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We report herein the synthesis and the characterization of
tSiO-Re(tC-Bu-t)(dCH-Bu-t)(CH2Bu-t), 1, a highly active
“well-defined” heterogeneous catalyst supported on silica for
olefin metathesis.

Some of the first olefin metathesis catalysts were prepared by
impregnatingγ-Al 2O3 typically with aqueous solution of NH4-
ReO4 or HReO4 followed by drying and calcination steps. These
catalysts referred to as Re2O7/Al2O3 have been extensively studied
because of their high activity and selectivity at low temperatures
(273-373 K) as well as their ability to tolerate some function-
alized olefins (especially when activated by organotin reagents).1

In particular, it has been shown that during catalysis less than
2% of the Re is actually active,2 and this has been associated
with Re centers in proximity to some highly active acidic sites
of alumina. More recently, methyltrioxorhenium supported on
silica alumina or niobia have also shown good activity in olefin
metathesis of functionalized olefins at room temperature without
the use of additives.3 All of these studies have related the activity
with the acidity of the support, and usually no or low activity
has been found for rhenium compounds supported on silica, a
rather nonacidic support.4

Our strategy uses a different approach which stems from the
concept of surface organometallic chemistry, and whose goal is
to generate a well-defined coordination sphere around a metal
grafted on a support usually via a direct covalent bond between
the metal and the metal oxide such as silica or alumina.5 In
homogeneous systems, the best rhenium systems have been those
having a d0-configuration6 and containing alkylidene ligands.7,8

This led us to investigate the preparation of a well-defined carbene
of rhenium supported on silica with a d0-configuration. The
complex Re(tCBu-t)(dCH Bu-t)(CH2Bu-t)2, 2,8 a d0-Re(VII)
hydrocarbyl complex was a promising molecular precursor, and
its grafting was therefore studied.

Typically, when a mixture of 1.00 g of SiO2-(700) (0.23-0.26
mmol of surfacetSiOH)9 and 0.20 g of2 (0.43 mmol) in pentane
is stirred for 2 h at 20°C, 0.24 mmol of neopentane is liberated.10

This corresponds to 0.92-1.04 neopentane formed/available
surfacetSiOH. The corresponding yellow surface organometallic
compound1 obtainedsafter washing the excess of2 and drying
under high vacuum at 25°Cscontains 14.9 C/grafted Re (4.75
and 4.55 wt % of Re and C, respectively).11 The microanalysis is
in agreement with the formation of 0.94 equiv of neopentane/Re
during the grafting process12 and the grafting of one Re per silanol
available on SiO2-(700).9 These numbers are further confirmed by
the hydrogenolysis of1 at 250°C which produces 14.1 equiv of
methane per Re. Therefore, the surface complex1 is a rhenium
complex monografted to the silica surface and surrounded by 3
“neopentyl-like ligands (Np#)”: tSi-O-Re(Np#)3. Moreover,
spectroscopic data (vide infra, comments and Scheme 1) support
the following structure for1: tSi-O-Re(tCBu-t)(dCH Bu-
t)(CH2Bu-t).13 First, the solid-state1H NMR spectrum of1 has
two distinct signals at 11.0( 0.5 (dCHBu-t, 1H) and 1.0( 0.5
(CH3, Bu-t, 27H) ppm (Figure 1a). Two other signals of weak
intensity at 3.0 and 2.6 ppm are assigned to the two diastereotopic
protons of the methylene fragment of the neopentyl ligand
(CHaHbBu-t, 2H). Second, the CP MAS13C NMR gives three
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broad peaks at 246 (dCHBu-t), 44 (CH2Bu-t) and 30 (CH3, Bu-
t) ppm (Figure 1b). The carbyne carbon of1 has not been detected
(it should appear around 300 ppm, vide infra).14 This is not
surprising since this carbon does not have hydrogen either in its
R- or â-position and therefore no signal enhancement is achieved
in CP MAS NMR.

To further understand the structure of the surface organorhe-
nium complex, the corresponding molecular complex3 with a
triphenylsiloxy substituent in place of a siloxy group of the silica
surface was prepared. The reaction of2 with 1 equiv of
triphenylsilanol in benzene at room temperature quantitatively
gives3 as a 10/1 mixture of itssyn- andanti-rotamers (Scheme
1). The NMR data of the major isomer of3 (syn) fully support
the assignments of1 (See closely the proton and carbon chemical
shifts of all of the ligands of the syn-rotamer of3smolecular
modelsand1ssupported complexsScheme 1).15 As compared
to 1, the model complex3 does show a resonance characteristic
of its carbyne ligand at 292 ppm, which unfortunately cannot be
seen for1 (for reasons aforementioned, vide supra). On the other
hand, upon using a partially13C-labeled surface complex1 on
the carbonsR to the metal center, the presence of the three
different ligands was clearly established, and the chemical shifts
of their correspondingR-carbon were close to identical to those
of 3 (Figure 2).16

All of the data and their comparison with those of the model
complex3 are consistent with a Re-surface complex bearing four

different ligands, that is a neopentyl, a neopentylidene, a
neopentylidyne, and the siloxy group from the surface, like in
the proposed structure of1. To our knowledge, this is the first
example of a fully characterized silica-supported rhenium(VII)
carbene and carbyne complex, which should be a metathesis
catalyst for olefins and alkynes.

In fact, when 500 equiv of propene are contacted with1 at 20
°C, the equilibrium is reached within less than 1 h.17 The initial
rate (TOF) is 0.25 mol/mol Re/s, which corresponds to one of
the best for Re catalysts.1,4,6,7Moreover, the evolution of roughly
1 equiv of a 1:3 mixture of 3,3-dimethylbutene and 4,4-dimethyl-
2-pentene is consistent with a cross-metathesis of the neopentyl-
idene ligand of1 and propene.18 Additionally, this surface complex
1 is also able to catalyze alkyne metathesis, thus equilibrating in
20 min at room temperature 15 equiv of 2-pentyne into 2-butyne
and 3-hexyne.19 These data are also consistent with the structure
of 1. In conclusion, this study constitutes the first synthesis of a
highly active well-defined rhenium heterogeneous catalyst sup-
ported on silica for olefin and alkyne metathesis.
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(14) This type of carbon appears in the 280-310 ppm range; for a
comprehensive data set on carbyne chemical shifts, see: ref 8c.

(15) Interestingly, when the surface complex is heated at 120°C under
Ar, a second carbenic C-H proton appears at 12.7 ppm in the1H NMR
spectrum. This chemical shift corresponds to that of theanti-rotamer of the
model compound3. This would mean that the surface complex1 is present
as thesyn-rotamer only at low temperatures (<25 °C) and isomerize to a
mixture of rotamers upon warming. The complete set of NMR data forsyn-3
andanti-3 can be found in the Supporting Information.

(16) The surface complex1, 10%13C-labeled on the carbonR to the metal
center was prepared by using13C-enrichedt-BuCH2MgCl in the synthesis of
2, see ref 8. To observe the carbyne signal, it is better to use HP DEC MAS
NMR in place of CP MAS NMR.

(17) At 25 °C, the∆G° of this reaction is 1.7 kJ/mol, which corresponds
to a 34.1% conversion of propene into a one-to-one mixture of ethene and
2-butenes (trans/cis ) 3).

(18) In trying to characterize the surface complex arising from a cross-
metathesis reaction,13C-dilabeled ethylene was used. Upon addition of 13.5
equiv of labeled ethylene in two cycles on1, the evolution of 0.5 equiv of
3,3-dimethylbutene, 100%13C-labeled at the methylene, was observed in
agreement with a cross-metathesis between the neopentylidene ligand and
ethylene. NMR spectroscopy on1 treated with ethylene showed the disap-
pearance of the signals corresponding to the neopentylidene ligand and the
appearance of new signals at 230, 120-100, 50-30 ppm, consistent with the
formation of both methylene rhenium and rhenacyclobutane surface complexes
(see ref 7e). The data obtained for both the metathesis of propene and ethylene
clearly shows that1 is the olefin metathesis catalyst precursor, and further
studies to characterize these new complexes and to understand the fate of1
during catalysis are currently underway.

(19) For an example of alkyne metathesis with a ReVII-alkylidyne complex,
see: Weinstock, I. A.; Schrock, R. R.; Davis, W. M.J. Am. Chem. Soc.1991,
113, 135.

Figure 1. (a) Solid-state1H NMR spectrum of1. (b) Solid-state CP
MAS 13C NMR spectrum of1.

Figure 2. Solid-state HP DEC MAS13C NMR spectrum of partially
13C-labeled1.
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