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Abstract

The active sites (15% of total Re) of CH3ReO3 supported on alumina arise solely from the reaction of the C—H bond of CH3ReO3 with reactive
Alg—Og sites of a y-Al,O3 surface to yield [AlgCHyReO3], whereas the major species, inactive, corresponds to MeReO3 chemisorbed through
its oxo ligand(s) on Lewis acid sites of alumina. Monitoring the active sites of CH3ReO3 supported on alumina by solid-state NMR spectroscopy
shows that no carbenic signals are observed and that the resting states of the catalyst in the metathesis of propene correspond to p-methylene and
u-ethylidene species, so that the propagating carbenic species are likely formed only in the presence of olefins. Although this system is highly
active in the metathesis of propene, with initial rates similar to some of the best catalysts, it undergoes fast deactivation, which is due to the

propene metathesis products, most likely ethene.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Olefin metathesis (OM) has been a very important indus-
trial process since the discovery of the first heterogeneous OM
catalysts [1], and today it is associated with crackers in petro-
chemical plants to improve the yield of propene through the
cross-metathesis of ethene and 2-butenes [2]. Of the various
classical heterogeneous OM catalysts, ReoO7/Al,O3 is the only
one that works efficiently at room temperature [3,4]. Moreover,
this heterogeneous catalyst also can be used to convert oleate
esters [5] when activated by organotin agents, which are, how-
ever, detrimental to the regeneration process [6]. In contrast, in
the early 1990s, Herrmann et al. showed that CH3ReOs3 sup-
ported on silica—alumina is a highly active metathesis catalyst
for functionalized olefins, without the need for an additional co-
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catalyst [7]. Activity has been associated with the Lewis acidity
of the support [8], and in fact active systems based on CH3ReO3
use Lewis acid-containing supports [8—12]. In all these sys-
tems, the structure of the active site(s) and the involvement
of the methyl as the source of the carbene have long been a
matter of debate. Using spectroscopic (IR, NMR and EXAFS)
reactivity and molecular modeling studies, we recently showed
that the active sites of CH3zReO3 supported on y-Al,03_(500)
arise from the methyl and corresponds to only a minor sur-
face species, [AlsCHyReOs], present only as ca. 15% of all Re
(Scheme 1) [13]. This species results from the C—H activation
of the methyl ligand of CH3ReO3 onto reactive Alg—O sites
of alumina (where Alg denotes surface aluminum sites) [14],
thus yielding a w-methylene bridge species [AlsCH>ReO3]
that displays a characteristic '3C NMR signal at 66 ppm [13].
Note that no Re alkylidene has been observed at lower fields
(180-400 ppm) [15], and that the w-methylene species is ex-
changed on contacting 13C.labeled ethene with CH3ReOs3/
y-Al03.(500), demonstrating that this p-methylene species
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Scheme 2. Proposed active and inactive sites for the CH3ReO3/Al,03.

corresponds to the resting state of the catalyst and that the
alkylidene species is probably formed in situ in the presence
of olefins (Scheme 2).

Here we present a detailed kinetic study of the propene
metathesis in a flow reactor (effect of time on stream and space
time velocities) and an investigation of the active sites and their
life cycle by titration studies and by solid-state NMR spec-
troscopy.

2. Experimental
2.1. General procedure

All gases were purified on R-3/11 provided by BASF and
MS 4 A before use. Gas-phase analysis was performed on a
Hewlett—Packard 5890 series II gas chromatograph equipped
with a flame ionization detector and a KC1/Al,O3 on fused sil-
ica column (50 m x 0.32 mm).

2.1.1. Solid-state NMR spectroscopy

All solid-state NMR spectra were recorded under MAS
(vr = 10 kHz) on a Briiker Avance 500 spectrometer equipped
with a standard 4-mm double-bearing probe head (125.73 MHz
for 13C). The freshly prepared samples were introduced in the
4-mm zirconia rotor in a glove box and tightly closed. Com-
pressed air was used for both bearing and driving the rotors.
Chemical shifts are reported in ppm downfield from Si(CHj3)4
(£0.1 and 1 ppm for 'H and '>C NMR spectra, respectively).
The typical cross-polarization sequence was used for the '3C
CP MAS NMR spectra: 90° proton pulse, cross-polarization
step to carbon spins, and detection of the carbon magnetiza-
tion under proton decoupling TPPM-15 [16]. For the CP step,
a ramp radio frequency (rf) field centered at v = 60 kHz was
applied on protons, whereas the carbon rf field was matched to
obtain the optimal signal. The contact time for CP was set to
2 ms. An exponential line broadening of 80 Hz was applied be-
fore Fourier transform. All other details are given in the figure
captions.

2.2. Preparation of y-Al03.(500)

y-AlLO3 from Degussa was calcined at 500 °C in dry air for
18 h and then treated at 500 °C under vacuum (0.13 mPa) for
18 h to give y-Aly03.(500) (105 m?/g).

2.3. Reaction of y-Al;O3.(500) with CH3ReOj3

y-AlO3.500) (1 g) was contacted, while stirring, with
100 mg of CH3ReO3 at 25°C. After 3 h, removal of the ex-
cess of molecular complex was performed by reverse subli-
mation, and the resulting solid was then treated under vacuum
(0.13 mPa) for 3 h. Elemental analysis: Re 3.8 wt%.

2.4. Metathesis of propene catalyzed by CH3ReO3/Al203.(500)

CH3Re03/A1,03.500) (50 mg, 10.2 pmol of Re) was intro-
duced under Ar in a 195-mL batch reactor. After evacuation
of Ar, 533 Torr of propene (547 equiv) was added. During the
reaction at 25 °C, aliquots were expended in a small volume,
brought to atmospheric pressure, and analyzed by gas chro-
matography (GC).

2.5. Metathesis of ethyl oleate catalyzed by
CH3ReO3/Al203.(500)

Into a 22-mL batch reactor was introduced 104 mg of
CH3Re03/A1,03.500) (21.4 umol of Re) and 2.8 mL of a 0.8 M
solution of ethyl oleate in pentane (2.24 mmol). During the re-
action at 25 °C, aliquots (1 to 2 drops) were taken, diluted in
pure solvent (0.2 mL), and analyzed by GC.

2.6. Reaction of CH3ReO3/Al>03.(500) with Z 2-butene
followed by contact with 13 C di-labeled ethene (titration of
active sites)

CH3Re03/A1,03.500) (98 mg, 20 pmol of Re) was intro-
duced under Ar in a 22-mL batch reactor. After evacuation of
the gas phase, Z 2-butene (44 Torr, 2.6 equiv) was added. After
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