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ABSTRACT: Supported metal oxide based olefin metathesis catalysts
are widely used in the chemical industry. In comparison to their
organometallic catalyst cousins, the oxide catalysts have much lower
activity due to the very small fraction of active sites. We report that a
simple pretreatment of MoO3/SiO2 and WO3/SiO2 under an olefin-
containing atmosphere at elevated temperatures leads to a 100−1000-
fold increase in the low-temperature propylene metathesis activity. The
performance of these catalysts is comparable with those of the well-
defined organometallic catalysts. Unprecedentedly, the catalyst can be
easily regenerated by inert gas purging at elevated temperatures.
Furthermore, using UV resonance Raman spectroscopy and electron
microscopy, we provide strong evidence that the active sites for MoO3/SiO2 are derived from monomeric Mo(O)2 dioxo
species.
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■ INTRODUCTION

Supported metal oxide based olefin metathesis catalysts (MoOx,
WOx, and ReOx) have been widely used in megaton-scale
industrial processes, including the Olefins Conversion Tech-
nology, the Shell Higher Olefin Process, etc.1−3 Unfortunately,
the activity of supported metal oxide catalysts is usually lower
than that of organometallic catalysts by several orders of
magnitude.2,4 Extensive efforts have been devoted to integrating
the merits of homogeneous organometallic catalysts’ high
activity and selectivity with that of supported metal oxide
catalysts’ ease of separation and regeneration. One approach is
heterogenizing homogeneous olefin metathesis catalysts by
grafting them on various supports. This technique improves the
recyclability of these expensive organometallic compounds at
the expense of catalytic activity.4−7 Another approach is to
enhance the activity of supported metal oxides either with
promoters such as organotin compounds or with unusual and
complicated pretreatments.2,3,8−10 Supported organometallic
catalysts and organotin-promoted supported metal oxides
require complex syntheses and are not easily regenerated.
Practically speaking, the development of highly effective
pretreatment methods to improve the performance of
supported metal oxide catalysts would be desirable. Conven-
tional pretreatment in most metathesis studies includes high-
temperature calcination and inert gas purging.2,3 It has been
shown that an olefin pretreatment at elevated temperature can

improve the initial activity by shortening the induction
period;2,3,11−13 however, the overall increase in activity is
rather modest. More effective pretreatment protocols that have
also been reported include photoreduction by carbon
monoxide8,9 and reduction by atomic hydrogen at liquid
nitrogen temperature,10 but these procedures are not suitable
for large-scale industrial applications. To the best of our
knowledge, no Mo- or W-based heterogeneous olefin meta-
thesis catalyst has been reported which simultaneously
possesses high activity, selectivity, stability, and ease of
regeneration.
The failure to develop such an ideal oxide-based olefin

metathesis catalyst is largely due to an incomplete knowledge of
the active site structures and how to generate them. Unlike the
family of organometallic olefin metathesis catalysts that have
well-defined structures, supported metal oxides always contain a
mixture of surface species, where often less than 1−2% of the
total metal atoms contribute to the reaction.2,13−15 As a result,
identifying and elucidating the structure of the active sites is an
extremely challenging task.
Here we demonstrate that a very simple pretreatment of wet

impregnated MoO3/SiO2 and WO3/SiO2 catalysts under an
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olefin-containing atmosphere at elevated temperatures results
in a 100−1000-fold increase in the low-temperature propylene
metathesis activity. The observed activity, selectivity, and
stability of our catalysts are comparable with those of high-
performance supported organometallic catalysts. Unexpectedly,
our catalysts can be regenerated simply by inert gas purging at
elevated temperatures. Furthermore, the concentration of active
sites correlates with both electron microscopy images and
Raman spectroscopy bands of isolated Mo(O)2 species,
suggesting that these species are the active site precursors on
MoO3/SiO2 catalysts. This provides valuable guidance for the
rational design of low-cost and high-performance oxide-based
olefin metathesis catalysts relevant for many applications.4,6,16

■ RESULTS AND DISCUSSION
MoO3/SiO2 and WO3/SiO2 with different loadings were
prepared via wet impregnation followed by drying and
calcination (experimental details in the Supporting Informa-
tion). Propylene metathesis was examined over these catalysts
(reactor schematic shown in Figure S1 in the Supporting
Information). Figures S2 and S3 in the Supporting Information
show the temperature-programmed reaction spectra (TPRx) of
MoO3/SiO2 and WO3/SiO2 after a conventional activation
process which includes high-temperature calcination and inert
gas purging.2,3 Propylene conversion is negligible at low
temperatures, but with increasing reaction temperature the
conversion increases, reaches a plateau, then increases again,
and finally reaches a maximum. In comparison to MoO3/SiO2,
WO3/SiO2 requires higher activation temperatures to give an
appreciable olefin metathesis activity because of its compara-
tively poor reducibility.2,4 The TPRx showed progressive
activation during the temperature-programmed reaction,
which encouraged us to study the activation of MoO3/SiO2
and WO3/SiO2 by high-temperature propylene pretreatments.
The activation procedure was explored within the bounds of

varying the propylene concentration and activation temperature
(discussed later). The best result for MoO3/SiO2 was obtained
via 4/96 (v/v) propylene/N2 pretreatment at 550 °C for 30
min with an additional inert gas purge for 10 min at the same
temperature. An activation temperature of 700 °C was used for
WO3/SiO2. Figure 1 and Figures S4−S6 in the Supporting
Information show the low-temperature propylene metathesis
performance of MoO3/SiO2 and WO3/SiO2 after the optimized
activation procedure. Propylene metathesis to produce ethylene

and 2-butenes is a reversible reaction, with an equilibrium
propylene conversion of 42% at 20 °C (calculated from HSC
5.1), which we approach but do not achieve. The products
observed over the pretreated MoO3/SiO2 and WO3/SiO2
catalysts are exclusively ethylene and butenes, with a molar
ratio close to 1. The selectivity toward 2-butenes out of the
total butene products is greater than 99.5%, with isomerization
products at less than 0.5%. The ratios of cis- to trans-2-butene
are approximately 1/3 and 2/3 during the initial stage of
reaction over MoO3/SiO2 (20 °C) and WO3/SiO2 (200 °C),
respectively (Figures S5 and S6), which are very close to the
equilibrium ratios at these reaction temperatures (calculated
from HSC 5.1). We verified that the MoO3/SiO2 is also active
for the reverse reaction, cis-2-butene + ethane to propylene
(data not shown).
The initial turnover frequency (TOF calculation based on

the total amount of metal) of MoO3/SiO2 at room temperature
is approximately 640/h, equal to a weight-based activity of 300
mmol/(gcat h). In the case of WO3/SiO2, the initial TOFs at
200 and 250 °C are 800/h and 1200/h, corresponding to 360
and 540 mmol/(gcat h), respectively. The accumulated turnover
number (TON) reaches 10000 within 40 and 10 h for MoO3/
SiO2 and WO3/SiO2, respectively. These activities are 2−3
orders of magnitude higher than those when the catalysts are
pretreated by calcination and inert gas purging alone. In
comparison to the most active, reported MoO3−Al2O3−SiO2
catalysts made by flame synthesis (18 mmol/(gcat h))

17 and
aerosol synthesis (32 mmol/(gcat h)),

18 our catalysts have 1
order of magnitude higher activity.
While the TOFs based on the total amount of Mo and W in

the catalysts are comparable to those of high-performance
supported organometallic catalysts (TOFs of 103−104/
h),4,5,19−23 when they are computed on an active site basis,
evaluated below, the initial TOF of MoO3/SiO2 is 1.5 × 104/h.
Previously, Blanc et al.22 reported on a series of high-
performance, organometallic-derived SiO2-supported Mo-
based olefin metathesis catalysts with propylene metathesis
TOFs of 1.9 × 104/h to 4.8 × 104/h at 30 °C, values that are
similar to ours.
The catalytic activity of MoO3/SiO2 and WO3/SiO2 can be

fully restored via calcination followed by reactivation in
propylene, since this mimics the original activation procedure,
but to our surprise, simple inert gas purging at elevated
temperatures (550 °C for MoO3/SiO2 and 700 °C for WO3/

Figure 1. Time-on-stream propylene metathesis performance of MoO3/SiO2 (a) and WO3/SiO2 (b) after high-temperature activation procedures. A
100 mg portion of MoO3/SiO2 was activated in C3H6/N2 = 4 sccm/96 sccm at 550 °C for 30 min and then purged with N2 at 550 °C for 10 min;
100 mg of WO3/SiO2 was activated in C3H6/N2 = 4 sccm/96 sccm, the temperature was increased from 550 to 700 °C with a ramp rate of 10 °C/
min and kept at 700 °C for 30 min, and then the system was purged with N2 at 700 °C for 10 min. The first regeneration was conducted via
calcination in air up to 550 °C followed by reactivation in propylene as described above. The second and third regenerations were conducted via N2
purging at 550 °C (Mo) or 700 °C (W) for 10 min. The reaction was conducted at 250 °C after the first regeneration of WO3/SiO2 to study the
time-on-stream behavior of WO3/SiO2 at 250 °C, where the activity is higher than that at 200 °C.
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SiO2) also fully restores the catalytic activity. Catalysts
regenerated with either method behave in a manner that is
analogous to the freshly activated catalyst. To the best of our
knowledge, this is the first report that inert gas purging can
completely regenerate an olefin metathesis catalyst. Taking into
account that none of the organometallic olefin metathesis
catalysts can be easily regenerated, our discovery of a
regeneration pathway is highly significant.
We have studied the activation and regeneration processes in

some detail. The widely accepted Heŕisson−Chauvin olefin
metathesis mechanism involves metallocarbene and metal-
lacyclobutane intermediates,24,25 implying that the successful
activation of supported-oxide-based olefin metathesis catalysts
requires the conversion of metal oxo (MO) species into
metallocarbene or metallacyclobutane. Temperature-pro-
grammed reaction experiments showed that during activation
the formation of CH4, CO, and H2 started at around 500 °C on
MoO3/SiO2 and at around 600 °C on WO3/SiO2 (Figure 2 and

Figure S7 in the Supporting Information), while the bare SiO2
support gave negligible propylene conversion up to 700 °C
(Figure S8 in the Supporting Information). The observation of
these products implies that the activation of MoO3/SiO2 and
WO3/SiO2 is consistent with a so-called pseudo-Wittig reaction
(Scheme 1),26,27 which converts MoO and WO into
MoCHR and WCHR (R = H, CH3), releasing unstable
aldehydes. These aldehydes quickly decompose into the
observed CH4, CO, and H2. The formations of benzene and
excess ethylene are likely from dehydroaromatization and
hydrogenolysis of C3H6, respectively. A decrease in the quantity
of MoO and WO structures from the activation process is
confirmed by UV resonance Raman spectroscopy (Figure S9 in
the Supporting Information).
Although it has been known for some time that an olefin

pretreatment would increase the initial activity of an oxide-
based olefin metathesis catalyst by shortening its induction
period,2,13 a 2 orders of magnitude improvement in activity was
not observed, because the pretreatment temperatures used were
significantly lower than those in our work. Indeed, our
measured activity was found to be sensitive to the pretreatment
temperature, which needs to be close to 550 °C for MoOx/SiO2

and 700 °C for WOx/SiO2 in order to remove oxygen atoms
and give rise to high activity (Figures 2 and 3 and Figure S7 in
the Supporting Information). Increasing the propylene
concentration from 4% to 50% for high-temperature activation
of MoO3/SiO2 resulted in slightly lower activity at 20 °C
(propylene conversion of 34.5% vs 28.2%). The generality of
this approach was investigated by using ethylene instead of
propylene for the activation, as well as different MoO3
precursors and SiO2 supports for the wet-impregnation
synthesis of MoO3/SiO2. The high-temperature procedure led
to similarly high catalytic performance. (Figure 3 and Figure
S10 in the Supporting Information).
In order to gain a more in-depth understanding of the

remarkable regeneration by inert gas purging, we used mass
spectrometry (MS) to monitor the temperature-programmed
desorption (TPD) process after deactivation of the MoO3/SiO2
catalyst at low reaction temperature. As shown in Figure 4a,
ethylene, propylene, butene, and pentene signals were observed
sequentially as the temperature increased. Desorption of these
species was complete below 300 °C. They can be attributed to
the decomposition of surface metallacyclobutanes with different
branching structures. That desorption of these species coincides
with the regeneration of active sites can be seen in the
progressive regeneration at temperatures that correspond to
their desorption temperatures (Figure 4b).
These results support the model that the low-temperature

deactivation of MoO3/SiO2 in propylene metathesis follows an
intrinsic mechanism. In addition to the Heŕisson−Chauvin
catalytic cycle, inactive states of the metallacyclobutanes have
been implicated by both experimental and theoretical
work.20,28−30 With time-on-stream, most of the active structures
gradually convert to energetically more stable but catalytically
less active forms, resulting in catalyst deactivation. Upon inert
gas purging at elevated temperatures, all types of structures in
both active and inactive states decompose and restore the
original active surface structures, and the catalyst is regenerated.
Both cycloreversion and reductive elimination are involved in
the decomposition process. The presence of reductive
elimination is suggested by the formation of pentene species
during TPD (Figure 4a), as cycloreversion only gives ethylene,
propylene, and butenes. Furthermore, when it is taken into
account that butene isomerization activity is rather low at 200
°C (Figure S4 in the Supporting Information) and the
concentration of the desorbed olefin species is also very low

Figure 2. GC (a, c) and MS (b, d) analyses of the gaseous products
generated during the temperature-programmed propylene metathesis
over MoO3/SiO2. Reaction conditions: 200 mg of 6.7 wt % MoO3/
SiO2; calcined in air (50 sccm) at 550 °C for 60 min; purged with N2
(100 sccm) at 550 °C for 60 min; cooled to 50 °C under N2 (100
sccm); switched to C3H6/N2 = 4 sccm/96 sccm; temperature
increased from 50 to 600 °C with a ramp rate of 1 °C/min.

Scheme 1. Possible Activation Mechanism and Side
Reactions during the High-Temperature Olefin
Pretreatment
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Figure 3. Propylene metathesis activity of MoO3/SiO2 (a) and WO3/SiO2 (b) activated in C3H6/N2 or C2H4/N2 at different temperatures. WO3/
SiO2 was only activated in C3H6/N2. Prior to activation, 200 mg of catalyst was calcined in air at 550 °C for 30 min and then purged with N2 at 550
°C for 30 min. The catalyst was activated in C3H6/N2 = 4 sccm/96 sccm at the target temperature for 30 min, purged with N2 at the same
temperature for 10 min, cooled to 20 °C (Mo) or 250 °C (W) in N2, and switched to C3H6/N2 = 40 sccm/5 sccm.

Figure 4. Regeneration of MoO3/SiO2 via inert gas purging: (a) TPD-MS of deactivated MoO3/SiO2; (b) propylene metathesis activity of MoO3/
SiO2 recovered at different temperatures. The catalyst was deactivated in propylene metathesis at 100 °C for 1 h. Regeneration conditions: 20 sccm
N2; 30 °C/min from 20 °C to the target temperature and that temperature kept for 10 min.

Figure 5. Olefin metathesis active site counting and structure identification in MoO3/SiO2: (a) MoO3 loading dependent active site fraction and
surface density from 13CH213CH2 titration; (b) infrared and (c) UV resonance Raman spectra of MoO3/SiO2 with different loadings; (d) MoO3
loading dependent Raman band areas of monomeric and polymeric molybdate dioxo species. The infrared spectra in (b) have been normalized to
the amount of SiO2. The Raman spectra in (c) have been normalized to the intensity of Si−O vibrations (400−700 cm−1). The Raman band areas in
(d) have been normalized to the surface areas of each MoO3/SiO2. The data in (d) represent the average values from multiple fittings by shifting the
band positions ±1 cm−1 from the best-fitted positions; error bars represent standard deviations.
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(butene concentration estimated less than 0.05% on the basis of
our MS calibration), it is unlikely that the desorbed butenes can
undergo secondary reactions such as isomerization and
consecutive metathesis, which are needed for pentene
formation by this route. Therefore, the most plausible route
for pentene formation is reductive elimination of metal-
lacyclobutanes. Empty sites generated from reductive elimi-
nation could combine with propylene to restore metal-
lacyclobutane structures. Given the general nature of the
deactivation mechanism, this type of regeneration should be
universal for metal oxide based olefin metathesis catalysts.
Identification and characterization of catalytically active sites

are prerequisites for an atomic-level understanding of the
catalytic mechanism and rational design of high-performance
heterogeneous catalysts. To this end, we counted the number
of active sites of the pretreated MoO3/SiO2 by isotope tracing
(detailed procedure described in the Supporting Informa-
tion).13,15 In brief, after the activated MoO3/SiO2 catalyst
reached a steady state in propylene metathesis at room
temperature, the system was thoroughly purged with nitrogen,
followed by dosing with 13CH213CH2. The formation of
13CH2CH2 and 13CH2CHCH3, originating from Mo
CH2 and MoCHCH3, respectively, was monitored by MS. A
series of MoO3/SiO2 catalysts with different loadings were
tested. The highest weight-base activity is 420 mmol/(gcat h),
which was obtained on the 12.6 wt % MoO3/SiO2 catalyst, as
shown in Figure S11 in the Supporting Information. The active
site counting results are given in Figure 5a and Table 1. The
fraction of active Mo on the 6.7 wt % MoO3/SiO2 dramatically
increases from close to 0 (negligible without a high-temper-
ature propylene pretreatment) to 4.2% after a high-emperature
propylene pretreatment. The fraction of Mo that is active
increases as the loading of MoO3 decreases and is maximized at
10.9% on the 1.4 wt % MoO3/SiO2 material. The fraction of
active Mo obtained by this procedure is 10-fold higher than that
of most supported MoO3 catalysts.

15 This can explain, in part,
the high activity of high-temperature, olefin-pretreated catalysts.
The surface density of active sites was calculated by

normalizing the total number of active sites to the specific
surface area of the catalyst, which was measured by N2 sorption
(Figures S12 and S13 in the Supporting Information). The
specific surface area and pore volume (<150 nm) decrease with
MoO3 loading. Interestingly, the amount of larger-size
mesopores (∼10 nm) increases with the expense of smaller-
size mesopores (∼5 nm), which likely results from the

restructuring of SiO2 by MoO3. As shown in Figure 5a, the
surface density of active sites increases with MoO3 loading and
levels off beyond a loading of ca. 20 wt %. Infrared spectroscopy
of MoO3/SiO2 shows that the silanols are almost completely
consumed at 20 wt % (Figure 5b), implying that the molybdate
species have saturated the SiO2 surface at this loading. The
formation of micron-sized MoO3 crystals at 20 wt % is
confirmed by X-ray diffraction and electron microscopy
(Figures S14−S17 in the Supporting Information). UV−vis
diffuse reflectance spectra show that the absorption band edge
of the MoO3/SiO2 catalysts red-shifts with the MoO3 loading
(Figure S18 in the Supporting Information), indicating an
increased average degree of polymerization of the molybdate
species.31 These measurements provide sample-averaged
information. To identify the active site structure for olefin
metathesis, techniques that can discriminate among different
molybdate species are needed.
The distribution of molybdate species on the SiO2 surface

was studied by aberration-corrected high-angle annular dark-
field (HAADF) imaging (Figure 6 and Figures S19−S21 in the

Supporting Information). A mixture of monomeric, oligomeric,
and clustered molybdates were observed over a broad range of
loadings, and the population of all species increases with
loading. Remarkably, clusters always appear to be the dominant
surface species even at relatively low MoO3 loadings, where
silica-supported transition-metal oxides with low loadings are
expected to be mostly monomeric species.32,33 On the other
hand, a significant quantity of monomeric molybdate species
can be observed even at a loading as high as 20.1 wt %. These
images are consistent with the hypothesis that the active sites

Table 1. Results of Active Site Counting by 13CH213CH2 Tracing

MoO3 loading (wt
%)

Mo coverage (per
nm2)

sample wt
(mg)

13CH212CH2
(mmol)

13CH212CH12CH3
(mmol)

fraction of active
Mo

active Mo density (per
nm2)

1.4 0.059 300 0.00067 0.00256 10.9% 0.006
2.8 0.14 200 0.00108 0.00228 8.6% 0.012
6.7 0.35 200 0.00139 0.00250 4.2% 0.014
12.6 0.80 200 0.00172 0.00382 3.2% 0.022
20.1 2.6 200 0.00180 0.00344 1.9% 0.039
30.2 8.5 200 0.00112 0.00177 0.7% 0.041
6.7a 0.35 200 0 0 0 0
6.7b 200 0.00145 0.00378 5.6%

aPretreated by 550 °C calcination and nitrogen purge but without high-temperature propylene pretreatment. bMoO3/SiO2 catalyst prepared from
(NH4)2MoO4 precursor (surface area is not measured). Note that the amount of 13CH2CHCH3 is always greater than that of 13CH2CH2,
indicating a higher activity of MoCH2 in comparison to MoCHCH3. This suggests that a great number of active site counting results reported
in the literature were actually overestimated, as they only counted MoCHCH3 and assumed that the amounts of MoCH2 and MoCHCH3
were equal.13,15

Figure 6. Aberration-corrected HAADF images of 2.8 wt % (a) and
20.1 wt % (b) of MoO3/SiO2 with arrows to mark the monomeric Mo.
Scale bars are 5 nm.
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are derived from monomeric Mo(O)2 dioxo species that
represent a small fraction of the surface Mo species.5,17,18

Raman spectroscopy is powerful for probing the molecular
structure of supported metal oxides.34 Great success has been
achieved in identifying the catalytic site structures using this
technique, including WOx/ZrO2 in alkane isomerization,35,36

MoOx/zeolite in methane dehydroaromatization,37 etc. In
comparison to normal Raman spectroscopy, resonance
Raman spectroscopy can provide much higher sensitivity and
selectivity in detecting surface metal oxide species even at low
concentrations.38,39 As shown in Figure 5c and Figure S22 in
the Supporting Information, several bands appear in the region
950−1100 cm−1, belonging to the MoO stretching vibration.
According to the literature, bands above 990 cm−1 are assigned
to MoO monooxo species.28,31,33,40 On the basis of DFT
calculations, the alkylidene derived from MoO monooxo
sites is not expected to contribute to the metathesis activity
because of high activation barriers for forming and decompos-
ing the metallocyclobutane intermediate.28 The bands below
990 cm−1 are assigned to a mixture of symmetric and
asymmetric Mo(O)2 dioxo vibrations in monomeric and
polymeric species.28,31,33,40 The dramatic increase in the
intensities of the bands below 990 cm−1 relative to the MoO3
crystal band at 993 cm−1 in UV Raman (244 nm) vs visible
Raman (488 nm) spectra of high-loading samples and the
presence of MoO overtones under UV excitation indicate
that the bands below 990 cm−1 are resonance-enhanced by
more than 100-fold (Figures S22 and S23 in the Supporting
Information). Since asymmetric vibrations do not belong to the
totally symmetric point group, their resonance enhancement is
weak or nonexistent41 and they should not be visible in a UV
resonance Raman spectrum. Therefore, the two bands at 983 ±
4 and 969 ± 4 cm−1 are assigned to the symmetric stretching
modes of two distinct Mo(O)2 dioxo species, namely
monomeric28,31,33,40 and polymeric,32,33 respectively (Figure
5c).
The peak areas of the Raman bands for monomeric and

polymeric Mo(O)2 species shown in Figure 5c have been
normalized to the specific surface area of each sample and
plotted against the loading in Figure 5d and Figure S24 in the
Supporting Information. As shown in Figure 5a,d, the area of
the monomeric band correlates better with the changes in
active site surface density than with the polymeric band,
consistent with the conclusion that the active sites of MoO3/
SiO2 in olefin metathesis are monomeric Mo(O)2 dioxo
species. However, this conclusion cannot be said to be
definitive. Both the electron microscopy and spectroscopy
measurements were conducted on MoO3/SiO2 samples
without high-temperature olefin pretreatment; at best these
materials are precatalysts. Restructuring of surface molybdate
species during the activation process, as shown in the MoOx/
zeolite system for methane dehydroaromatization,37 cannot be
excluded. In situ or operando studies of the catalyst speciation
during the activation process would be highly desirable.
The monomeric nature of the metathesis active sites in

supported MoOx catalysts has been previously suggested on the
basis of the relatively high activity of highly dispersed MoOx
synthesized through grafting, flame synthesis, and aerosol
synthesis;5,17,18 to the best of our knowledge, this is the first
time the isolated Mo(O)2 species have been directly imaged
and shown to have a positive, semiquantitative correlation with
the surface density of active sites. On the basis of these results,
the successful syntheses of predominantly monomeric Mo(

O)2 dioxo species would be expected to greatly improve the
olefin metathesis activity for supported MoOx catalysts. Similar
conclusions are expected for WOx- and ReOx-based olefin
metathesis catalysts.

■ CONCLUSIONS
We have demonstrated that a simple pretreatment of MoO3/
SiO2 and WO3/SiO2 under an olefin-containing atmosphere at
elevated temperatures leads to a 100−1000-fold increase in the
low-temperature propylene metathesis activity. The specific
activity of these catalysts is comparable with those of the well-
defined organometallic catalysts. Activation temperature thresh-
olds were identified, which explains why previous studies using
olefin pretreatment did not reach similarly high activity. We
discovered that the deactivated catalysts can be easily
regenerated by purging with inert gas at elevated temperatures.
Examination of the desorbed species shows that the
deactivation at low temperatures is likely due to the formation
of stable, inactive metallacyclobutanes. Furthermore, we have
shown a strong correlation between the population of active
sites and monomeric Mo(O)2 dioxo species through a
combination of isotope tracing, UV resonance Raman spec-
troscopy, and atomic-resolution electron microscopy.
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