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Magnitude and consequence of OR ligand o-donation on alkene
metathesis activity in d° silica supported
(=SiO)W(NAr)(=CHtBu)(OR) catalysts

V. Mougel,” and C. Copéret**

Well-defined silica supported W catalysts of general formula [(=SiO)W(NAr)(=CHtBu)(OR)]
(OR = OtBupg , OtBuggs, OtBugs, OtBu and OSi(OtBu);), prepared by grafting bis-alkoxide
complexes [W(NAr)(=CHtBu)(OR),] on silica dehydroxylated at 700°C (SiO5.(790)), display
unexpected high activity by comparison with their Mo homologues. In this series, the activity
in the self-metathesis of cis-4-nonene increases as a function of the OR ligand as follows:
OtBu < OtBugp; < OSi(OtBu); < OtBups < OtBuge. In addition, the ratio of the two parent
metallacyclobutane intermediates, trigonal bipyramidal (TBP) / square pyramidal (SP), formed
by metathesis of ethylene and observed by solid-state NMR, follows the same order: OtBu <
OtBug; < OSi(OtBu); < OtBugg < OtBugg, clearly evidencing the decreasing o-donating ability
of the OR ligand with increasing number of fluorine atoms and positioning a siloxy ligand in
between OtBup; and OtBugs. This study provides the first detailed structure-activity
relationship for a series of well-defined heterogeneous catalysts showing that weaker c-donor
OR ligands lead to higher activity and that the surface siloxy ligand is overall a rather small
and weak o-donor ligand, thus providing highly active and yet stable catalysts.

component system.'’?* All these recent applications have
emerged from the rational development of homogeneous
catalysts through structure — activity relationships over the past

The past 50 years have witnessed extensive alkene metathesis
research in both academia and industry that has resulted in
numerous chemical processes and applications. While the
current petrochemical processes rely on heterogeneous catalysts
based on supported transition metal oxides," ? the recent
development of homogeneous catalysts based on well-defined
Mo, W, Re and Ru alkylidenes has led to flourishing
applications in the areas of polymers and fine chemicals.>® The
most recent outcome even allows carrying out Z-selective
metathesis, a major milestone for the use of metathesis towards
the synthesis of advanced intermediates and complex
molecules.”'®  Furthermore, the Mo- and W-based
homogeneous  catalysts, when combined with Ir-
dehydrogenation catalysts,'*'® allows the upgrade of low
molecular weight alkanes into high-grade diesel fuel via a
tandem alkane metathesis process, as an alternative to the single

This journal is © The Royal Society of Chemistry 2013

40 years. One would thus expect that a better understanding of
the reaction mechanism and of the life cycle of the
corresponding heterogeneous catalysts would be a key step
towards an improvement of their performances (activity,
selectivity and stability).

The mechanism for alkene metathesis, proposed by Chauvin,
involves the [2+2] cycloaddition of an alkene and a metal
carbene to afford a metallacyclobutane intermediate.”> 2® The
metallacyclobutane then undergoes cycloreversion to either
release the original reagents (degenerate) or a
alkene/alkylidene (productive). In Schrock-type catalysts of the
general formula [M(NR)(=CHR)(X)(Y)] (M = Mo, W), the
anionic X and Y substituents have tremendous influence on the
stability of the reaction intermediates, the catalytic activity”’>’
and the stereoselectivity.” °3? A metal alkylidene complex
containing X and Y ligands of notable different electron
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donating abilities (good and poor) facilitates the coordination
of the incoming alkene and thereby the subsequent
cycloaddition process.”> The formation, structure and

stability of the resulting metallacycles have been extensively

reported for tungsten-based homogeneous catalysts? 3438

and for few Mo systems.*> ** 4° Detailed solution NMR, X-
Ray and computational studies have shown that these
metallacycles can adopt either trigonal bipyramidal (TBP) or

square pyramidal (SP) geometries that interconvert via a

turnstile process (scheme 1).27 283637
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R R

I b b
N N
i 7 x, N N ’\{\ -7 i
M= — M= %X*MO% Y—M — = M=
X"y s/ | AR Yy
Y Y V4 Y X X

TBP

Interconversion via
a turnstile process

R
|
)
M [ Possible deactivation
X 4 d —— process
SP

Scheme 1. Catalytic pathway proposed for d° alkene metathesis

DFT studies have demonstrated that the TBP isomer is on the
metathesis reaction pathway and participates in the
alkylidene exchange process, while the SP isomer is usually
more stable and corresponds to a catalytic resting state. In
addition, SP metallacycles may also be involved in
deactivation processes.*!*

Yet, for heterogeneous catalysts, the observation of the
expected reaction intermediates, i.e. metallocarbenes and
metallacyclobutanes, has remained a challenge, with only a
single example for a well-defined silica supported tungsten
catalyst.*® In recent years, numerous well-defined supported
alkylidene metathesis catalysts that exhibit similar, or in
some cases greater, catalytic activity than their homogeneous
analogues were developed.” **°® In particular, the controlled
grafting of well-defined Mo and W precursors on silica
partially dehydroxylated at 700°C (SiO,.790)) provides
“single-site” silica-supported systems, where site isolation
prevents binuclear decomposition thus increasing the
stability of the catalyst.’® °” The resulting silica-supported
alkylidene complexes [(=SiO)M(NAr)(=CHR)(X)] lead to
intrinsically dissymmetric metal centers to produce highly
reactive surface species. The reactivity and stability of these
complexes can be tuned by varying the X-ligand. While the
most active catalysts are based on M = Mo with X = pyrrolyl,
> the hexafluoro-tert-butoxide (X = OtBups) showed
promising performance.’> We also showed that the analogous
W-imido catalysts (X = CH,tBu and 2,5-dimethylpyrrolyl)
are less active than their Mo-analogues by ca. one order of
magnitude in the self-metathesis of propene, but display
2| J. Name., 2012, 00, 1-3

much greater stability. In fact, we exploited the stability of
the W-imido species to observe for the first time the
metallacyclobutane intermediates on a supported catalyst.*’
Clearly the electronic environment around the metal center
plays a crucial role in the reactivity of the supported
alkylidene. The quantification of o-donation properties of the
anionic X ligand is critical to the elaboration of a structure-
activity relationship, but has remained elusive.

Here, we investigate a family of well-defined silica
supported tungsten alkylidene alkoxide complexes obtained
from grafting [W(NAr)(=CHtBu)(OR),] complexes {OR =
OC(CF3); (OtBupg); OCMe(CF;), (OtBugg); OCMe,(CF3)
(OtBug;); OtBu; OSi(OtBu)s; Ar = 2,6-iPr,C¢Hs} on silica
partially dehydroxylated at 700 °C, SiO; (700 These
supported catalysts display activities and stabilities that in
most cases surpass their molecular precursors, and even the
best silica-supported Mo-analogues. Evaluation of the o-
donating ability of the OR-ligands from the spectroscopically
observed ratio of TBP/SP metallacycles allows us to
establish a detailed structure — reactivity relationship for
[(=SiO)W(NAr)(=CHtBu)(OR)],
weaker

where catalysts with

o-donating OR ligands (stronger electron

withdrawing) exhibit higher activity.

Results and discussion

Synthesis of molecular precursors.

The molecular precursors [W(NAr)(=CHtBu)(OR),], Wog,
(OR = OtBugg, O-tBu) were synthesized by salt metathesis
from the bis-triflate complex
[W(NAr)(=CHtBu)(OTf),(DME)] and lithium alkoxides as
previously described.®® Note that for OR = OtBug;, we
prepared the DME adduct
[W(NAr)(=CHtBu)(OtBug;3),(DME)] (Wowur3) because it
was much more stable and more convenient to use for
grafting (vide infra). In addition, we prepared Wop,ro and
Wosiotews via a similar route in 69% and 88% yield,
respectively using LiOtBug, and KOSi(OtBu);.>° These two
unreported compounds were characterized by NMR and
elemental analysis, and the crystal structure of Woguro Was
resolved (see Supporting Information for details).*

Grafting of the molecular precursors.

Grafting [W(NAr)(=CHtBu)(OR),], (OR = OtBugy, OtBugg,
OtBu, OSi(OtBu);) or [W(NAr)(=CHtBu)(OtBug;),(DME)]
on SiO, 790y yielded the corresponding materials
(Wor@Si0,). Monitoring the grafting step by IR
spectroscopy shows that the isolated surface silanols at 3747
em’! for Si0;.(790) disappeared while the stretching and

This journal is © The Royal Society of Chemistry 2012
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bending (C-H) vibrations of the ligands appeared in the
3100-2800 and 1500-1350 cm™ regions, respectively (Fig.
S2). A broad band in the 3650 cm™ was present in each
material and is associated with remaining unreacted OH
groups interacting with adjacent ligands. The shift of the
maximum of that band to higher wavenumber with the
increase of the fluorine content of the OR ligand indicates
that such interaction involves the tBu ligands and the fluorine
when present. W elemental analysis is consistent with partial
consumption of the OH groups (0.18-0.21 mmol W.g" vs.
0.26 mmol.g' OH). In all cases, grafting is accompanied
with the release of ROH, consistent with the formation of the
expected surface complexes [(=SiO)W(NAr)(=CHtBu)(OR)]
(OR = OtBugy (1), OtBugs (2), OtBug; (3), OtBu (4),
OSi(OtBu); (5) (scheme 2).

iPr iPr iPr Pr

W\}{,ﬂ'Bu N ﬂtBu
R%OIII. RO™/ OR = OtBupg, L= @ 1)
OH ¢ OR = OtBure, L =@ @
I CeHe I OR = OtBuf3, L = DME 3)
On)s'\o _HX O‘\)Sl\o OR=OtBu,L=@ @)
/0 \ -L /0 \ OR = OSi(OtBu)z, L=@  (5)

| l
Si02 700

Scheme 2. Grafting of Wor molecular complexes on SiO,.(700 affording
Worure@Si02, Worsurs@Si02, Worsurs@SiO2, Wors @Si02 or Wosi(otsu)s @SiO2.
For OR = OtBu, grafting led to ca. 40% [(=SiO)W(NAr)(CH,tBu)(OtBu),]
byproduct.

More specifically, grafting of Wor (OR = OtBupy and
OtBug) releases ca. 0.8 equiv. of HOR per surface silanol, a
good evidence for 1 and 2 being formed as major surface
species. For [W(NAr)(=CHtBu)(OtBug;),(DME)], grafting is
accompanied with the release of ca. 0.8 equiv of HOtBug;

and 0.9 equiv. of DME, consistent with the formation of 3 as

Chemical Science

a major species. In the case of [W(NAr)(=CHtBu)(OtBu),],
only 0.4 equiv. of tBuOH is released when grafting is
performed under the same conditions. This value increases to
0.6 equiv. when grafting is carried out at lower temperature
(-40 °C in toluene). In this case
[(=SiO)W(NAr)(=CHtBu)(OtBu)] (4) is formed along with
[(=SiO)W(NAr)(CH,tBu)(OtBu),] (ca. 30-40%) (vide infra),
which probably results from the subsequent reaction of the
released tBuOH with the surface species 4.* °% ¢! For
[W(NAr)(=CHtBu)(0Si(OtBu)s),], 0.5
HOSi(OtBu); per surface silanol is released and a low

equiv. of

loading is obtained upon grafting Wggiowmus probably
because of the large size of OSi(OtBu);. The compositions of
Wor@SiO, were confirmed by elemental analysis of C, N, H
and F elements (table 1).

The 'H Magic Angle Spinning (MAS) NMR spectra of
compounds Wor@SiO, (figures S3-11) displayed signals at
chemical shift very close to these of the molecular
precursors, in agreement with the formation of
[(ESiIO)W(NAr)(=CHtBu)(OR)] as major surface species.
The alkylidene W=CHtBu resonance is located at 8.92 ppm
for 1, 8.60 ppm for 2, 8.29 ppm for 3, 7.99 ppm for 4 and
8.35 ppm for 5, respectively, following the same trend that
observed for the chemical shift of the parent molecular
complexes in solution (table 1). The ">C cross polarisation
magic angle spinning (CP MAS) solid state NMR spectra of
Wor@SiO, (figures S4-12) are also in good agreement with
the proposed structures. While a direct evidence of the
alkylidene ligand by carbon-13 NMR is not possible without
3C enrichment at this position,** ' each material contains
two sharp signals at 46.1 and 32.4 ppm for 1, 45.2 and 32.2
ppm for 2, 45.0 and 32.4 ppm for 3, 44.5 and 33.0 ppm for 4
and 45.5 and 33.4 ppm for 5§ assignable to the B- and y-

Table 1. Comparative mass balance analysis and NMR chemical shift observed for the samples after grafting

Entry w ROH,vteased” c c/we H H/W* N N/W© F F/W° ! Hupgtigend”
[wi%]" [ROMW] — [wi%] [wi%] [wi%] [wi%] (opm)

Womre@SiO; 213 268 838
3.47 (0.19 0.76 484 0.51 038 14(1) 3.14 8.92 (9.46

Womur@SiO; 213 30.6 5.1
3.88 (0.21 0.80 5.39 0.65 037  13(1) 205 8.60 (8.83

Wopurs@SiO; 214 35.4 2.8
3.71 (0.20 0.85 5.18 0.72 038  13(1)  1.09 8.29 (8.38
Wom@SiO: 3 35 (0.18) 0.60 478 %223 0.68 ?37 6‘; 048 19(1) - - 7.99(8.01)
Wosiowas@Si0z 5 4g (9,15 0.54 472 é)é; 0.76 ?55 "3 029 15(1) - - 835(8.19)

*Value in mmol.g' is given in brackets. ® Protonated form of the OR ligand released upon grafting of the precursor, quantified by 'H NMR of the
filtrate after grafting with internal standard. © The theoretical value is given in brackets.  Chemical shift observed for the parent molecular

complex is given in brackets.

This journal is © The Royal Society of Chemistry 2012
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carbons of the neopentylidene group. An extra signal at 72 ppm

is observed in the C CP MAS NMR spectrum of
Wo@SiO, consistent with the formation of
[ESiIO)W(NAr)(CH,tBu)(OtBu),] likely by the partial

protonation of the alkylidene by tBuOH.** ®'Such signal is not
observed in other supported alkylidenes, showing that if
present, they correspond only to minor surface species (< 10%).

Catalytic activity.

We evaluated the catalytic activity of all the complexes in the
self-metathesis of cis-4-nonene as a prototypical liquid
substrate. All catalytic tests involved contacting the solid
catalysts (0.1 mol% or 0.02 mol%) with a 0.8 M toluene
solution of cis-4-nonene at 30 °C. All supported catalysts
Wor@SiO, are active in metathesis in the conditions described
above, resulting in the formation of 4-octenes and 5-decenes as
the only products observable by GC (table 2). While
thermodynamic conversion is reached for all catalysts at 0.1
mol% loading, their activity increases with an increase of the
electron withdrawing character of the alkoxide ligands (OtBu <
OtBug; < OtBugg < OtBugg) and places OSi(OtBu); in between
OtBug; and OtBugg. For comparison, the catalytic activity of the
molecular precursors [W(NAr)(=CHtBu)(OR),] (OR = OtBug,,
OtBugg, OtBug;, OtBu, OSi(OtBu);) was investigated under the
same reaction conditions. A similar trend is observed for OR =
OtBu, OtBug; and OtBugg ** but not for OtBuy,, which falls in
between OtBug; and OtBugg (Figure S28 and table S5).

Surprisingly, the molecular complex
[W(NAr)(=CHtBu)(OSi(OtBu);),] is inactive (<1% conversion
after 24h), despite the high activity of the grafted complex. One
possible explanation of this deviation in activity between the
grafted complexes and their molecular analogues is that the
electron withdrawing ability of OtBuge and OSi(OtBu); ligands
is compensated by their relatively larger size, as evaluated by
their larger buried volume according to Cavallo’s model (Table
S4).63 The lower affinity towards hydrocarbon in the case of the
perfluorinated OtBup, ligand® might also influence its
reactivity by preventing the approach of the alkene and the
formation of the metallacyclobutane. Note that grafting also
dramatically enhanced the activity of the OtBu complex,
converting a virtually inactive complex into an active catalyst
as already observed for the Mo-system.’® Noteworthy grafting

This journal is © The Royal Society of Chemistry 2013
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on silica allowed ranking the properties of alkoxide ligand
series, which was not possible on the molecular precursors due
to steric constraints.

Table 2. Initial TOF and time to equilibrium of supported complexes towards
self-metathesis of cis-4-nonene in toluene, catalysts loading 0.1 mol%, 30°C.*

Precursor Silica supported Unsupported
TOF3min” Time® TOF3min” Time®
Worsuro 115 < 10 min 93 < 10 min
Womurs 75 <30 min >166 < 3min
Wosurs 15 < 120 min 61 24h (39%)"
Worsu 5 < 480 min <1 24h (< 2%)°
Wosiomus 41 <30 min <1 24h (< 1%)°
Moorsurs 46 <30 min >166 < 3min

*0.8 M solution of cis-4-nonene in toluene containing heptane as internal
standard (0.1 M); loading in mol% was calculated based on W wt%. ® TOF is
defined here as the number of new alkenes produced per W atom and unit of
time, that is without taking into account isomerization of the precursor to
trans-4-nonene.* © Time to equilibrium conversion. ¢ Values in parentheses
are given when the system did not reach equilibrium conversion, and
correspond to the measured conversion after 24h.

These silica supported tungsten arylimido alkylidene complexes
are highly active alkene metathesis catalysts. In fact, it is
noteworthy that Wgurs@SiO,
activity than the corresponding Mo complex bearing the same
ligands [(ESiO)Mo(NAr)(=CHtBu)(OtBugs)] (Table 2). It
should be that WoBuro@SiO,
Worurs@Si0, readily catalyze metathesis of cis-4-nonene

display greater catalytic

noted catalysts and
with loading as low as 0.02 mol%, reaching equilibrium in less
than 3.5h for Woguro@SiO, and 12h for Wogrs@SiO,
(Table S7 and figure S30). The activity in cis-4-nonene
metathesis at very low loading was investigated for the most
active complex W ro@SiO,,
obtained with catalyst loading as low as 50 ppm in 48h at 30°C.

and full conversion was

Stability of the grafted complexes.

Dimerization of the molecular precursors during reaction has
been proposed to be one of the main routes for deactivation of
molecular tungsten alkylidene complexes.®® Schrock reported
that the molecular complex [W(NAr)(=CHtBu)(OtBugs),] has

J. Name., 2013, 00, 1-3 | 4
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high initial catalytic activity towards cis-alkenes, though this
catalyst rapidly deactivates via dimerization.'>'® We have here
investigated the stability of the supported analogue
Wours@Si0;. The exposure of Wopurs@SiO, to 20
equivalents of cis-3-hexene in toluene for 12 h® prior to the
catalytic test with cis-4-nonene did not result in any significant
change in the catalytic activity of the catalyst (see supporting
information for details), in sharp contrast to its molecular
precursor [W(NAr)(=CHCMe,Ph)(OtBug;),], which dimerizes
under the same conditions to yield the inactive species
{W(NA1)(OtBug;),},°% ¢ confirming the higher stability
towards bimolecular deactivation provided by site isolation on a
silica surface. In fact, Wop,r3@SiO; can be used and recycled
more than 4 times in presence of 1000 equivalents of cis-4-
nonene without any noticeable ageing of the catalyst (similar
initial rate and time to final conversion — see ESI).

Metallacycles.

In order to obtain more insight regarding the catalyst active site,
we investigated the structure of reaction intermediates by solid
state NMR. The catalysts Wor@SiO, were exposed to 10
equiv. of °C di-labeled ethylene at -196 °C. After standing 1h
at room temperature, a slight color change to red-orange was
observed, and the wvolatiles were analyzed by GC-MS,
indicating the presence of 0.7-0.8 equiv. of mono-labeled
carbon-13 3,3-dimethylbutene (see ESI for details). Note that
for OR = OtBu, only 0.2 equiv. of mono-labeled carbon-13 3,3-
dimethylbutene were recovered, likely due to a slower kinetic.
The resulting solids were evacuated under high vacuum (107
mbar) for 1.5 h and analyzed by 'H and "*C solid state NMR.
While the signals of the alkylidene proton were -clearly
observed in the 'H solid state NMR spectra of the supported
catalyst precursors, these signals quantitatively disappeared
upon exposure to ethylene, confirming the reaction of the
parent alkylidene (Figures 1 a) and S12-22). Moreover, the *C
CP MAS NMR of the complexes contained new peaks
the of metallacyclobutane
intermediates. Noteworthy no signal attributable to methylidene

associated  with formation
species were observed in this series.** The signals around 100
ppm and -5 ppm correspond to the TBP metallacylobutane and
the signals around 50 ppm are associated with the SP isomer.
The resonances corresponding to the a and B carbon signals of
the TBP metallacycle were observed only in the case of 1-3 and
5. These systems also show the '*C signals of the SP isomer
while in the case of 4, it is the only one observed (Figure 1 b-f
and table 3). All these assignments were confirmed by
HETCOR experiments (Figures S22-S27). The TBP/SP isomer
ratio can be obtained by integration of the metallacycle signals
in the *C CP MAS experiments. While CP MAS experiments
is not ideal for quantitative integration of carbon signals, the

This journal is © The Royal Society of Chemistry 2012
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same nature of the carbon species (all CH,) allows the TBP/SP
ratio to be properly estimated. In the tert-butoxide ligand series,
this ratio increases with the increasing number of
trifluoromethyl groups of the ligand, gradually varying from a
ratio TBP/SP of 8 with OR = OtBuyg to ca. 0 for the OtBu
analogue (table 3). With a TBP/SP ratio of 2.5, the OSi(OtBu);
complex lies in between its OtBug; and OtBugg analogues.36

b) {

|

-SP| A

200 100 0

13C Chemical Shift (ppm)

c) | d) «-SP

I
I
otep | \VJ‘\STBP

1 0 200
13C Chemical Shift (ppm)
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13C Chemical Shift (ppm)
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) \JU\ - “WNL X
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200 100 0 200 100 0
13C Chemical Shift (ppm) 13C Chemical Shift (ppm)

Fig. 1. 'H MAS solid state NMR spectra of 2 before (black) and after (red)
exposure to 10 equivalents of Bc ethylene (a). 3C CP MAS solid state NMR
spectra of Worsy (b), Worsura (€), Wosi(otsus (d), Worsurs (€) and Worsurs (f) after
exposure to 10 equivalents of Bc ethylene. The MAS frequency was set to 10
kHz, and the contact time of the CP to 250 ps, * indicate spinning side bands.

Table 3. Solid state NMR data for the metallacyclobutane surface complexes

Compound Orsp(C,)" Orsp(Cp) * dsp (Cy)* Ratio
TBP/SP’

Worsuro 102.6 (4.1) -2.7(-0.7) 50 (1.9) 83/17

Wouwurs 100.7 (4.3) -5.4(-0.7) 49.5(1.6) 43/57

Wowurs 102.3 (4.1) -4.2(0.0) 47.3(1.8) 9/91

Wosu - - 42.5(2.1) 0/100

Wosiosus 101.5 (4.2) -6.3 (-0.1) 48.6 (1.7) 22/78

*Values given in ppm, determined by CP MAS experiments at 10kHz. The
corresponding proton chemical shift is given in parentheses. ° Values given in
%, determined as detailed in SIL.

The formation of metallacyclobutane from the five alkylidene
precursors Wor@SiO, highlight the higher stability of the

J. Name., 2012, 00, 1-3 | 5
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metallacycles with respect to the separated reactants in these
systems, as suggested previously by theoretical studies.’® *?
Stronger o-donor ligands favors SP— over TBP—geometries,
which could be explained by their stronger trans-influence.®®
The SP/TBP isomer ratios thus appear to be a good measure of
the trans-influence of the OR-ligand (c-donation). The SP/TBP
ratios in these series of dissymmetric surface complexes
decreases, following the order tBuO™ > tBup;O™ > tBupsO™ >
tBup,O”, in line with decreasing o-donating ability of each
ligand. The TBP/SP ratio obtained for OR = OSi(OtBu); allows
and OtBugg.
Regarding the similarity between this ligand and isolated

to rank its o-donation in between OtBug;
silanols found at the surface of SiO,_799), one can assume that
the position of silica in this spectroscopic series would lie at a
similar position, though as previously mentioned this does not
include the larger steric volume of the OSi(OtBu); ligand that a
silanol on the silica surface as discussed above. Moreover, it is
noteworthy that the metathesis rates of the series of catalysts
follow the same trend, making a direct connection between

higher rates and less 6-donor ligands in these systems.

Catalytic activity of the metallacycles.

The catalytic activity of these metallacycles were investigated
and compared to the parent alkylidene complexes. As indicated
in Table S8 and figure S31, the reaction profiles all present an
S-type shape: a period just after addition of cis-4-nonene with
low TOF followed by a second period with TOF following the
trend and the magnitude observed for the parent complexes at
the exception of W, @SiO,. These two phases (and the
that the
metallacycles are very stable, do not readily participate in the

initiation period in particular) show parent
metathesis reaction, and only slowly undergo cycloreversion, in
contrast to tri-substituted metallacyclobutanes involved in the
For WOtBu@SiOZa the SP-—

metallacycle does not show any significant activity towards cis-

metathesis of cis-4-nonene.
4-nonene, which probably results from its too high stability or
its high propensity to undergo deactivation.*' Overall, the
initiation phase observed with the metallacycles suggests that
the induction period is due to the slow conversion of the more
stable unsubstituted metallacycles into active species, thus
the the the
metallacycles on the reaction rates.®

indicating importance of substitution of

Conclusions

A series of well-defined silica-supported alkylidene alkoxide
tungsten catalysts [(=SiO)W(NAr)(=CHtBu)(OR)] (OR =
OtBugg, OtBugg, OtBugs, OtBu, OSi(OtBu);) was prepared via
Surface Organometallic Chemistry. These catalysts display
catalytic performances, including rates, which can exceed these

6 | J. Name., 2012, 00, 1-3

of the corresponding well-defined silica supported Mo-
equivalent with OtBugs. The order of reactivity follows the
electron withdrawing character of the alkoxide-ligands (OtBugg
> OtBugs > OtBug; > OtBu) and places the siloxy ligand
(OSi(OtBu);) in between the OtBugs and OtBug; ligands. The
increased activity of the complexes bearing OSi(OtBu); and
OtBugy ligands upon grafting highlights the fact that silica act
as a rather small electron withdrawing ligand. It is noteworthy
that the supported catalysts, including the most reactive ones,
display very good stability,
molecular analogues, allowing their recycling and the use of

typically higher than their

very low catalyst loading down to 50 ppm. In addition, these
well-defined supported systems allowed a direct observation of
the metallacyclobutane intermediates in supported alkene
metathesis catalysts, and the quantification of the SP/TBP ratio
of the metallacyclobutane intermediates provides a way to
evaluate the trans-influence (o-donation) of the OR-ligand
(OtBugg < OtBugs < OSi(OtBu); < OtBup; < OtBu). In this
series, strong electron-withdrawing OR ligands favors TBP
intermediates and affords the more active catalysts, thus
establishing structure-activity relationship at the molecular
level and paving the way to the more rational improvement of

heterogeneous alkene metathesis catalysts.
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