
lene species.™

Despite the detailed studies on the related CH3;ReO;/Al,0;
system, the precise activation mechanism of Re,0,/Al,03
remains unknown. Oxygenated products, primarily aldehydes,
have been observed during the activation of Re,0,/Al,03,
leading to the hypothesis that the metathesis active Re meth-
ylidene forms via a pseudo-Wittig mechanism.'*® However, it is
also noteworthy that this catalyst does not initiate the degen-
erate ethene metathesis without being contacted first with
propene, which may indicate that intermediates coming from
propene are important to generate the active sites. One possi-
bility is the formation of surface propoxy species™® that can be
used to reduce the metal sites, hence opening reaction pathway
possibly related to what is proposed on Mo and W-based cata-
lysts.***'¢* However, further spectroscopic and computational
studies are clearly required to solve this longstanding problem
and to allow the further development and implementation of
Re-based metathesis catalysts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions generalizations and analytical techniques, in particular solid-state NMR spectros-
. ! copy, (iii) guideline principles derived from computational
perspectlveS modelling, and (iv) high throughput experimentation. The

original  structure-activity = relationship—established via
computational modelling based on well-defined and fully
characterized surface structures—has shown its robustness
over the years and still constitutes a guideline to develop cata-

By 2007, surface organometallic chemistry (SOMC) had estab-
lished that it was possible to generate well-defined and fully
characterized supported alkylidenes by grafting the corre-
sponding molecular alkylidene precursors via protonolysis of
a variety of anionic ligands (alkyl, amido, alkoxo) and to obtain
highly active heterogeneous metathesis catalysts. Since then,
this approach has enabled the synthesis of very large libraries
(>>100) of silica-supported Schrock-type metathesis catalysts
based on Mo and W, with remarkable activity, selectivity and
stability. This has been possible thanks to the concurrent
development of (i) novel molecular precursors, (ii) advanced

lysts libraries (Fig. 9). The concept of asymmetry at the metal
centre, derived from well-defined silica-supported catalysts,
have been successfully transferred to their homogeneous
counterparts, thanks to the detailed understanding of the
specific role of each ligand on the activity, selectivity and
stability of Schrock-type metathesis catalysts. This has triggered
the development of novel homogeneous and consequently
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supported metathesis catalysts (Fig. 9), whose catalytic perfor-
mances have reached unexpectedly high-level performances,
that includes stability, functional group tolerance and stereo-
selectivities, that explain their use and development of indus-
trial settings.

SOMC has also permitted observation and characteriza-
tion—for the first time in 2008—of the TBP and SP metal-
lacyclobutane reaction intermediates in silica-supported W-
based metathesis catalysts.®” The first—and only—reported
supported Mo metallacyclobutane intermediate was only
observed in 2018, with the highly active cationic Mo imido
catalyst stabilized by NHC ligand;* this parallels the difficulty
of observing such intermediates for the corresponding homo-
geneous Mo-based metathesis catalysts, presumably because of
their poor stability. Furthermore, trapping these reaction
intermediates in a series of silica-supported W-based metath-
esis catalysts has also highlighted the effect of ancillary ligands
on the relative stability of TBP and SP intermediates and
enabled a better understanding of the nature of the surface
siloxy ligands, whose o-donating ability falls in between OtBug,
and OtBuy, ligands.*

Understanding the relative stability of metallacyclobutanes
has been instrumental for explaining the reactivity difference
between Mo- and W-based metathesis catalysts for terminal vs.
internal olefins. Indeed, while both metals demonstrate very
similar activities with internal olefins (cis-4-nonene), Mo cata-
lysts greatly outperform their W analogues in the case of
terminal olefins. This can be attributed to a large extent to the
formation of very stable parent tungstacyclobutane intermedi-
ates in the presence of ethylene, a co-product of the metathesis
of terminal olefins. This off-cycle reaction intermediate does
not readily release ethylene via cycloreversion to ensure
productive metathesis for W. This problem can be partially
alleviated by tuning the catalysts, e.g. by introducing strong o-
donor ligands such as oxo, thiolate or NHC, or by working under
conditions that favour the removal of ethylene. It is however
noteworthy that in few cases the presence of ethylene can be
used to accelerate the metathesis of internal olefins."* This is
particularly pronounced for the tungsten oxo cationic catalysts
that contain a bulky NHC stabilizing ligand, where ethylene is
thought to help interconversion of the metal centre between
resting and active states.'*®

Moreover, detailed NMR studies have revealed the parallel
between the NMR spectroscopic signatures of molecular and
silica-supported TBP and SP metallacyclobutanes, pointing in
particular to the observation of very deshielded a-carbon and
shielded B-carbon in TBP structures. This is particularly note-
worthy since Ru-based metathesis catalysts also display the
same peculiar NMR signatures for the metallacyclobutane
intermediates, which also adopt a TBP geometry. While our
original solid-state NMR studies focused on understanding the
electronic structures and dynamics of supported metal alkyli-
denes,'** the investigation of metallacyclobutane intermediates
by solid-state NMR augmented by computational studies
revealed the unique electronic structure imposed by the TBP
geometry;”® this geometry entails the presence of an empty
orbital that points into the metallacyclobutane ring for both d°

310 | Chem. Sci, 2021, 12, 3092-3115

View Article Online

Perspective

and d* electronic configurations. This electronic structure is
reminiscent of the originating alkylidene, explaining why such
TBP metallacyclobutanes are key reaction intermediates in
metathesis, while SP structures are just off-cycle resting states
that are formed via isomerisation from the TBP into SP through
a turnstile process and that must isomerize back into the TBP
structure to undergo cycloreversion. The unique electronic
nature of the TBP structure indicates that it is likely involved as
a key intermediate for all metathesis catalysts including those
arising from ill-defined systems such as supported metal
oxides, as well as metal chlorides (e.g., WCls) activated with
alkylaluminium or tin reagents, or even well-defined penta-
coordinated Re molecular systems, e.g. Re(O)(=CHR)(OtBug,);
or silica-supported analogues, that are typically activated with
Lewis acids.'”®'?* In fact, such TBP intermediates have also been
observed in CH3;ReO; supported on alumina contacted with
ethylene.””” These intermediates have yet to be observed in ill-
defined catalysts based on supported metal oxides, but their
specific spectroscopic signatures and the recent development in
solid-state NMR"*'** give hope that they should be accessible in
the near future and provide the additional information for
rational improvement of these systems. Furthermore, studies
directed at understanding electronic structures from solid-state
NMR have also shown that olefin metathesis is formally isolobal
to o-bond metathesis®®® and olefin insertion'” with d° metal
alkyl compounds, suggesting that one can transfer concepts
developed from one reaction to another.

SOMC has also helped to better understand the classical
supported metal oxide catalysts by studying well-defined sup-
ported group 6 high-valent metal oxo species and their
conversion into active sites. Such studies have included the
development of well-defined low-valent M(v) oxo molecular and
supported compounds.’®*'** From these studies, one can
propose with some degree of certainty that the active sites in
supported metal oxides are formed in situ by first reducing the
high-valent isolated metal(vi) oxo by a 2-electron reduction
process into low-valent M(wv) sites. Such M(wv) sites are then
further converted in situ into alkylidenes and metal-
lacyclobutanes via processes involving the C-H bond activation
of olefins and/or proton transfers that can also involve surface
OH groups, consistent with earlier studies discussing the
importance of Brgnsted acidity in supported metal oxides. The
formation of the alkylidene from M(wv) is calculated to be
slightly endoergic; this could explain the small fraction of active
sites and the need to constantly (re)generate them under reac-
tion conditions. In addition, such initiation likely involves very
specific environment such as the proximity of metal sites and
OH groups, further explaining the low amounts of active sites. It
is likely that similar processes are also involved for supported
Re oxides, where the alumina support likely plays an important
role in these processes. In addition, alumina has been shown to
be particularly important to stabilise the rhenium oxo and
alkylidene intermediates for the related CH3;ReO;/Al,0; model
system. While the molecular and supported model systems have
helped to clarify the initiation of supported metal oxide
metathesis catalysts, identifying the structure of the active sites,
the state of working catalysts, and their deactivation pathway by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectroscopic means remains a challenge. In addition, SOMC
has helped to uncover a low temperature activation process,
based on organic reducing agents, that enabled the metathesis
of liquid olefins with supported Mo and W oxides at 70 °C in
contrast to the much higher temperatures used in current
processes (typically >250 °C).*71¢2

In the course of these studies, we have shown that supported
catalysts prepared via SOMC can produce more robust catalytic
systems that can reach very high turnover numbers (above 1
million in some cases). This is at least in part due to the
stabilization of reaction intermediates through site isolation,
mitigating bimolecular decomposition pathways that often
limit the performance of homogeneous catalysts. However, in
few instances, the surface is not innocent and additional
interactions (e.g. coordination) between the metal centre and
adjacent surface oxygen functionalities can limit dynamics and
introduce heterogeneity that can inhibit the catalytic event by
decreasing the number of available active sites, slowing down
productive metathesis, and opening deactivation pathways.
While the active sites are directly at the surface, a situation that
has been shown to slightly favour Z-selectivity (because the
substituents on the alkylidene and olefins points away from the
surface), high stereoselectivity has so far never been achieved in
contrast to the molecular analogues, where tuning the aryloxide
ligands in MAP and MAC catalysts has allowed stereoselectivity
to reach values >95% at high conversion.”***® This illustrates
that surface siloxy ligands can be considered as locally small,
even though one might consider surfaces as rather bulky
ligands hence precluding deactivation through dimerization
(concept of site isolation). In fact, a buried volume as evaluated
from a cristobalite model shows that the surface indeed behaves
as a rather small ligand (20.6%)."” With alumina surfaces, the
observed stereoselectivities are often close to thermodynamic
values, mostly due to stronger interactions of olefin products
with the surface and post-metathesis isomerization prior to
desorption.® Finally, surface interactions of substrates/
products play an important role in stereoselectivity and prob-
ably in the overall activity of supported metathesis catalysts and
are likely a factor limiting so far their applications beyond
hydrocarbon substrates. Understanding the metal and
substrate/product interactions with the surfaces is likely a key to
designing the supported catalysts with improved performances
towards particular classes of olefin substrates.

While this review has concentrated on olefin metathesis and
demonstrated that SOMC can generate highly performant
catalysts that can surpass in some cases their homogeneous
analogues, one can see that this methodology can be readily
transposed to related reactions, such as alkyne,?®*19%200
imine,>*?” and oxo/imido****** metathesis, which involve
cleavage of w-bonded systems. These concepts can also be used
to develop alkane metathesis reactions that involve similar
elementary steps.””® For instance alumina-supported W
hydrides formed upon hydrogenolysis of organometallic W
surface species are proposed to generate upon exposure to
olefins alkylidene hydride species that operate as “bifunctional
single active sites” and catalyse olefin metathesis as well as
variety of other hydrocarbon transformations such as methane

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coupling and cross-metathesis of methane and higher
alkanes.>***” Since highly reactive intermediates can be made
readily accessible on surfaces through site isolation, this
methodology can also be extended to a broader variety of cata-
Iytic organic transformations.>**>*
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