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Switching on the Metathesis Activity of Re Oxo Alkylidene Surface
Sites through a Tailor-Made Silica—Alumina Support
Maxence Valla, David Stadler, Victor Mougel, and Christophe Copéret*

Abstract: Re oxo alkylidene surface species are putative active
sites in classical heterogeneous Re-based alkene-metathesis
catalysts. However, the lack of evidence for such species
questions their existence and/or relevance as reaction inter-
mediates. Using Re(O)(=CH-CH=CPh,)(OtBuy);(THF), the
corresponding well-defined Re oxo alkylidene surface species
can be generated on both silica and silica—alumina supports.
While inactive on the silica support, it displays very good
activity, even for functionalized olefins, on the silica—alumina
support.

With its high atom economy, metathesis has become one of
the pillars of the petrochemical and fine-chemical industry,
and a key reaction for the development of more sustainable
processes.l'! In heterogeneous catalysis, metathesis mainly
relies on supported Mo, W, and Re oxides. Of these, Re,O,/
Al,O; and Re,0,/Si0O,-Al,0; are unique, because of their
room-temperature activity and their tolerance of functional
groups upon activation with R,Sn."*? A perrhenate (that is,
ReO,") surface species coordinated to Al Lewis sites is
proposed as the precursor of the active species (Scheme 1a)!
but the alkylidene propagating species have never been
detected experimentally (Scheme 1b).

Most recent studies have focused on using supported
CH;ReO5/AlL,0; as a possible model for Re,0,/Al,O; and
related systems.”) However, while highly active in alkene
metathesis, the expected alkylidene intermediates have never
been detected in these systems. Instead, p-methylene species,
a resting state for the catalyst, have been identified (Sche-
me 1c¢). To date, (=SiO)Re(=CtBu)(=CH7Bu)(CH,/Bu) is the
only reported well-defined supported rhenium alkylidene
metathesis catalyst.! Nonetheless, the absence of oxo ligands
makes it difficult to relate this system to the classical
heterogeneous catalysts. Although recent reports have
shown that molecular and silica-supported W oxo alkylidene
complexes are highly efficient alkene-metathesis catalysts,
analogous Re oxo alkylidene surface species have remained
elusive. Only a few molecular rhenium oxo alkylidene
molecular complexes are known[® and Re(O)(=CH-CH=
CPh,)(OtBug);(THF) (OtBugg=OCMe(CF;),) 1,
Scheme 1d) is the only reported active alkene metathesis
catalyst, but requires activation by GaBr; or AlICI,.[*"]
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Scheme 1. a) Proposed active sites in the heterogeneous catalysts
Re,0,/Al,0;. Al,=surface Al. b) Putative Re oxo alkylidene active
species of Re-based heterogeneous catalysts. c) Resting state of the
active site (u-methylene) in MeReO;/AI20; and d) Re(O) (=CH-CH=
CPh;) (OtBugg); (THF).

Herein, we explore the formation of well-defined, active
supported Re oxo alkylidene species through surface organ-
ometallic chemistry,”) and show that the incorporation of Al
Lewis acid sites on silica is essential for metathesis activity.

Grafting 1 (1.05 equiv) on silica partially dehydroxylated
at 700°C (SiO,. (7)) yields a dark red material along with 0.8-
0.9 equivalents of tBug,OH per initial surface OH. The
decrease of the isolated silanol IR band at 3747 cm™' (Fig-
ure S8 in the Supporting Information) is consistent with the
consumption of surface silanol sites and the formation of (=
SiO)Re(O)(=CH-CH=CPh,)(OtBug),(THF) (2a), as the
main surface species (Scheme 2). The Re loading of
3.03wt% 1is consistent with the grafting on 72% of the
surface silanol moieties, consistent with the observation of
residual silanol by IR. Elemental analyses (4.5wt% C,
0.41 wt% H, and 3.12 wt% F) are consistent with 2a being
present as a major surface species (C/Re: 23 (27 exp.); H/Re:
26 (26 exp.) and F/Re: 10 (12 exp.) along with a minor amount
of bis-grafted species 2b (expected: C/Re: 19, H/Re: 23, and
F/Re: 6).

The surface species was further characterized by solid-
state NMR spectroscopy. The 'H MAS NMR spectrum
displays two peaks at 8 =12.4 and 9.5 ppm assigned to the
a- and B-C—H of the alkylidene ligand, respectively, along
with the other resonances associated with phenyl (6=
7.4 ppm), THF (8=4.4 and 1.8 ppm) and tBuzpO (8=
1.8 ppm) moieties (Figure S3). The presence of the alkylidene
ligand was confirmed by the presence of the two signals at d =
280 and 167 ppm associated to the o- and B-carbons in the *C
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B0 THE measured on a 1 GHz spectrometer at 60 kHz,
Fe R N /OtB”FG shows a highly resolved spectrum (Figure 1b),
THE—Re=" \/ e which can be deconvolved into two components
?H O  OtBugg ) with one major peak (93 %) with a chemical shift
O‘VSi\o - - tBurgOH SII : \ and a quadrupolar constant (Cy) of 65.7 ppm and
/ Jo \ Pentane, 3h /O‘(‘.)I ~o /O‘O/ ™~ s / o  17.5MHz, respectively. These values are very
Si03.r00 tBuge= CMe(CF3), | \ | \ | \  close to the values found for the molecular
2a 2b complex (see above) and a tetra-coordinated Al
surface site. The minor peak (7 % ) has a chemical
Scheme 2. Grafting of 1 on SiO, 54, yielding (=SiO)Re(O) (=CH-CH=CPh,) (OtBugq) - shift of 8=21.8ppm and a C, of 12 MHz,
(THF) (2). R"=CH-CH=CPh,. consistent with the presence of a more symmetric

cross-polarization (CP) MAS NMR spectrum of the corre-
sponding carbon-13 labeled complex, 2*. The signals
observed at 0 =69 and 24 ppm correspond to THF (Fig-
ure S4). However, in contrast to (=SiO)Re(=CtBu)(=
CHtBu)(CH,tBu), 2 does not present any significant meta-
thesis activity.**?! By analogy with the molecular W oxo
alkylidene complexes,”*®! activation of 2 (0.1 mol%) with
1 equiv of B(C4Fs); allows metathesis of cis-4-nonene, reach-
ing only 19% conversion.

We thus reasoned that tailoring a support containing an
anchoring OH site and a Lewis acid site could be ideal to
activate rhenium oxo alkylidene complexes.® Using a ther-
molytic precursor approach,® the formation of isolated metal
silicate with adjacent OH groups is possible through the
grafting of molecular tris(zert-butoxy)silanolate complexes
followed by a thermolysis step under vacuum.”**? We thus
explored the formation of Al silicates exploiting a similar
strategy.

Al(OSi(OtBu);); was obtained in 87 % yield by reaction
of Al(iBu); with 3 equiv of (fBuO);SiOH. The temperature-
sensitive complex was characterized by solid-state NMR
spectroscopy and single-crystal X-ray diffraction (Figure S5,
Figure S12, and Table S1-S3). This compound, Al(OSi-
(OtBu),);, displays a distorted tetrahedral coordination with
one bidentate x*-siloxy ligand (Figure S12). Low-temperature
high-field solid-state NMR spectroscopy (—30°C, 850 MHz)
allowed the single fitting of the aluminum quadrupolar
pattern with a §;, of 53.7 ppm and a C, value of 19.5 MHz
(Figure S5), consistent with a four-coordinate *’Al center.
However, in contrast to the Cr'"" analogue,”! A1(OSi(OtBu)s),
does not readily graft on silica. Alternatively, impregnation of
this complex on SiO,_ 4, at room temperature followed by
a thermolysis step at 400°C under high vacuum (10> mBar)
affords a high-surface area material Al@SiO, (Figure 1a).
The absence of C—H containing groups was confirmed by IR
spectroscopy. The signals arising from the surface silanols
appear slightly red-shifted at 3743 cm™' by comparison to
isolated silanol sites, consistent with interaction with nearby
Lewis acid sites (Figure $9).1” The presence of Lewis acid
sites was confirmed by pyridine adsorption experiments, with
the presence of three bands at 1626, 1497, and 1458 cm ',
characteristic of surface Lewis acid sites (Figure S10).1'"1 Al
elemental analysis (0.6 %) and titration of surface hydroxy
groups by CH;MgBr (0.54 mmol of CH, released per gram of
support) show the presence of 0.75 Alnm™ and 1.6 OH per
nm~2. This density corresponds to roughly to 2.1 OH func-
tionalities per Al site. The Al spin echo NMR spectrum,
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Figure 1. a) Synthetic route to the AI@SiO, material. b) ?’Al spin-echo
MAS with full echo acquisition of AI@SiO,, 1 GHz, 60 kHz spinning
speed. 15 k scans with a recycling delay of 1 s. The radio-frequency
field was calculated to be at 25 kHz according to Al nitrate reference
sample. c) Grafting of 1 on AI@SiO, yields 3. L=C,H;O, n=0or 1,
L"=C,H;O or siloxane bridge (Si-O-Si), m=0,1. The | O | indicates that
the Al and Si are not necessarily directly bounded to each other
through an oxygen bridge but can be separated by additional SiO,
units. R'=CH-CH=CPh,.

environment, such as a five-coordinate surface Al site
resulting from the coordination of an additional siloxane
bridge."”!

Grafting of 1 equiv of 1 (with respect to Al) on Al@SiO,
yielded a dark purple solid containing 3.51 wt% Re along
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with 0.8-0.9 equiv of tBupOH. No THF was detected in
solution. Elemental analyses (5.80 wt% C, 0.44 wt% H, and
3.65wt% F) are consistent with the expected values for 3
(Figure 1¢), (=SiO)Re(O)(=CH-CH=CPh,)(OtBug),(THF)/
Al (C/Re: 27 (exp 26); H/Re: 23 (exp 26), F/Re: 10.3 (exp 12).
This corresponds to the grafting of 0.86 equiv of the alkyli-
dene on the Al@SiO, surface with respect to the Al sites.
IR spectroscopy revealed a sharp decrease in the intensity
of the isolated silanol signal at 3743 cm™' upon grafting of
1 along with the concomitant appearance of a broad band
centered at 3640 cm ' assigned to silanols in interaction with
the surface complex (Figure S11).l" "TH NMR spectroscopy
indicates the presence of an alkylidene species after grafting,
as shown by with the signals at 6=12.3 and 9.6 ppm
corresponding to the a- and f-C—H of the alkylidene ligand
and the resonances associated with phenyl (8=7.6 ppm),
THF (6 =4.5 and 1.9 ppm) and tBugcO (6 =1.9 ppm) groups
(Figure S6). The corresponding 20 % carbon-13 labeled sur-
face species exhibits very similar NMR signals to 2 (Fig-
ure 2a), but with a much larger chemical shift anisotropy
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Figure 2. a) 'H-">C CPMAS signature of Re(O) (FCH-CH=CPh,)-
(OtBugg);(THF) supported on Al@SiO, 400 MHz, d1=1's, 10 KHz
spinning speed. Asterisks indicate the spinning side bands. b) /Al
Spin-echo MAS with full-echo acquisition, 1 GHz, 60 kHz spinning
speed. 15 k scans with a recycling delay of 1 s. The radio-frequency
field was calculated to be at 25 kHz according to Al nitrate reference
sample. .
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(CSA) for the alkylidene carbon; the broad spinning side
band manifold (&;,=281 ppm, Q=467 ppm, k=0.3, Fig-
ure S7) is consistent with a restricted dynamic of the Re
alkylidene surface sites in 3.

In addition, Al NMR spectroscopy shows signals of
approximately equivalent intensities for the presence of two
Al sites, with lower C,, than the original Al sites, at 8/C,=
58.9 ppm/10.8 MHz and 42.6 ppm/12.6 MHz, consistent with
a more symmetric environment, associated with coordination
of Re=0 and/or THF on Al (Figures 1¢ and 2b). The Al
signal can be attributed to four- and five-coordinate alumi-
num, consistent with the coordination of THF, Re=0O, or
a siloxane bridge to Al Taken together, these data are
consistent with a more rigid oxo alkylidene species grafted to
the surface via a surface siloxy ligand and further interacting
with adjacent Al sites, as shown in Figure 1c.

Unlike 1 and 2, 3 shows good metathesis activity. With
a catalyst loading of 0.05 mol %, a TOF at 3 min (TOF;,,;,) of
22min"' and equilibrium conversion of 240 min were
observed in cis-4-nonene metathesis (Table 1). Catalytic

Table 1: Catalytic activity of 3 in toluene at 30°C.

Substrates mol % TOF;,,, Time to equilibrium
cis-4-nonene 0.1 19 <120 min
cis-4-nonene 0.05 22 <240 min
cis-4-nonene 0.01 16 130 h

1-nonene 0.1 3 106 h

Ethyl oleate 0.2 0.3 28 % after 6 h

[a] TOF at 3 min in min~".

activity was maintained with a catalyst loading of 100 ppm,
reaching thermodynamic conversion in five days. The catalyst
is also active in 1-nonene metathesis with a TOF;,,;, of 3 min"
at 0.1 mol% catalyst loading, but quantitative conversion
requires about 100 h, indicating the deleterious effect of
ethylene. The surface complex 3 also catalyzes the metathesis
of ethyl oleate at 0.2 mol % catalyst loading, reaching 28 %
conversion with an initial TOF of 0.3 min ' without the need
of a co-catalyst, in contrast to Re,0,/AL,0,."

This study shows that well-defined alkylidene oxo Re
complexes are metathesis active when the support contains
Lewis acid sites. Such species catalyze the metathesis of
olefins, including oleate esters without any activator, in
contrast to Re,0,/Al,0;. With this information in hand, we
are now further exploring Re,0,/Al,0; and hope to track the
active sites and reaction intermediates.
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