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CH;ReO; on y-Al,0;: Understanding Its Structure, Initiation, and

Reactivity in Olefin Metathesis**
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Philippe Sautet,* Jean Marie Basset,* and Christophe Copéret*

Understanding the structure of catalytically active sites at a
molecular level is still a challenge in heterogeneous catalysis.
Surface organometallic chemistry (SOMC) has investigated
ways to generate well-defined heterogeneous catalysts
through a molecular approach to better understand these
systems.['! This has already yielded several efficient catalysts
for olefin conversion processes (polymerization, hydrogena-
tion, metathesis),'™! and even processes to convert alkanes at
low temperatures.! In the specific field of olefin metathesis,
we have developed a series of well-defined silica-supported
metal alkylidene complexes,” which have shown unprece-
dented performance compared to both homogeneous and
heterogeneous catalysts.

However, industrial processes typically rely on simpler
catalytic systems, and one of the simplest and most efficient
heterogeneous catalysts for olefin metathesis derived from
SOMC is based on CH;ReO;”! supported on Lewis acidic
supports such as silica alumina,”® alumina,”’) niobia,"” or
zeolites.'"!' Recent investigations have shown that CH;ReOs is
grafted to silica alumina mainly through coordination by
Lewis acid/Lewis base interaction.®! However, the structure
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of the so-called active site remains elusive, and the mecha-
nism of formation of the expected propagating carbene
species is unknown. Despite numerous studies, a question
remains: is the methyl group of CH;ReO; involved in the
formation of the initial carbene ?11%1%13]

Through a combination of spectroscopic (IR, NMR, and
EXAFS), reactivity, and molecular modeling studies,"*"! we
show below that CH;ReO; reacts with y-alumina partially
dehydroxylated at 500°C (y-ALOj (s50)) to produce mainly a
coordination adduct at the Lewis acid sites of this support
through its oxo ligand. However, this species is not active, and
the active sites correspond to a minor species that results from
C—H activation of the methyl ligand of CH;ReO; at reactive
Al,—O sites of alumina to yield surface hydroxy groups
(AL,OH) and a surface Re methylene complex, namely,
[AL,CH,ReO;], which is the initiating center for the carbene
species propagating olefin metathesis.

Under static vacuum, we sublimed CH;ReO; onto y-
AL,Os (50 at room temperature, and the solid turned deep red.
The IR spectrum (Figure 1) showed the appearance of two
bands at 2995 and 2910 cm™!, associated with the symmetric
and antisymmetric v(CH;) modes, along with two bands at
1390 and 1204 cm™' assigned to 6(CH,). Moreover, the
original AI-OH bands have been replaced by a broad band
centered at 3531cm™' (spanning between 3759 and
3184 cm™), which probably corresponds to OH in a new
environment (interaction with CH;ReO5)."! Finally, a weak
band at 1958 cm™', attributed to Re=O harmonics, is also
observed.

2.0 oCH,
18 1204

: vOH OCH,
1.6 3531 vCH, 1390 \
1.4 2995; 2910 vRe=0 harmonics
1.2 1958

3000 2000
<—— Wavenumber / cm™
Figure 1. Monitoring the grafting of CH;ReO; on y-Al,O; by IR
spectroscopy. a) Y-Al,Os 59 after calcination and treatment at 500°C
under vacuum (107° Torr), b) 5 min after breaking the seal isolating
CH;ReO; from v-AlLO; (5o, €) after sublimation of CH;ReO; onto y-
Al,05 500 and desorption, and d) after evacuation at 107° Torr for 2 h.
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Elemental analysis of CH;ReO5/y-ALOs 500 gave (3.8 %
0.1) wt % Re, which corresponds to 1.2 Re atoms per square
nanometer. Thus, Re coverage is much lower than the number
of OH groups on y-ALO5 50, (4 OH per nm?). Note that 1) no
CH, evolved on grafting, and 2) reaction of CH;ReOs/y-
Al,Os 509y With H,O does not give CH,; these data show that
the Re—C bond of CH;ReOs is not cleaved on grafting.

The extended X-ray absorption fine-structure (EXAFS)
spectroscopic data are consistent with a Re center surrounded
by four direct neighbors: 1C at 2.16(2) and 30 at 1.718(4) A
(Table 1 and Figure S1). The fit is improved by adding 10O at a
relatively short distance of 2.47(5) A, along with 4O at 3.47(4)
and 2 Al at 3.11(3) A. Considering the four direct neighbors,
the Re—O and Re—C distances are elongated by about 1 and
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Figure 2. Direct proton-decoupling solid-state NMR spectrum of "*C-
labeled CH;ReO; on y-Al,0; 5o under MAS of 10 kHz and pulse angle
of 45°. The number of scans was 5000, and the recycle delay was set

Al,O; partially hydroxylated at 500°C, various types of OH
groups (4OHnm™?) and Al Lewis acid sites (Aly,, Aly, and
Aly) are present. We have recently shown, from the reactivity

of y-ALOj; (50 With H, and CH,, that hydration is not uniform

Table 1: Re—X distances for CH;ReO; supported on y-Al,O;, as measured 120 80
by EXAFS (S2=1, AE,=5(1) eV). .
Neighbor No. of neighbors Distance [A] o’ [AY

o) 2.8(2) 1.718(4) 0.0031(4)

CH, 1 2.16(2) 0.006(2)

o) 1 2.47(5) 0.013(3) to 10s.

Al 2 3.11(3) 0.013%

o] 4 3.47(4) 0.013"

[a] Constrained to equal the preceding variable.

5% compared to those of 1.704(3)

and 2.063(2) A in free CH;ReO;, &) b)

respectively.’! The structure of
CH;ReO; supported on v-AlO;.
(so0) 18 thus largely unchanged com-
pared to that of free CH;ReOs.

A quantitative  single-pulse
proton-decoupled *C magic angle
spinning (MAS) solid-state NMR
spectrum  of 100% “C-labeled
CH;ReO; on v-ALO; 5y, clearly
shows one large signal at 31 ppm
(78 %) and three other signals at 64
(12%), 20 (2%),"" and 10 ppm
(8%) (Figures2 and S2), which
indicates clearly that several surface
species are in fact present, in con-
trast to what is suggested by the 9 h)
EXAFS data, which point to the
presence of a single species.

We modeled CH;ReO; chemi-
sorbed on Lewis acid sites of vy-
AlLO; using periodic calculations.
The bulk of y-AlL,O; contains octa-
hedral (75 %, Alg,) and tetrahedral
(25 %, Alyy) aluminum sites, and the
bare surface of fully dehydroxylated

—"

247

2.03

Oy = 43 ppm [ AE = =114 kJ mol~’

Gye = 37 ppm [ AE ==97 kd mol”' 4, = 33 ppm / AE ==33 kJ mol~!

Sy = 78 ppm /| AE = —43 kJ mol-!

8y, = 88 ppm / AE =-29 kJ mol~'

alumina is therefore composed of
three-coordinate aluminum (Aly,,
Figure 3 a) and truncated octahedral
aluminum (Algy,), either four- (Alp,
Figure 3b) or five-coordinate (Aly,
Figure 3¢)."®2) Therefore, on y-

Angew. Chem. Int. Ed. 2007, 46, 38703873

Figure 3. Structures of representative aluminum Lewis acid sites (a—c), the corresponding com-
plexes with CH;ReO; coordinated to the Al sites (d—f), and the corresponding complexes resulting
from heterolytic splitting of the methyl group of CH;ReO; on the Al sites (g—i). Relevant bond
lengths given in A. O red, Al pink, C gray, Re yellow, H white. Only a small number of atoms of the
periodic surface slab in the vicinity of the grafting site are shown for clarity. 0y, = calculated
chemical shift of the methyl substituent relative to Me,Si, and AE=adsorption energy. a,d,g) Al
from bulk Aly. b,e,h) Al,, from bulk Alg,. ¢f,i) Aly (from hydration of Al,).
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and that low-coordinate dehydrated Aly; (from bulk Alg,,
Figure 3a) and Al;y (from bulk Alg,, Figure 3b) are present
as surface defects:”” Aly; (0.03 nm?) reacts with H, and CH,,
Al (0.04 nm?) only with H,, while regular Al, Lewis acid
sites (ca. 4nm’ Figure3c) react with neither of these
molecules. We therefore studied the structure and the
associated spectroscopic properties of surface species result-
ing from the reaction of CH;ReOj at various Lewis acid sites
(Figure 3 d-i).

First, coordination of CH;ReO; through an oxo ligand on
these Lewis acid sites is exoenergetic, with reaction energies
ranging from —97 (Aly,;) to —33 kImol ™' (Aly; Figure 3 d-f).
Coordination has only a small effect on the geometries at Re
and Al: the lengths of Re—C and Re—O bonds not involved in
coordination remain unchanged, and the Re—O bond length
of the Re=O bound to Al is only slightly elongated, by 2%.
Moreover, the calculated *C chemical shifts for the methyl
ligand range from 27 to 37 ppm, slightly downfield from those
of free CH;ReO; (Oexpn = 17, Ocyiea = 15 ppm).

Second, CH;ReO; can also react with these Lewis acid
sites through C—H activation of its methyl group, and the
resulting surface species are more stable than the separate
reactants, regardless of the coordination mode at Al, with
energies ranging from —114 to —29 kJmol™' (Figure 3 g-i).
The calculated *C chemical shift of CH;ReO; activated on
Al is 43 ppm (Figure 3g) and close to those of the
coordinated compounds (see above). In contrast, dy, of
surface species resulting from C—H activation on Aly, are
shifted downfield in the range 78-88 ppm (Figure 3h,i), so the
peak observed at 64 ppm can be attributed to Aly,—CH,ReO;
species. Additionally, grafting by C—H activation generates
surface hydroxy groups, hydrogen-bonded to surface Al-O
species, and this is also consistent with the appearance of
Al,OH bands at lower wavenumber in the IR spectrum
(Figure 1).

Note that the calculated Re—C and Re=0 bond lengths in
Alg—CH,ReO; are close to those in free CH3;ReO; or in
CH;ReO; coordinated to Lewis acid sites via the oxo ligands.
This explains why the observed EXAFS data can be
consistent with a unique Re environment (all the species
have similar Re—C and Re—O bond lengths), while numerous
surface species are evidenced by NMR spectroscopy. While
EXAFS is a powerful tool to determine surface structures, it
only provides an average structure and cannot be used to
distinguish small differences between several surface sites
with similar coordination environments around the metal
center.

Considering the surface density of the various types of Al
Lewis acid sites, the integration of the observed NMR signals
and the 0y, values of various possible surface species, the
major surface species (1.05nm?), associated with NMR
signals observed around 30 ppm are mainly CH;ReO; units
coordinated to Lewis acid sites, and the minor species
(0.15 nm?) correspond to Alg,—CH,ReOs; units.

CH;ReO;/v-ALO; (509 transforms 500 equiv of propene
into a thermodynamic mixture of ethene and 2-butenes in less
than 1 h with an initial turnover frequency of 11 TON min ',
but the structure of the active site and the importance of the
methyl ligand remain to be understood at a molecular
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level.'%12131 We therefore investigated the reaction of several
olefins with CH3;ReO; supported on y-alumina in order to
understand the initiation step.

After reaction of CH;ReO5/y-AlLO; (5o With 0.53 equiv of
BC-dilabeled ethene for 15h, 0.40 equiv of ethene was
detected, of which 28% was *C-monolabeled. Besides
ethene, a mixture of “C-labeled propene isotopomers was
formed (0.015 equiv), probably by decomposition of the
metallacyclobutane intermediate.”!! Considering a mass bal-
ance of 80 % and the nonquantitive exchange due to the small
amount of ethene per Re active site, CH;ReO5/y-ALO; (50
contains about 14-15 % of active sites. Reverse titration of the
active sites by contacting CH;ReO;/y-Al,Os. (5, previously
treated with dilabeled ethene, with unlabeled ethene gave
BC-monolabeled ethene in an amount which also corre-
sponded to about 14-15 %. This shows that about 14-15% of
the methyl groups are involved in the formation of the
propagating carbene species (Scheme 1, R =H). The involve-
ment of the methyl group of CH;ReO; was further confirmed
by contacting 99% "“C-labeled CH;ReO,/y-ALO; 500y With
11 equiv of (Z)-stilbene, which gave (E)-stilbene and
0.10 equiv of styrene, 98 % "*C-monolabeled (Scheme 1, R =
Ph).

R R
% * \—/ ,R R
Re—CH; — O~ Re=CH, Re=C

CH3ReO3/y-Al,04 propagating species

Scheme 1. Mechanistic rational of the metathesis on CH;ReO;/y-AlLO;.

Furthermore, the solid-state *C cross-polarization (CP)
MAS NMR spectrum of CH;ReOs/y-AlO; 5y, contacted
with 0.53 equiv of 100 % “C-dilabeled ethene showed that the
major signal results from a sharp increase of the peak at
66 ppm, previously attributed to Aly,CH,ReO; (Figure
S3a,b). Other signals also appeared, and they are attributed
to physisorbed olefins (144 ppm) and olefin oligomers (31, 21,
and 11 ppm), because the same signals appear on contacting
y-ALO, with *C-dilabeled ethene (Figure S4). Noteworthily,
integration of the signal at 64 ppm in the *C NMR spectrum
of PC-labeled CH;ReO,/y-ALO; sy (12 %, Figure 2) is fully
consistent with the titration of this site with *C-labeled
ethene (14-15%). Note that no signal at lower fields (150-
400 ppm range), typical of carbene ligands, was observed
(Figure S3c). Therefore, Al,,CH,ReO; is the stable form of
the active site of the catalyst, which probably generates the
necessary carbene in situ during metathesis, and thus this
system corresponds to a Re-based heterogeneous equivalent
of the Tebbe reagent (Scheme 2).22%!

In conclusion, for CH;ReO; on y-ALOj 50, a highly
efficient olefin metathesis catalyst, the major surface species
(85-86 %) correspond to interaction of the oxo ligand of
CH;ReO; with surface Lewis acid sites of alumina, but these
are inactive for olefin metathesis. The active site,
Aly,CH,ReO;, is in fact a minor species (14-15%), and
results from C—H activation of the methyl ligand of CH;ReO;
on y-alumina. Thus, the major observed surface species is not
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Scheme 2. Proposed active sites for CH;ReO; supported on v-Al,O;.

responsible for the catalytic event, and therefore careful use
of a combination of several techniques (in particular thorough
modeling and labeling experiments) is required to understand
the structure of working catalysts at a molecular level.
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