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Promoting active site renewal in 
heterogeneous olefin metathesis catalysts

Terry Z. H. Gani1,2, Zachariah J. Berkson2, Ran Zhu1, Jong Hun Kang1, John R. Di Iorio1, 
Ka Wing Chan2, Daniel F. Consoli1, Sohel K. Shaikh3, Christophe Copéret2 ✉ & 
Yuriy Román-Leshkov1 ✉

As an atom-efficient strategy for the large-scale interconversion of olefins, 
heterogeneously catalysed olefin metathesis sees commercial applications in  
the petrochemical, polymer and speciality chemical industries1. Notably, the 
thermoneutral and highly selective cross-metathesis of ethylene and 2-butenes1  
offers an appealing route for the on-purpose production of propylene to address  
the C3 shortfall caused by using shale gas as a feedstock in steam crackers2,3.  
However, key mechanistic details have remained ambiguous for decades, hindering 
process development and adversely affecting economic viability4 relative to other 
propylene production technologies2,5. Here, from rigorous kinetic measurements  
and spectroscopic studies of propylene metathesis over model and industrial  
WOx/SiO2 catalysts, we identify a hitherto unknown dynamic site renewal and decay 
cycle, mediated by proton transfers involving proximal Brønsted acidic OH groups, 
which operates concurrently with the classical Chauvin cycle. We show how this cycle 
can be manipulated using small quantities of promoter olefins to drastically increase 
steady-state propylene metathesis rates by up to 30-fold at 250 °C with negligible 
promoter consumption. The increase in activity and considerable reduction of 
operating temperature requirements were also observed on MoOx/SiO2 catalysts, 
showing that this strategy is possibly applicable to other reactions and can address 
major roadblocks associated with industrial metathesis processes.

As with all heterogeneous metathesis catalysts, WOx/SiO2 lacks the 
alkylidene moieties that are responsible for catalytic activity in homo-
geneous metathesis catalysts6,7. Rather, the active sites are thought to 
form in situ from metal-dioxo precursors on reaction with the olefin 
substrate at high temperatures8–11. The kinetically and thermodynami-
cally demanding nature of this activation process8,10 results in very few 
catalytically active metal centres, explaining the low specific reaction 
rate and high operating temperature requirement of WOx/SiO2, as well 
as the failure to spectroscopically characterize reaction intermedi-
ates9,12. Indeed, reductive treatments that promote alkylidene forma-
tion12–14 generate active catalysts that operate at low temperatures 
(for example, 70 °C), but these materials deactivate rapidly for rea-
sons that remain obscure. Furthermore, propylene self-metathesis 
reaction orders ranging from 0.8 to 1.8 have been reported10,15,16 
despite the well-known Chauvin mechanism6 predicting a reaction 
order less than one. These, among other puzzling observations, are 
symptomatic of broader gaps in the understanding of heterogene-
ous olefin metathesis that have hindered process development. Our 
new mechanistic picture for heterogeneous olefin metathesis not 
only reconciles these longstanding issues, but also shows a strategy 
for enhancing the activity and reducing the operating tempera-
ture requirement of tungsten- and molybdenum-based metathesis  
catalysts (Fig. 1).

We performed the kinetic studies under differential conditions and 
in the absence of mass transfer limitations (see Methods and Extended 
Data Table 2 for details). Using propylene self-metathesis into ethylene 
and 2-butene as our primary probe reaction, we systematically varied 
the reactor temperature and propylene concentration (300–330 °C, 
20–50 mol% propylene, Fig. 2a,b) while measuring product distribu-
tions in the reactor effluent. To avoid the potential confounding effects 
of metal clusters or interface sites present in classical wet-impregnation 
catalysts9, we used a catalyst prepared by the surface organome-
tallic chemistry and thermolytic molecular precursor approach  
(SOMC–TMP)17 consisting solely of isolated W(VI)-oxo surface sites 
supported on silica12 (3%SOMC) (Extended Data Fig. 1a–c). The pres-
ence of isolated W(VI)-oxo surface sites in materials prepared by both 
approaches (SOMC–TMP and impregnation) allows our conclusions 
to be broadly generalizable (Extended Data Figs. 1b–e and 2). We meas-
ured a propylene reaction order of 1.9 on 3%SOMC (Fig. 2a, orange), 
confirming the existence of abnormally high reaction orders inherent 
to isolated tungsten sites. The measured apparent activation energy of 
156 kJ mol−1 on 3%SOMC (Fig. 2b, orange) is consistent with literature 
values for supported tungsten catalysts10,15, but notably higher than 
those computed for tungsten alkylidene complexes (roughly 80–120 
kJ mol−1)18, further hinting at the existence of other kinetically relevant 
steps beyond the Chauvin cycle.
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Analysis of transient kinetic behaviour provides clues as to the nature 
of these additional steps. As observed early on for classical supported 
WOx catalysts19, the initial approach to steady state for 3%SOMC was 
marked by an extended induction period of roughly 24–48 h (Extended 
Data Fig. 3a) attributable to slow olefin- and silanol-mediated8 reduc-
tion of W(VI)-dioxo sites to W(IV)-oxo sites8,10,12. A helium purge of the 
system at steady state led to a second, shorter, induction period of 
roughly 1–2 h to return to the original steady-state rate (Extended Data 
Fig. 3b), suggesting that the active sites are unstable in the absence of 
propylene, presumably decaying into an inactive resting (off-cycle) 
state, and are regenerated on re-exposure to propylene. A similar 
response time resulted from a step change in temperature (Extended 
Data Fig. 3c). We thus surmised that the steady-state active site frac-
tion varies with reaction conditions because of dynamic site decay and 
renewal. Indeed, second-order kinetics can be recovered by assuming 
the fraction of active sites is proportional to the propylene partial pres-
sure, as might be expected from combining first-order metathesis 
with first-order site renewal and zero-order site decay steps (Extended 
Data Fig. 4).

The existence of a distinct site decay and renewal cycle operating in 
parallel to the Chauvin cycle holds important mechanistic implications. 
If site renewal and metathesis are separate processes, then the olefins 
used to regenerate the active sites need not be the same olefins that 
undergo metathesis. Such asymmetry between the ability of the olefin 
to participate in active site generation or in the metathesis reaction is 
observed in ethylene and 2-butene cross-metathesis, which shows the 
same greater-than-first-order behaviour as its reverse reaction (that 
is, propylene self-metathesis), but with an ethylene order of 0.7 and a 
2-butene order of 1.0 (Extended Data Fig. 5a). This difference in reaction 
orders between the two reactants cannot be explained by differences 
in their metathesis reactivity, but is instead consistent with 2-butene 
being more efficient than ethylene at active site renewal to the extent 
that it becomes responsible for maintaining active sites in the nominally 
equimolar cross-metathesis system.

The further realization that site renewal and decay rates contribute 
to the steady-state metathesis rate provides a new handle to improve 
catalyst efficiency that is orthogonal to traditional catalyst design 
efforts. In particular, co-feeding an olefin more adept at regenerating 
or preserving sites than the reactant(s) should improve steady-state 
catalyst performance by increasing the steady-state population of 
active sites. A striking example of this phenomenon is the paradoxical 
increase (by 1.5×) in steady-state propylene self-metathesis rate on addi-
tion of 2-butene to the feed (Extended Data Fig. 5b), which runs counter 
to the expectation that degenerate 2-butene self-metathesis should 
instead inhibit the reaction by competing for active sites. However, this 
observation is in fact consistent with 2-butene participating in kineti-
cally relevant site renewal without altering Chauvin cycle intermediates.

The practical feasibility of this promotion strategy hinges on the dis-
covery of a promoter olefin that is not only highly active for site renewal, 
but also selective against deleterious side reactions forming by-products 
that would complicate downstream separation. Indeed, promotion 
of propylene metathesis was first observed in the 1970s (ref. 20),  
but the polyene promoters investigated then decomposed under reac-
tion conditions. To this end, we screened a set of 1,1-disubstituted ole-
fins that do not readily undergo cross-metathesis21 for their ability to 
promote propylene metathesis. All olefins tested increased steady-state 
propylene metathesis rates by varying degrees, confirming the gener-
ality of our promotion strategy (Fig. 1, bottom). A 1.5 mol% concentra-
tion of the best-performing promoter, 2,3-dimethyl-1-butene (i4ME), 
increased steady-state propylene metathesis rates by nearly fivefold 
at 330 °C and 30-fold at 250 °C (Fig. 2c). The formation of unwanted 
side products, including isobutene, 2-methyl-2-butene (3ME) and uni-
dentified C7 and C8 hydrocarbons, was minimal, with a less than 1% 
selectivity relative to the formation rates of metathesis products at 
250 °C (Extended Data Table 1a). Despite facile interconversion of i4ME 

and its positional isomer 4ME (2,3-dimethyl-2-butene) under reaction 
conditions (Extended Data Table 1b), 4ME is also a competent promoter 
and we expect a steady-state intermediate promotion factor would be 
attained if the promoter is continuously separated and recycled, as 
would be expected in an industrial process.

We performed a series of mechanistic studies to probe the path-
ways of active site renewal and decay and explain how promoter ole-
fins alter this balance. First, the reaction rate reverts to its original 
steady-state value on stopping promoter flow (Fig. 2c), confirming 
that the promoter does not irreversibly alter active sites. Next, observa-
tion of temporary promotion on exposure of a purged catalyst to 4ME 
(Extended Data Fig. 6a) confirms that adsorbed promoter molecules, 
rather than gas-phase promoter molecules, are responsible for the 
promotional effect. Kinetic studies performed in the presence of pro-
moter molecules further show that co-feeding 1.0 mol% 4ME + 0.5 mol% 
i4ME decreases the propylene reaction order from 1.9 to 0.7 at 330 °C 
(Fig. 2a), accompanied by a combined promoter reaction order of 0.8 
(Extended Data Fig. 6b), in which the use of a 4ME and i4ME mixture 
instead of a pure-component promoter feed minimizes undue vari-
ability that would arise from the approach to equilibrium at reaction 
conditions (Extended Data Table 1b). Consistent with our kinetic anal-
ysis (Methods), this result indicates that the promoter reduces the 
dependence of the active site fraction on propylene concentration. 
The promoter also decreases the apparent activation energy by 40 to 
119 kJ mol−1 (Fig. 2b), rationalizing the notable increase in promotion 
factor at lower temperatures (lower than 300 °C).

We then used in situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) to better understand how olefinic substrates 
and promoters interact with the catalyst surface. Exposure of spent 

Promoter (mol%) Promotion factor

2-butene (20%) 1.5 (330 ºC)

Isobutene (20%) 2.5 (330 ºC)

4ME (1.5%) 3.8 (330 ºC)

i4ME (1.5%) 4.6 (330 ºC)

i4ME (1.5%) 30 (250 ºC)
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Fig. 1 | Promotion of heterogeneous olefin metathesis by manipulating site 
renewal and decay. Top, schematic illustrating the relationship between 
steady-state Chauvin cycle metathesis and promoter-controlled site renewal 
and/or site decay. W represents a silica-supported mononuclear tungsten 
active site where the support has been omitted for clarity. Bottom, the 
promotional effect of various co-fed olefins on propylene metathesis rates. 
4ME, 2,3-dimethyl-2-butene; i4ME, 2,3-dimethyl-1-butene. The promotion 
factor is defined as the steady-state product formation rate in the presence of 
promoter divided by the steady-state product formation rate without promoter. 
Methods of promoter introduction and full experimental details are provided 
in the Methods. Reaction conditions were: 10 mg 3%SOMC pretreated at 550 °C 
under 100 ml min−1 He for 1 h, 50 ml min−1 total gas flow rate (50% C3H6 with 
balance He), WHSV = 0.0019 mol C3H6 per gcat s

−1.
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3%SOMC to propylene at 50 °C, followed by purging of gas-phase and 
physisorbed hydrocarbons, yielded a broad series of peaks in the sp3 
C–H stretching region (Fig. 3a). On the basis of: (1) comparison of the 
relative peak intensities to those of chemisorbed isopropoxy species 
reported in previous studies8, (2) the absence of peaks in the sp2 C–H 
region and C=O regions that precludes other plausible assignments 
such as π complexes or acetone, (3) the presence of strong Brønsted 
acid sites as directly confirmed by solid-state nuclear magnetic res-
onance (NMR) analysis of the precatalysts treated with 15N-labelled 
pyridine (Extended Data Fig. 6c) and (4) the reversibility and exother-
micity of the adsorption process, as demonstrated by rapid decay of 

DRIFTS signals on heating under N2 (Extended Data Fig. 6d), we assign 
these peaks to chemisorbed alkoxy species probably created by a 
Brønsted acid–base reaction involving propylene and a silanol group 
with increased acidity induced by a proximal tungsten site22,23. In the 
absence of W-oxo species, free surface silanol groups are insufficiently 
acidic to chemisorb propylene in this manner (Extended Data Fig. 6e,f).  
Propylene exposure at 350 °C resulted in a virtually identical spectrum 
to that obtained from exposure at 50 °C, suggesting that isopropoxy 
formation remains the dominant catalyst–substrate interaction under 
reaction conditions (Extended Data Fig. 6g,h). Chemisorption of other 
olefins yielded absorption bands in the same region also attributable 
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Fig. 2 | Effect of co-fed promoters on propylene metathesis activity and 
kinetics. a, Reaction order plots of propylene metathesis without promoter 
(orange) and with promoter (1.0 mol% 4ME + 0.5 mol% i4ME, green). b, Arrhenius 
plots of propylene metathesis without promoter (orange) and with promoter 
(1.0 mol% 4ME + 0.5 mol% i4ME, green). c, Effect of promoter cycling on 

metathesis activity. R is the gas constant in J mol−1 K−1 and T is temperature in K. 
Reaction conditions were: 10 mg 3%SOMC pretreated at 550 °C under 
100 ml min−1 He for 1 h, 50 ml min−1 total gas flow rate (propylene + balance He 
or He saturated with promoter; propylene concentration and temperature are 
indicated in each subplot). Full experimental details are provided in the Methods.
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Fig. 3 | Infrared and solid-state NMR studies of olefin chemisorption on 
spent catalyst. a, DRIFTS spectrum of propylene chemisorbed on spent 
3%SOMC at 50 °C. The formation of surface alkoxide species proposed to be 
responsible for the observed peaks is illustrated above. b, FTIR spectra showing 
absorbance differences in the Si–OH region relative to pretreated samples at 
50 °C for different chemisorbed olefins. a.u., arbitrary units. c, Solid-state 2D 
1H{13C} D-HMQC NMR correlation spectrum of spent catalyst contacted with 
propylene and i4ME. The spectrum was acquired at 9.4 T, 298 K, 40 kHz MAS, 
and with dipolar recoupling periods of 60 rotor periods (1.5 ms). The 1D 13C  

or 1H projections of the 2D spectrum are shown along the ordinate and abscissa, 
respectively, and a 1D 1H echo spectrum acquired under the same conditions is 
shown for comparison. Although the exact structure of the surface alkoxide 
cannot be identified from solid-state NMR alone due to the possibility of skeletal 
isomerization, the schematic inset shows 1H–13C interactions for a structure 
that is consistent with the observed correlated signal intensities (green and 
blue shaded regions). Full sample preparation and measurement details are 
provided in the Methods.
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to alkoxide formation by analogous Brønsted acid–base reactions 
(Extended Data Fig. 7 and vide infra), and the formation of surface 
alkoxide species is further corroborated by solid-state 1D and 2D 1H 
and 1H{13C} magic angle spinning (MAS) NMR (Fig. 3c, Extended Data 
Fig. 7b,c and Methods).

We next turned to transmissive Fourier transform infrared 
(FTIR) spectroscopy to quantify the extents to which different ole-
fins interact with the catalyst’s Brønsted acid sites. The proposed 
silanol–olefin Brønsted acid–base reaction to yield surface alkox-
ides should consume surface silanol groups in a 1:1 stoichiometry, 
leading to a negative absorbance peak in the Si–OH region that can 
be quantified using a known integrated molar extinction coefficient 
(ε = 1.4 ± 0.2 cm μmol−1)24. Exposure of fresh 3%SOMC to 10% propyl-
ene and He at 50 °C, followed by purging under flowing He, led to a 
4 ± 1 μmol per gram of catalyst (gcat) Si–OH consumption (Fig. 3b, blue), 
or equivalently a 4 ± 1 μmol per gcat surface coverage of isopropoxy 
groups. Repeating this experiment with different olefins led to Si–OH 
consumptions of 0.5 ± 0.1 μmol per gcat (10% ethylene), 31 ± 5 μmol per 
gcat (10% isobutene) and 33 ± 5 μmol per gcat (0.85% 4ME + 0.15% i4ME) 
(Fig. 3b). This trend (ethylene < propylene < isobutene ≅ 4MEs) can be 
rationalized in terms of increasing ease to generate the carbocation 
on olefin protonation and subsequently the surface alkoxide species, 
while also matching that of promotional ability (Fig. 1, bottom). This 
highlights the importance of Brønsted acidic silanols in modulating 
the dynamic balance between site renewal and decay. Indeed, early 
experiments demonstrated that steady-state propylene metathesis 
rates can be increased by poisoning these acidic sites, whether revers-
ibly by co-feeding ammonia25 or irreversibly by introducing a silylat-
ing agent26. Similarly, besides the promoter’s Brønsted basicity, the 
underlying catalyst’s Brønsted acidity may also affect the steady-state 
metathesis activity.

A putative mechanism for Brønsted acid-catalysed site renewal and 
decay is the 1,2-proton shift pathway (Extended Data Fig. 8a) that has 
been extensively documented for tantalum, molybdenum and tungsten 
complexes in the presence of a proton source27–29 and proposed for 
the low-temperature initiation of styrene metathesis on well-defined 
silica-supported W(IV)-oxo species22. This process has been shown to 
be readily reversible22,29, consistent with the site initiation and decay 
pathways proposed here. Preliminary computations also concur that 
proton transfer from an adjacent silanol group could initiate restora-
tion of the catalytically active sites (Extended Data Fig. 8).

A catalytic mechanism integrating the Chauvin cycle with dynamic 
site renewal and decay, while illustrating a possible role of the promoter 
olefin, is presented in Fig. 4. In the absence of promoter, site renewal and 
decay (blue) are mediated by proximal silanol groups (red) by means of 
the hydride shift mechanism described above, resulting in a dynamic 
balance that governs the fraction of Chauvin cycle intermediates (black) 
and hence the observed metathesis rate. Disubstituted alkylidenes, 
such as the isopropylidene pictured, are competent metathesis initia-
tors30 and can lead to the main Chauvin cycle after a single turnover 
(bottom left). Free silanol groups react with promoter olefins to yield 
the alkoxide and/or carbocation species (green) observed by DRIFTS 
and solid-state NMR. As acid–base pairs, these species serve as kineti-
cally superior proton transfer agents compared to free surface silanols, 
akin to the role of [PhNMe2H][B(C6F5)4] as an initiator of molecular 
metathesis catalysts29. Although the precise mechanism by which these 
acid–base pairs facilitate proton transfers remains under investiga-
tion, this mechanism is nevertheless fully consistent with all of our 
experimental observations (Methods).

The practicality of our mechanism is demonstrated by the reactivity 
gains obtained using impregnated catalysts both for the self-metathesis 
of propylene and for the industrially relevant cross-metathesis of eth-
ylene and 2-butene (Extended Data Figs. 2c–e and 9). Co-feeding the 
4ME promoter over a 3 wt% WO3/SiO2 catalyst (prepared by incipient 
wetness impregnation) at 250 °C resulted in a rate increase of roughly 
nine times, and comparable results were obtained over a 15 wt% indus-
trial catalyst. These values are lower than those obtained with 3%SOMC 
(roughly 30×), even though both synthetic protocols yield isolated 
metal sites at low loadings. The differences are attributed to the absence 
of water-driven dissolution and/or precipitation and surface restructur-
ing phenomena during the SOMC synthesis, which can alter the local 
environment and corresponding reactivity of isolated metal sites. 
Nevertheless, the results clearly show the use of promoters as a versatile 
handle to access reaction conditions previously considered impractical 
for tungsten-based materials.

Finally, similar reactivity gains are also observed for molybdenum- 
based materials, confirming that our observations and proposed 
mechanism are indeed universal. Steady-state propylene metathesis 
rates increased by roughly 26× and 68× on co-feeding the 4MEs pro-
moter at 200 °C over a 1.5 wt% MoO3/SiO2 catalyst prepared by SOMC 
(1.5% MoSOMC) and a 1.4 wt% MoO3/SiO2 catalyst prepared by incipient  
wetness impregnation, respectively (Extended Data Fig. 10).
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Methods

Catalyst synthesis
The synthesis and characterization of the W-oxo (3%SOMC) and 
Mo-oxo (1.5%MoSOMC) SOMC–TMP catalysts used in this study have 
been previously reported12,31. The synthesis of these materials by the 
SOMC–TMP approach leverages a selective reaction between tung-
sten (or molybdenum) siloxide precursor complexes and the isolated 
surface silanol groups of partially dehydroxylated silica. This proto-
nolysis reaction is accompanied by the evolution of 1 equivalent of 
the corresponding alcohol that can be measured by NMR analysis of 
the supernatant, although often only roughly 0.7–0.8 equivalents are 
observed due to in situ decomposition catalysed by the acidic metal 
centres. Depending on the choice of precursor and extent of dehy-
droxylation of the support, grafting can sometimes also take place 
by means of the ring-opening of strained siloxane (Si–O–Si) bridges 
that yields new Si–OR and/or Si–R moieties32; however, such chem-
istry was not observed as main grafting pathways for our materials. 
Subsequently, thermal treatment of the grafted precatalyst under 
high vacuum yields the desired isolated silica-supported W(VI)-oxo 
and W(VI)-dioxo sites in a 1:1 ratio, as determined by X-ray absorption 
spectroscopy in previous work12. It is this thermal decomposition step 
that distinguishes the SOMC–TMP approach from the conventional 
SOMC approach in which the grafted materials are the actual cata-
lysts. Furthermore, the decomposition of residual siloxide ligands into 
silica during the thermal treatment can also alter the silica surface 
chemistry and possibly contribute to the presence of proximal silanol  
groups.

The incipient wetness impregnation (IWI) MoOx/SiO2 catalyst was 
prepared as follows. The silica gel support (Sigma-Aldrich, Davisil Grade 
646, pore size 150 Å, 300 m2 g−1) was calcined in air (60 ml min−1, Airgas, 
dry air) at 500 °C (3 °C min−1) for 3 h and sieved. Particles sized from 
40–60 mesh were kept for further catalyst synthesis. A solution of 
0.0753 g of ammonium molybdate tetrahydrate (Fluka, ≥99%) in water 
(4 ml, milli-Q, purified by Thermo Scientific, Barnstead Nanopure sys-
tem) was added dropwise to 2.0757 g of SiO2 (calcined, 40–60 mesh) 
support. The slurry was slowly stirred at room temperature until no 
obvious colour gradient was observed and then dried at room tem-
perature for 6 h. Next, the slurry was dried at 90 °C (1 °C min−1) for 3 h 
and calcined at 400 °C (1 °C min−1) in air (60 ml min−1, Airgas, dry air, 
additional purification by moisture trap, Restek 22014) for 3 h. After 
the calcination, the catalyst was sieved again to keep the particle size 
range from 40 to 60 mesh. The Mo loading (1.4 wt% Mo) of the cata-
lyst was confirmed by inductively coupled plasma–optical emission 
spectrometry.

The 3% WOx/SiO2 IWI catalyst was prepared in the same manner as 
the IWI Mo catalysts. The same silica support (Aerosil 200) as WSOMC 
was used. The silica support was washed with milli-Q water and calcined 
to 550 °C (5 °C min−1) for 3 h. To achieve 3 wt% W loading, a solution of 
0.0884 g of ammonium metatungstate hydrate (Sigma-Aldrich, 99.99% 
trace metals) was added dropwise to 2.0132 g of SiO2. After stirring, 
the slurry was dried at 90 °C (1 °C min−1) for 3 h and calcined at 400 °C 
(1 °C min−1) under flowing air (60 ml min−1) for 3 h. After the calcina-
tion, the 3%WIWI catalyst was sieved to ensure particle size ranged 
between 40 and 60 mesh. As discussed in the main text, although 
both the SOMC–TMP and IWI syntheses lead to isolated metal-oxo 
sites at low metal loadings, the observed reactivity differences point 
to subtle variations in molecular structure that are not yet fully  
understood.

Edge energy analysis using in situ UV–vis spectroscopy
The in situ ultraviolet-visible light (UV–vis) spectrum was acquired on 
a Cary 5000 UV–vis–near-infrared spectrophotometer. The UV–vis 
spectrum was collected relative to a baseline of BaSO4 measured under 
ambient conditions. 3%SOMC was loaded into the sample holder and 

placed into the DiffusIR environmental chamber (PIKE Technologies, 
162–4200), which was sealed by two-way bellows sealed valves (Swa-
gelok, SS-4H), inside the glovebox. Before experiments, the catalyst was 
heated to 450 °C (1 °C min−1) for 2 h and cooled to 30 °C under flowing 
50 ml min−1 purified air.

The reflectance spectra from UV–vis spectroscopy were converted 
to Kubelka–Munk function using the following equation. The edge 
energy for direct allowed transitions was the y-intercept of a straight 
line fitted at the low-energy rise of a plot of [F(R∞)hυ]2 as a function of 
hυ (photon energy)33.

F R
R

R
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2∞

∞
2
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Raman spectroscopy
To confirm the absence of WO3 crystallites that could potentially con-
tribute to surface Brønsted acidity, in situ Raman spectra were acquired 
using a Renishaw Invia Reflex Micro Raman equipped with a 532 nm 
laser. 3%SOMC was loaded in a Raman High-Temperature Reaction 
chamber (Harrick Scientific, HVC-MRA-5), which was sealed using 
two-way bellows sealed valves (Swagelok, SS-4H), inside the glove-
box. Spectra were obtained at a resolution of 2 cm−1 at room tempera-
ture using a laser power of 5 mW with an accumulation of 20 scans. 
Dehydration of the catalyst was performed by heating the catalyst to 
450 °C (1 °C min−1) for 2 h and cooled to room temperature under flow-
ing 50 ml min−1 purified air. Owing to strong fluorescence from the SiO2 
support, the exact molecular structure of isolated surface WOx sites 
cannot be inferred from Raman spectra alone, but our previous X-ray 
absorption spectroscopy study12 confirms that 3%SOMC consists of a 
1:1 mixture of W(VI)-oxo and W(VI)-dioxo sites.

The Raman spectra under ambient conditions were recorded with 
the same instrument set-up. Instead of an in situ cell, the samples were 
sandwiched between two glass sample holders.

Reactor set-up
Loading of moisture-sensitive SOMC catalysts was performed 
inside an N2-filled glovebox to minimize atmospheric contact. (The 
wet-impregnation catalysts were loaded outside the glovebox under 
standard atmospheric conditions.) In a typical procedure, 10 mg of 
tungsten catalyst was mixed with 40 mg of SiO2–700 (inert catalyst sup-
port) to ensure a uniform bed. For the molybdenum catalysts, 20 mg 
of catalyst was mixed with 100 mg of SiC (46 grit, Alfa Aesar, used as 
received). The catalyst particle size was controlled by presieving the 
silica support to 40–60 mesh (vide supra; the particle size remains 
largely unchanged over the course of the synthesis, and the strong 
static environment in the glovebox precluded postsynthesis sieving). 
The industrial catalyst was pelletized and sieved to 40–60 mesh and 
used in large enough amounts that dilution was not necessary. The 
mixture was packed between two sets of 200 mg inert SiC (46 grit, Alfa 
Aesar, used as received) and two 50 mg quartz wool plugs (Technical 
Glass Products, 4–6 μm) into a U-shaped stainless steel tube (SS304, 
0.25 inches outer diameter, 0.18 inches inner diameter). A K-type ther-
mocouple (Omega Engineering) was then fitted above the bed and its 
height adjusted such that its tip just touches the top end of the bed. 
Both ends of the U-tube were then fitted with shut-off valves and the 
packed reactor transferred out of the glovebox. The packed reactor 
was then connected to the inlet and outlet manifolds such that the 
gas flows downwards through the bed, which remains stationary in a 
fixed-bed configuration.

Reactor inlet flows
Flows of propylene (Airgas, CP grade), helium (Airgas, UHP 5.0 grade), 
2-butene (Airgas, CP grade, a mixture of cis- and trans-isomers), ethyl-
ene (Airgas, CP grade), isobutene (Airgas, CP grade) and synthetic air 
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(Airgas, dry) were controlled by a set of mass flow controllers (Brooks 
SLA5800 with 0254 controller) calibrated to each individual gas. Pro-
moters in the liquid state at room temperature and pressure, namely 
4ME (Sigma-Aldrich, more than 99%) and i4ME (TCI Chemicals, more 
than 98%), were introduced by bubbling helium through a 100 ml stain-
less steel bubbler filled with the liquid promoter and immersed in a 
temperature-controlled cooling bath. By saturating the helium flow 
with the vapour pressure of the promoter, this procedure allows for 
more consistent promoter concentrations than can be achieved by 
a syringe pump. All inlet gas flows except air were purified by pass-
ing through individual traps containing 3 Å molecular sieves and 
pre-activated BASF R3-11G catalyst to remove water and oxygen, respec-
tively. Dry air was further purified by passing through a moisture trap 
(Restek, 22014) to remove water. Liquid promoters were stored over 
3 Å molecular sieves inside the glovebox and briefly treated (roughly 
5 min) with BASF Selexsorb CD to remove traces of oxygenates before 
loading into the bubbler (extended contact catalysers isomerization 
and should be avoided).

Reaction procedure
The reactor set-up was carefully checked for leaks before starting each 
run. In a typical procedure for tungsten-based catalysts, the catalyst was 
first pretreated under 100 ml min−1 helium for 1 h at the pretreatment 
temperature using a ramp rate of 5 °C min−1. Heating was provided 
by a temperature-controlled tube furnace (Carbolite GTF 11/50/150; 
Digi-Sense 89000) fitted with a custom-made aluminium block, which 
we have found to be essential for obtaining reproducible results, to fill 
remaining void space and improve heat transfer. After pretreatment, 
the furnace was cooled down to the reaction temperature over 2 h, 
and the gas flow was switched to the desired reacting gas mixture on 
reaching reaction temperature. For safety reasons, pretreatment was 
performed without the block in runs where the pretreatment tempera-
ture exceeded 500 °C, with the block only inserted after the prescribed 
pretreatment duration. For the molybdenum-based catalysts, the cata-
lyst bed was first calcined under 40 ml min−1 air for 3 h at 400 °C with a 
temperature ramp rate of 1 °C min−1. After calcination, the reactor was 
cooled down to 270 °C in air and purged with 100 ml min−1 helium for 1 h. 
Then, the catalyst was pretreated under the same helium flow for 3 h at 
500 °C with a ramp rate of 2 °C min−1. After pretreatment, the catalyst 
was cooled to reaction temperature and the gas flow was switched to 
reaction conditions. Here, a home-built furnace was equipped with 
the controller (Digi-Sense 89000) to provide heating. To build the fur-
nace, a stainless steel tube (SS316, 2.5 inches outer diameter, 6.0 inches 
long) was wrapped with a heating tape (Omega, High Temperature, 
Dual-Element), and subsequently insulated by wrapping 1-inch thick 
ceramic fibre insulation sheets. The application of different furnaces 
here induced negligible difference (less than 5%) in measured catalyst 
activities.

Kinetic studies
The effluent gases were analysed by gas chromatography (GC) 
(Shimadzu GC-2014 equipped with an Agilent HP-PLOT Al2O3-S 
(30 m × 0.25 mm) column) with injections at roughly 15-min inter-
vals. Products were identified by comparing retention times to known 
standards and quantified by means of a flame ionization detector (FID) 
calibrated against known standards. The propylene concentration 
was varied by adjusting the flow rates of propylene and helium at a 
constant total flow rate and inferred from Dalton’s law. The equations 
used to calculate the reaction rate are presented below. For promoted 
runs, the promoter concentration was adjusted by varying the fraction 
of helium flow through the bubbler while keeping the total helium 
flow rate and propylene flow rate constant. The promoter concen-
tration was inferred from its FID peak area when bypassing the reac-
tor (note below in the next paragraph). The mass balance of all data 
points closes within the expected uncertainties of the flow rates, and 

the introduction of promoter does not significantly affect the mass bal-
ance, confirming that only a small fraction of promoter is converted into 
other products (see Extended Data Table 1a for a detailed analysis of a  
typical run).

Note that the GC column used for product analysis is optimized for 
light hydrocarbon separations and does not separate 4ME and i4ME 
even after extensive method tuning. Hence, to determine relative 
concentrations of 4ME and i4ME, the effluent was bubbled through a 
stainless steel bubbler containing acetone, which was then analysed 
by a second GC–FID (Agilent 7890A with a DB-1701 column better able 
to separate larger organic molecules). Peak assignment and response 
factors were determined from pure standards, and the relative 4ME 
and i4ME concentrations in each sample inferred from peak area ratios. 
This procedure relies on complete miscibility between 4ME, i4ME and 
acetone and identical vapour-liquid mass transfer rates, which is prob-
ably a very good assumption considering the chemical similarity of 
i4ME and 4ME.

A blank experiment with the inert SiC packing and SiO2 support but 
without catalyst showed no propylene conversion at 350 °C. Irreversible 
deactivation was not observed over the time scale of our experiments 
and accordingly not considered in our fitting of kinetic parameters. 
This also precludes the possibility of sintering and/or coking as pos-
sible contributors to active site decay in our system. Although a small 
amount of coke may be formed, as evidenced by a noticeable black-
ening of the spent catalyst, such carbonaceous deposits typically do 
not have a noticeable effect on the metathesis activity of WOx/SiO2  
(ref. 34).

The weight hourly space velocity (WHSV, in mol C3H6 per gcat s
−1) is 

defined as:

Q

m
WHSV =

22.4
C H

cat

3 6

where QC H3 6
 is the volumetric flow rate of propylene (l s−1), mcat is the 

mass of catalyst loaded (g) and 22.4 l mol−1 is the molar volume of an 
ideal gas at standard temperature and pressure.

The reaction rate (mol per gcat s
−1) is taken to be the rate of product 

formation and calculated as follows:
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m
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where Qtotal is the total volumetric flow rate (l s−1), yproducts is the sum of 
ethylene, cis-butene and trans-butene mole fractions as determined 
by GC–FID peak areas and calibrated response factors, 22.4 l mol−1 is 
the molar volume of an ideal gas at standard temperature and pressure 
and mcat is the mass of catalyst loaded (g).

The inability to control the particle size during catalyst loading, 
or to control the tungsten loading without affecting the active site 
speciation, prevent the application of direct tests, such as the Madon–
Boudart test, for transport limitations. Nevertheless, the observation of 
high-order kinetics, high activation energies and the promotional effect 
all strongly indicate operation in a kinetically limited regime. Further-
more, temperature gradients are unlikely to be significant because the 
metathesis reaction is nearly isothermal. To support these claims, we 
have tabulated representative physical parameter values in Extended 
Data Table 2 and applied theoretical criteria for assessing potential 
transport limitations as follows:

Weisz–Prater criterion35 (second-order reaction) for excluding inter-
nal mass transfer limitations (all parameters are as defined in Extended 
Data Table 2):
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Mears criterion36 for excluding external mass transfer limitations 
(all parameters are as defined in Extended Data Table 2):

r r

k C

�
=

(2 × 10 ) (80)
(0.1)(10)

= 0.016 < 0.15
p

m A

−4

Mears criterion36 for excluding heat transfer limitations (all param-
eters are as defined in Extended Data Table 2):
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DRIFTS
DRIFTS spectra were acquired using a Bruker Vertex 70 FTIR spec-
trometer equipped with a Praying Mantis High-Temperature Reaction 
Chamber (HVC-DRM-5, Harrick Scientific). Samples were loaded inside 
a diffuse reflectance cell (Harrick, HVC) inside a glovebox. As with the 
U-tube reactor set-up, inlet and outlet valves enable complete isolation 
from the atmosphere over the entire process. To obtain spent catalyst, 
standard reaction conditions in the U-tube reactor were replicated 
as closely as possible in the DRIFTS cell. Fresh 3%SOMC was treated 
under 50 ml min−1 N2 at 500 °C (5 °C min−1) for 1 h, cooled to 350 °C, 
exposed to 50 ml min−1 C3H6 for 12 h, purged with 50 ml min−1 N2 for 1 h 
to remove chemisorbed species, then finally cooled to 50 °C to yield 
spent catalyst. In a typical experiment, the spent catalyst was contacted 
with 50 ml min−1 of the specified olefin gas blend for 3 h, then purged 
with 50 ml min−1 N2 to remove gas-phase and physisorbed olefins until 
no further spectral changes were observed (typically several hours). 
Deviations to this procedure in control experiments are described in 
the captions of the relevant figures.

In situ FTIR
In situ FTIR spectra were acquired on a Bruker Vertex 70 spectrom-
eter equipped with a liquid N2 cooled Hg-Cd-Te (MCT) detector. All 
infrared spectra were collected relative to an empty cell spectrum 
measured at 50 °C under flowing helium. The 3%SOMC catalyst pow-
der (7–10 mg) was pressed into 7 mm diameter wafers and loaded 
into a high-temperature transmission infrared cell (Harrick Scientific 
Products Inc.) sealed with KBr windows (32 × 3 mm; Harrick Scientific 
Products Inc.) and two-way bellows sealed valves (Swagelok, SS-4H) 
inside the glovebox. Before the experiment, the catalyst was heated 
to 450 °C (1 °C min−1) for 2 h and cooled to 300 °C under flowing 
50 ml min−1 air. Then, the catalyst was purged at 300 °C under flowing 
50 ml min−1 helium, cooled to 50 °C, and exposed to 50 ml min−1 of the 
specified gas mixture until the steady-state spectrum was obtained. 
The catalyst was purged under flowing 50 ml min−1 helium again until 
the steady-state spectrum was obtained and heated to 80, 120, 160 and 
200 °C (5 °C min−1) stepwise. A steady-state spectrum was collected at 
each temperature.

The Si–OH consumption was estimated using the following equation 
with an integrated molar extinction coefficient (ε) of 1.4 ± 0.2 cm μmol−1 
(ref. 24).

A W
m

Si − OH (µmol per g ) =
ε

×cat

In the equation above, A (cm−1) is the area of the negative peak of 
Si–OH; W (cm2) is the cross area of the catalyst pellet and m (g) is the 
mass of the catalyst pellet. Band broadening and catalyst darkening 
on olefin adsorption may lead to slight deviations from this idealized 
Beer–Lambert relationship but do not affect the conclusions derived 
in our study, namely that the trend in chemisorption ability among 
different olefins matches that of the promotional ability.

15N-pyridine adsorption and solid-state 15N{1H} extended CPMAS 
NMR
15N-pyridine (99% isotopic enrichment) was purchased from CortecNet 
Corp., dried over CaH2 at 60 °C overnight and degassed before use. For 
the adsorption of 15N-pyridine, roughly 50 mg of catalyst was loaded 
into a small glass vessel with a magnetic stir bar and placed under high 
vacuum (less than 10−4 mbar). The vessel was sealed and exposed to 
vapour pressure of 15N-labelled pyridine at room temperature for 15 min 
while stirring. The catalyst was then evacuated under high vacuum for 
at least 1 h, after which it was transferred into an argon-filled glovebox 
and packed into a sapphire LTMAS NMR rotor with a zirconia drive 
cap. The rotor was transferred to the NMR spectrometer in a tightly 
sealed vial with a screw-cap top, rapidly inserted into the precooled 
MAS NMR probehead and spun with dry N2 gas at 100 K. The 1D 15N{1H} 
CPMAS NMR spectra were acquired on a 600 MHz (14.1 T) Bruker DNP 
NMR spectrometer equipped with a 3.2 mm HXY low-temperature 
MAS NMR probehead and operating at Larmor frequencies of 60.803 
and 599.900 MHz for 15N and 1H, respectively. The 15N{1H} CPMAS spec-
tra were acquired with 15N{1H} contact times of 3 ms, at 10 kHz MAS 
and with 100 kHz SPINAL-64 1H heteronuclear decoupling during the 
acquisition periods. Relaxation delays were set to roughly 1.4 times 
the longest measured 1H spin-lattice T1 relaxation time measured by 
1H saturation recovery.

Solid-state 1H/1H{13C} CPMAS NMR
Here, 2,3-dimethyl-1-butene (i4ME; TCI Chemicals, less than 98%) was 
dried over CaH2 at 60 °C overnight, briefly treated with BASF Selexsorb 
CD, and degassed immediately before use. The catalyst (roughly 50 mg) 
was loaded into a small quartz vessel and reduced thermally under high 
vacuum (700 °C, 5 °C min−1, 1 h, less than 10−4 mbar). The reduction was 
accompanied by a slight colour change from white to light blue. The 
reduced catalyst was then cooled to room temperature and evacuated 
under high vacuum. i4ME was introduced by quickly flashing the liquid 
into the evacuated vessel until a pressure of 100 mbar was reached. 
Subsequently, propylene was added to a total pressure of 500 mbar. As 
a safety note, subatmospheric pressures were used in view of possible 
overpressure on heating the sealed vessel. In the control experiment, 
only propylene was added to a pressure of 500 mbar. The vessel con-
taining the reduced catalyst and the olefin mixture was then isolated, 
briefly heated by immersing for 5 min in a tube furnace preheated to 
250 °C, cooled to room temperature and finally evacuated under high 
vacuum for 1 h. The samples were transferred into an Ar-filled glovebox 
and analysed within 24 h of preparation to minimize potential decay 
of surface species.

The 1D and 2D solid-state 1H and 1H{13C} NMR spectra were acquired 
on a 400 MHz (9.4 T) Bruker NMR spectrometer equipped with a 
1.3 mm HXY MAS probehead and operating at Larmor frequencies 
of 100.648 and 400.231 MHz for 13C and 1H, respectively. The 2D NMR 
spectra resolve correlated signals from proximate (less than 0.5 nm) 
13C–1H spin pairs on the catalyst surface that are dipole–dipole coupled, 
being primarily sensitive to interactions of covalently bonded spe-
cies. Signal sensitivity is enhanced by fast-MAS and indirect detection 
techniques37,38, which enable acquisition of the 2D spectra despite low 
natural abundance of 13C (1.1%) and low quantities of surface carbon. 
The as-prepared samples (vide supra) were ground using a ceramic 
mortar and packed into 1.3 mm NMR rotors. The rotor was transferred 
to the NMR spectrometer in a tightly sealed vial with a screw-cap top, 
rapidly inserted into the MAS probehead, and spun with dry N2 gas 
at ambient temperature. The 1D 1H MAS NMR spectra was monitored 
over the course of the measurement period to confirm minimal deg-
radation of the sample. MAS rates of 40 kHz were used with relaxation 
delays of 0.75 s, which was roughly 1.4 times the longest measured 1H 
spin-lattice T1 relaxation time (measured by 1H saturation recovery). The 
measurements used 1H π/2 pulse lengths of 1.4 μs (180 kHz) and 13C π/2 



Article
pulse lengths of 3 μs (83 kHz). The 2D 1H{13C} correlation spectrum was 
acquired using a 2D dipolar-mediated heteronuclear multiple quantum 
coherence (D-HMQC) sequence with 60 rotor periods of SR4 recou-
pling39 to reintroduce the 1H–13C dipole–dipole couplings. Arbitrary 
indirect detection was applied in the indirect dimension to mitigate 
sensitivity loss due to T2 relaxation40. Then 32 T1 increments were used 
in the indirect dimension and 6,144 transients for a total acquisition 
time of 41 h. The 1D 1H spin echo MAS NMR spectra were acquired with 
1.5 s relaxation delays and rotor-synchronized echo delays of 0.05 ms 
(two rotor periods).

Assignment of solid-state 2D NMR peaks
3%SOMC was activated thermally and subsequently contacted with 
i4ME and propylene (see above for sample preparation details). 1H MAS 
NMR signals are detected at 0.6, 1.0, 1.6 and 5.4 ppm (Fig. 3c), which are 
resolved on the basis of their different correlations to 13C signals in the 
solid-state 2D 1H{13C} D-HMQC NMR correlation spectra of the postreac-
tion catalyst. Specifically, the 1H signals at 0.6, 1.0 and 1.6 ppm are all 
correlated to a distribution of 13C signal intensity from 20 to 35 ppm 
(green shaded region in Fig. 3c), which we assign to a distribution of 
surface alkyl moieties, possibly derived from hydrocarbon products 
of olefin aromatization and/or cracking. The 1H signal at 1.6 ppm is also 
correlated to a 13C signal at 75 ppm (blue shaded region in Fig. 3c), which 
we assign to surface alkoxide species that are probably bound to the 
silica support as evidenced by the chemical shift value (that is, close 
to that of the parent alcohol, in contrast to tungsten-bound alkoxides, 
which will be significantly deshielded)41 and significant consumption 
of silanol groups as observed by FTIR and discussed in the main text. 
An additional correlation is observed between a 1H signal at 5.4 ppm 
and 13C signals from 20 to 35 ppm that probably arises from residual 
surface-bound olefinic moieties. The alkoxide signal was not observed 
in the corresponding control experiment without i4ME (Extended 
Data Fig. 7b,c), consistent with our FTIR studies suggesting that the 
promoter greatly increases the surface coverage of alkoxide species.

Simplified steady-state kinetic model
Consider the reaction network shown in Extended Data Fig. 4. Here we 
derive a simplified steady-state kinetic model that explicitly illustrates 
how our proposed mechanism is consistent with our experimental 
observations. We define ‘active sites’ as Chauvin intermediates (that 
is, 1–4 in Extended Data Fig. 4), and ‘total available sites’ as Chauvin 
intermediates plus metathesis-inactive, off-cycle intermediates. For 
simplicity, all species within the proposed site decay and/or renewal 
cycle, including various π complexes and metal alkyls, are represented 
here as a single resting state (5). Other off-cycle intermediates that 
exist in rapid equilibrium with Chauvin intermediates, such as square 
pyramidal metallacyclobutanes18, have not been explicitly included 
in our model as their equilibria are not expected to be influenced by 
the promoter.

We further assume steady-state operation at differential, kinetically 
limited conditions and that all available sites are identical, which per-
mits the use of mean-field rate equations. In reality, grafting of isolated 
metal sites onto amorphous supports will lead to varying degrees of 
strain and a heterogeneous distribution of site activities that is not 
easy to accurately model42–44.

Chauvin kinetics without site renewal and decay. By applying the 
pseudo-steady-state approximation to the Chauvin cycle assuming 
the number of active sites remains constant and initially neglecting 
the site regeneration and decay cycle, the following rate expression 
for Chauvin metathesis can be derived as per ref. 45.
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where rm is the steady-state metathesis rate, θtotal = θ1 + θ2 + θ3 + θ4 is the 
total number of active sites, and PC3

 is the partial pressure of propylene 
(C3). Following ref. 45, we have also assumed the cycloaddition steps 
to be in rapid equilibrium with equilibrium constants K12 and K34. As 
discussed in the main text, equation (1) predicts a C3 reaction order of 
between 0 and 1, and cannot explain why reaction orders of up to 1.8 
have been reported in the literature10,16,19.

Chauvin kinetics with unpromoted site renewal and decay. We now 
turn our attention towards our proposed site decay and renewal cycle, 
considering first the unpromoted version of the cycle (orange cycle in 
Extended Data Fig. 4). Here, we assume that the site decay and renewal 
processes can be represented by single elementary steps with arbitrary 
rate constants:

r k θ P= (2)d d
d

3 C3

r k θ P= (3)f f
f

5 C3

where d and f are the reaction orders for site decay and renewal, 
respectively. This assumption is motivated by the desire to keep the 
rate expressions relatively simple and the fact that most complicated 
rate expressions can be adequately fitted by empirical power-laws.

We also assume that the contributions of site renewal and decay 
by-products (which may include ethylene as depicted in Fig. 4 of the 
main text) to the overall product formation rate are negligible. This 
assumption agrees with the consistent observation (within experimen-
tal error) of a 1:1 ethylene:2-butene molar ratio across all our unpro-
moted propylene self-metathesis experiments.

Again applying the pseudo-steady-state approximation to the rest-
ing state (5) while modifying the site balance accordingly (that is, 
θtotal = θ1 + θ2 + θ3 + θ4 + θ5 that now represents the total available sites 
including off-cycle intermediates in addition to the Chauvin interme-
diates), we obtain
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In the overall rate expression above, the first three terms in the 
denominator can be understood as contributions to the steady-state 
metathesis rate from the Chauvin cycle, and the fourth term from the 
site renewal and decay cycle.

To simplify this rate expression, we may make the further assumption 
that site renewal is rate-limiting, that is, slow relative to both metathesis 
and site decay. The former assumption (rf ≪ rm) is supported by the 
results of our transient experiments, specifically Extended Data Fig. 3b, 
which shows that the renewal of active sites from a freshly purged cata-
lyst surface (that is, one free of active sites where θtotal = θ5) at 350 °C 
and 0.5 bar propylene takes place on a time scale of tens of minutes 
corresponding to the observed induction period. The steady-state 
metathesis rate under these conditions is 3.2 × 10−5 mol C3H6 per gcat s

−1, 
which yields a turnover frequency of 0.20 s−1 assuming that all tungsten 
atoms in the catalyst are available for reaction (which is probably a sig-
nificant overestimate of the actual number of available sites), and sug-
gests that metathesis turnovers at a given tungsten site take place on a 
time scale of no longer than several seconds. This back-of-the-envelope 
calculation validates our assumption that site renewal is slow relative 
to metathesis.

The latter assumption (kf ≪ kd) has been directly demonstrated in 
recent experimental studies on molecular Mo- and W-imido olefin 
and alkylidene complexes by Schrock and coworkers29, in which (1) 
least-squares fitting of NMR-derived transient kinetics yielded rate 
constants for alkylidene protonation that are 1–2 orders of magnitude 



higher than those for protonation of the corresponding olefin com-
plexes, and (2) protonation of the alkylidene complexes was, unlike 
the protonation of the corresponding olefin complexes, observed to 
be too fast to follow by NMR. These observations can be qualitatively 
understood in terms of the strong nucleophilic character of early-metal 
carbene complexes by comparison of the corresponding π complex, 
where π-back donation only rarely provides a strong nucleophilic char-
acter of the carbon bond to the metal46.

Assuming the above, the red term will dominate the blue terms in 
equation (4), yielding:
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This simplified overall rate expression provides a rationalization 
for how the reaction order can exceed 1 for steady-state propylene 
metathesis. On the basis of our proposed mechanisms for site decay 
and renewal discussed in the main text, we expect d ≅ 0 (for example, 
if decomposition of the alkylidene is unimolecular) and 0 < f < 1 (for 
example, if propylene adsorption is kinetically relevant and the surface 
is sufficiently far away from saturation), which leads to an overall C3 
order of 1–2. The apparent activation energy depends on the activation 
energies of metathesis, site renewal and site decay steps, and can thus 
exceed that computed from the Chauvin cycle alone if site renewal has 
a higher barrier than site decay (as may be expected from the discus-
sion above).

Similarly, we can also show under the same assumptions that the 
fraction of active sites is also governed by the balance between site 
renewal and decay and increases with C3 partial pressure:
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From the equation above, the condition that site renewal is 
rate-limiting (that is, kf/kd ≪ 1) also leads to the conclusion that most 
of the available sites exist in their resting state (5) as opposed to 
Chauvin-active states (1–4). This directly explains why the active site 
population in heterogeneous metathesis catalysts is typically very low, 
difficult to accurately titrate (owing to the dynamic interconversion 
of Chauvin-active and off-cycle states) and susceptible to promotion 
(by altering kf/kd; below).

Chauvin kinetics with promoted site renewal and decay. Now con-
sider the system in the presence of a promoter olefin, for instance 4ME 
as shown in the blue cycle of Extended Data Fig. 4. The site decay rate 
expression of equation (2) remains unchanged, whereas an analogous 
rate expression for 4ME-mediated site renewal can be written as follows:

r k θ P= (7)f f
f

,4ME ,4ME 5 4ME

Repeating the derivation of equation (5) while considering both the 
promoted and unpromoted pathways for site renewal yields:
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On the basis of our proposed promoter-assisted proton trans-
fer mechanism for site renewal, we expect the surface coverage of 
promoter-derived alkoxides to be kinetically relevant. To this end, our 
FTIR studies clearly show an increased surface coverage of 4ME-derived 
alkoxides relative to propylene-derived alkoxides. Thus, coupled with 
our hypothesis that promoter-derived acid–base pairs effect proton 
transfers more effectively than surface silanol groups alone, we may 
consider promoted site renewal to be much faster than unpromoted 
site renewal (that is, kf,4ME ≫ kf). This expression then simplifies to:
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which indicates that the sum of C3 and promoter reaction orders should 
equal the unpromoted C3 reaction order, consistent with experimental 
observations.

Equation (9) also ascribes a physical meaning to the observed promo-
tion factor (PF): for a given promoter concentration, the promotion 
factor is governed solely by how fast it makes active sites relative to 
propylene:
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By direct comparison to equation (6), we see that the active site frac-
tion increases with the promoter concentration:
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Finally, by applying the definition of the apparent activation energy 
(Ea,app) to this expression, the experimentally observed decrease in 
Ea,app in the presence of promoter can be attributed to a decrease in 
the apparent site renewal barrier (Ea,f) associated with the kinetically 
relevant proton transfer steps of Fig. 4 in the main text:

E E E E− = − (12)f fA,app,promoted a,app a, ,4ME a,

Computational studies
Active site model. In this work, we adopt a minimal cubic silsesquiox-
ane cluster model with eight-membered rings comprising each ‘face’ 
(Extended Data Fig. 8a, bottom left) to probe the effect of a proximal 
silanol group on alkylidene formation and decay. Whereas this model 
may suffice for an initial qualitative evaluation of the relative feasibil-
ity of various reaction pathways, it should be noted that the accurate 
computational treatment of amorphous silica supports remains an 
open question47.

Computational methods. All calculations were performed with the 
ORCA v.4.2 (refs. 48,49) package using the PBE0 functional50,51 and 
a composite basis set comprising the def2-SVP (ref. 52) (Si, O) and 
def2-TZVPP (W, C, H) basis sets. The def2-TZVPP basis set for W in-
cludes Stuttgart effective core potentials53 that provide an approxi-
mate treatment of scalar relativistic effects. Zero point vibrational 
energy and thermal contributions, as determined under the default 
quasi-harmonic approximation54 (that is, treating all frequencies below 
35 cm−1 as free rotors instead of harmonic vibrations), were obtained 
from analytical frequency calculations on the density functional theory 
geometries at the same level of theory and added to the electronic 
energies to yield the enthalpies reported in the main text. Entropic con-
tributions (that is, to yield Gibbs free energies) were omitted because 
computed values for small cluster models are not directly translatable 
to actual catalyst supports. The RIJCOSX approximation55, together with 
the def2/J series of auxiliary basis sets56 for geometry optimizations and 
automatically generated auxiliary basis sets57 for single-point energy 
calculations, was used to speed up all calculations. All calculations used 
the Grid7 grid size setting.

Geometry optimizations used the L-BFGS algorithm in redundant 
internal coordinates to the default tolerances of 3 × 10−4 hartree per 
bohr for the maximum gradient and 5 × 10−6 hartree for the change 
in self-consistent field energy between steps, and characterized with 
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vibrational frequency analysis to confirm no imaginary frequencies. 
Transition states were obtained with partitioned rational function 
optimization (P-RFO)58, again in redundant internal coordinates, and 
characterized with vibrational frequency analysis to confirm a single 
imaginary frequency. Cartesian coordinates of all optimized geom-
etries and tabulated absolute energies are provided as source data.

All intermediates and transition states were simulated as closed-shell 
singlets. Singlet-triplet gaps were computed for all intermediates and 
found to be more than 20 kcal mol−1; hence, only the singlet spin surface 
was studied. Only the lowest-energy conformer of each structure is 
presented, as the closely spaced (within 1–2 kcal mol−1) conformers 
with methyl groups in different orientations are expected to freely 
interconvert under reaction conditions.

Data availability
Source data are provided with this paper. All other data supporting the 
findings of this study are available from the corresponding authors 
upon reasonable request. 
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Extended Data Fig. 1 | Catalyst characterization. a, Transmission FTIR 
spectra of 3%SOMC (red), grafted precursor complex (pink), and SiO2–700 (blue). 
b, Tauc plot of 3%SOMC. The edge energy of 4.25 eV demonstrates that the 
catalyst is dominated by isolated WOx sites33,59. c, Raman spectra of 3%SOMC 
and SiO2–700 under different environments. The in-situ dehydrated sample was 
heated to 450 °C (1 °C/min) for 2 h and cooled to room temperature under 
flowing 50 mL/min purified air. The Raman spectrum for in-situ dehydrated 
3%SOMC (yellow) was dominated by strong fluorescence, and no clear Raman 
features could be identified. The absence of peaks at 715 and 805 cm−1 in the 
Raman spectrum for ambient 3%SOMC (red) indicates a lack of WO3 crystallites 
on the catalyst33, and the peak at 960 cm−1 is attributed to WOx under ambient 
conditions33. The peak at 1100 cm−1 in the SiO2–700 spectrum (blue) is due to Si-O 

vibration60. Vertical offsets were applied for clarity. d, Tauc plot of 3% WOx/SiO2 
(IWI). The edge energy of 4.11 eV demonstrates that the catalyst is dominated 
by isolated WOx sites33,59. e, Raman spectra of 3% WOx/SiO2 IWI (3% W IWI) catalyst 
(red) and SiO2 support (blue) under ambient conditions. As before, the absence 
of peaks at 715 and 805 cm−1 in the Raman spectrum indicates a lack of WO3 
crystallites on the catalyst33. The region from 900 to 1200 cm−1 is dominated by 
strong Raman features attributable to Si-OH (ca. 970 cm−1) and Si-O vibrations 
(ca. 1100 cm−1)60. The subtle differences between the Raman spectra of the 
catalyst and support (close-up in inset) could be due to the isolated surface 
WOx species on the 3% WOx/SiO2 IWI catalyst33. Vertical offsets were applied  
for clarity.
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Extended Data Fig. 2 | Kinetic studies of catalysts prepared by wet 
impregnation. a, Reaction order plot at T = 350 °C with y(C3H6) = 0.3 to 0.6.  
b, Arrhenius plot at y(C3H6) = 0.5 with T = 320 °C to 350 °C. c, Arrhenius plots of 
propylene metathesis without promoter (blue) and with promoter (1.28 mol% 
4ME + 0.22 mol% i4ME, yellow) at y(C3H6) = 0.5 with T = 230 °C to 260 °C.  
d, Apparent reaction order plots of propylene metathesis without promoter 

(blue) and with promoter (1.28 mol% 4ME + 0.22 mol% i4ME, yellow) at T = 250 °C 
with y(C3H6) = 0.2 to 0.5. e, Apparent reaction order plot of promoter at T = 250 °C, 
y(C3H6) = 0.5 with y(promoter) = 0.7 to 1.5 mol%. Reaction conditions: 10 mg  
15% WOx/SiO2 (industrial) or 20 mg 3% WOx/SiO2 IWI, pretreated at 550 °C under 
100 mL/min He for 1 h, 50 mL/min total gas flow rate (propylene + balance He or 
He saturated with promoter, WHSV = 0.0019 mol C3H6/gcat.s.



Extended Data Fig. 3 | Transient kinetic studies. a, induction period 
associated with 3%SOMC. Reaction conditions: 10 mg catalyst, 25 mL/min C3H6 
+ 25 mL/min He, WHSV = 0.0019 mol C3H6/gcat.s. The temperature was initially 
set to 330 °C and increased to 350 °C after ca. 15 h on stream. b, response of 
steady-state reaction to inert gas purge. TOS = 0 is defined as the time at which 
steady-state was originally achieved at 350 °C. Reaction conditions: 10 mg 
3%SOMC, pretreated at 550 °C under 100 mL/min He for 1 h, T = 350 °C, 50 mL/min  
C3H6 + 50 mL/min He, WHSV = 0.0037 mol C3H6/gcat.s. c, response of steady- 

state reaction to step change in temperature. Reaction conditions: 10 mg 
catalyst, pretreated at 550 °C under 100 mL/min He for 1 h, 25 mL/min C3H6 + 
25 mL/min, WHSV = 0.0019 mol C4H8/gcat.s, The temperature was reduced from 
T = 330 °C to T = 300 °C between the 7th and 8th data points (the new 
temperature equilibrium was achieved in ca. 10 min and the 8th data point was 
taken after the temperature stabilized at 300 °C). TOS = 0 is defined as the 
point at which steady-state at 330 °C was achieved.
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Extended Data Fig. 4 | Simplified reaction network for Chauvin metathesis 
including unpromoted and promoted versions of the proposed site 
renewal/decay cycle. The derivation of a simplified steady-state kinetic model 

connecting our experimental observations to our mechanistic hypotheses is 
presented in Methods.



Extended Data Fig. 5 | Unusual kinetic behavior exhibited by 3%SOMC.  
a, Reaction orders for ethylene/2-butene cross-metathesis. Red: ethylene 
reaction order plot with y(C2H4) = 0.2 to 0.5 and y(C4H8) = 0.5. Blue: 2-butene 
reaction order plot with y(C4H8) = 0.2 to 0.5 and y(C2H4) = 0.5. Reaction 
conditions: 10 mg catalyst, pretreated at 550 °C under 100 mL/min He for 1 h, 
100 mL/min total gas flow rate (balance He), WHSV = 0.0038 mol C4H8/gcat.s, 
T = 330 °C. b, Effect of adding 2-butene to a propylene self-metathesis reaction 
at steady-state. The increase in ethylene yield is modest (ca. 1.5x with 20% 
2-butene co-feed) but significant, stable and fully reversible, consistent with 
observations for better promoters such as i4ME as discussed in the text. There 
are two possible alternative sources of additional ethylene production upon 

2-butene addition that can both be eliminated as they are too small to account 
for the magnitude of the increase in ethylene yield. Firstly, traces of ethylene 
impurities (ca. 30 ppm determined by GC-FID on a bypass run) present in the 
2-butene source are 2-3 orders of magnitude too small. Secondly, 1-butene, 
whether as a feed impurity or generated in situ by isomerization, can undergo 
cross-metathesis with propylene to yield a 1:1 ratio of pentenes and ethylene. 
However, the mole fraction of pentenes in the product stream is 0.0002, an 
order of magnitude too small. Reaction conditions: 10 mg catalyst, pretreated 
at 550 °C under 100 mL/min He for 1 h, 25 mL/min C3H6 + 25 mL/min He or 
(15 mL/min He + 10 mL/min C4H8), WHSV = 0.0019 mol C4H8/gcat.s, T = 330 °C.
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Mechanistic studies and control experiments.  
a, Transient behavior of purged catalyst surface pre-activated with 4ME.  
The initial spike in activity suggests a promotional effect of residual, adsorbed 
4ME in the absence of gas-phase 4ME. A steady-state catalyst surface was first 
purged under helium at 350 °C for at least 3 h to destroy all active sites, then 
contacted with 1.5% 4ME (bal. He) for 1 h before resuming propylene flow. 
Reaction conditions: 10 mg catalyst, pretreated at 550 °C under 100 mL/min He 
for 1 h, T = 350 °C, 50 mL/min C3H6 + 50 mL/min He/4ME (corresponding to y4ME 
= 0.015), WHSV = 0.0037 mol C3H6/gcat.s. b, Reaction order of promoter in 
propylene self-metathesis. The reaction conditions are the same as in Figs. 1b 
and c. The promoter concentration was varied by adjusting the flow rate of 
promoter-saturated He (10 to 25 mL/min) and co-feeding additional He to keep 
the total flow rate constant. c, Solid-state 1D 15N{1H} CP-MAS NMR spectra of (A) 
3%SOMC, (B) 1.5%MoSOMC, and (C) a 3 wt% WO3/SiO2 catalyst prepared by 
incipient wetness impregnation (IWI) after exposure to 15N-labelled pyridine 
and subsequent evacuation (see Methods for details). All materials show 15N 
NMR signals at 290 ppm and 205 ppm, which are assigned on the basis of 
previous computational work61 to H-bonded 15N-pyridine and 15N-pyridinium, 
respectively, clearly establishing the presence of strong Brønsted acid sites of 
sufficient acidity to protonate pyridine. Additionally, both tungsten catalysts 
exhibit a weaker secondary signal at 261 ppm likely arising from 15N-pyridine 
coordinated to irreducible mono-oxo W sites12,22. The weaker intensity of the 
205 ppm peak for the IWI material (C) as compared to that of the SOMC material 
(A) points to a lower concentration of Brønsted acid sites that is consistent with 
the lower observed promotional factor. The spectra were acquired at 14.1 T, 
100 K, 10 kHz MAS, with 15N-1H contact times of 3 ms. d, Thermal stability of 
surface intermediates from the low temperature chemisorption of propylene 
on 3%SOMC. The temperature was ramped from 50 °C to 200 °C (5 °C/min) 
under flowing 50 mL/min He and held at each labeled temperature until steady 

state was attained. Most of the surface intermediates were desorbed below 
200 °C. Vertical offsets were applied for clarity. e–f, Propylene chemisorption 
on pure silica (SiO2–700, e) and pristine 3%SOMC (f). We performed two control 
experiments to support our claim that propylene chemisorption occurs on 
silanols proximal to tungsten sites. Firstly, SiO2–700 was exposed to 50 mL/min 
of 50% propylene in N2 for 4 h at 50 °C, and no visible propylene absorbance  
was observed after 4 h of N2 purging (e). This result confirms that free surface 
silanols are not sufficiently acidic for reaction with propylene in the absence of 
tungsten sites. Next, the same chemisorption experiment was performed on 
pristine 3%SOMC, omitting the high-temperature pretreatment step. As 
characterized in prior work12, the isolated, coordinatively saturated tungsten 
sites on pristine 3%SOMC should not undergo inner-sphere reactions with 
propylene at 50 °C. Observation of a spectrum virtually identical to that from 
propylene chemisorption on spent catalyst (f) thus confirms that propylene 
chemisorption does not directly involve the tungsten sites. g–h, DRIFTS 
spectra of surface intermediates arising from high temperature propylene 
exposure. Spent 3%SOMC was heated to 350 °C and exposed to 50% propylene 
for 4 h, followed by a gas switch and rapid cooling to 50 °C under the coolant 
gas (g). Cooling under propylene (h, blue) resulted in the most intense 
absorptions derived in large proportion from low temperature chemisorption 
during the cooling step. Ethylene (h, red) does not chemisorb but appears to 
preserve surface intermediates, resulting in greatly attenuated peaks. The 
similarity of the ethylene-cooled spectrum (red) to the propylene-cooled 
(blue) and propylene-chemisorbed (Fig. 3a) spectra suggests that the 
chemisorbed species remain the dominant surface intermediates during 
350 °C reaction. N2 (h, black) completely destroyed all surface intermediates 
during the cooling step. The spectra were obtained using the clean activated 
3%SOMC background. Vertical offsets were applied for clarity.
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Extended Data Fig. 7 | Additional DRIFTS and solid-state NMR analysis.  
a, Low temperature chemisorption of various olefins on spent 3%SOMC: (i) 
ethylene, (ii) propylene (presented in the main text but reproduced here for 
ease of comparison), (iii) 2-butene, (iv) propylene + 4ME, (v) propylene + i4ME. 
The spectrum of an activated blank catalyst (black) was obtained with respect 
to the KBr background. Vertical offsets were applied for clarity. Isobutene was 
omitted from the series because it oligomerized into a non-volatile oily phase. 
The fact that the peaks in (iv) and (v) (4ME and i4ME) differ only in intensity but 
not position is consistent with a common chemisorbed species but different 
thermodynamics of protonation. b, Solid-state 2D 1H{13C} D-HMQC NMR 
correlation spectra of 3%SOMC reacted with propylene without i4ME. The 
spectra were acquired at 9.4 T, 298 K, 40 kHz MAS, and with dipolar recoupling 
periods of 18 rotor periods (0.45 ms, red) or 60 rotor periods (1.5 ms, black). 
The 1D 13C projections of the two 2D spectra are shown along the ordinate,  

and a 1D 1H echo spectrum acquired under the same conditions is shown for 
comparison. The short (red) and long (black) recoupling times appear to select 
for -CH3 and -CH2- signals respectively, and the overall signals are consistent 
with predominantly alkyl species. Notably, the alkoxide signals of Fig. 3b are 
absent, likely below the detection limit of solid-state NMR. c, Comparison of 
the solid-state 1D 1H MAS NMR spectra of 3%SOMC after reaction with (top) 
propylene without i4ME or (bottom) propylene with i4ME. The signals are 
generally similar but with very different relative intensities indicating different 
distributions of the corresponding surface species. Specifically, reaction with 
propylene alone appears to result in larger relative quantities of surface-bound 
aromatic and/or olefinic species (1H signals from 4.5–8 ppm), while reaction 
with i4ME appears to favor greater relative proportions of surface alkoxide and 
alkyl moieties. The spectra were acquired at 9.4 T, 298 K, 40 kHz MAS, and with 
rotor synchronized echo delays rotor periods of 2 rotor periods (0.05 ms).



Extended Data Fig. 8 | Putative alkylidene formation pathways and 
preliminary computational studies. a, Proton-assisted and non-proton- 
assisted pathways investigated. Each structure is labeled with its 350 °C 
enthalpy in kcal/mol relative to infinitely separated 1 and propylene. The 
ball-and-stick model is an illustration of the minimal cluster model used in  

the computations. Full computational details are provided in Methods.  
b, Comparison of the silanol-assisted and non-silanol-assisted pathways 
suggests that the presence of proximal silanol groups may help to facilitate 
restoration of the catalytically active sites.
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Extended Data Fig. 9 | Promotion of industrial catalyst. a, The extent of 
promotion of the industrial 15% WOx/SiO2 catalyst is lower than for 3%SOMC 
(ca. 30 at 1.5% 4ME). b, The promotion is stable over at least several hundred 
turnovers (calculated based on the nominal tungsten loading, which likely 
overestimates the actual active site count by 1-2 orders of magnitude). Reaction 
conditions: 50 mg catalyst, pretreated at 550 °C under 100 mL/min He for 1 h, 
T = 250 °C, 25 mL/min C3H6 + 25 mL/min He/4ME, WHSV = 0.0019 mol C3H6/gcat.s.  
Prior to promoter introduction, the catalyst was allowed to reach steady-state 
under 50 mL/min of 50% C3H6 (bal. He) at 350 °C (not shown), then cooled down 
to 250 °C and allowed to reach steady-state again. The zero value of time on 

stream (TOS) is defined to be the time at which steady-state at 250 °C was attained.  
c, i4ME promotion of industrial 15% WOx/SiO2 catalyst for cross-metathesis 
showing a lower promotion factor for cross-metathesis (ca. 5 at 5% i4ME) than 
for self-metathesis (ca. 20 at 5% i4ME) due to the intrinsic promotional ability of 
2-butene as one of the reactants. d, Cross-metathesis promotion is also stable 
over at least several hundred turnovers. As in b, the turnover number is 
calculated based on the nominal tungsten loading. Reaction conditions: 50 mg 
catalyst, pretreated at 650 °C under 100 mL/min He for 1 h, T = 250 °C, 40 mL/
min C2H4/i4ME + 10 mL/min C4H8. The same catalyst bed was used across panels 
a–d.



Extended Data Fig. 10 | Promotion of molybdenum-based catalysts.  
a, The promotion factor for propylene self-metathesis (ca. 26 at 1.5% i4ME) at 
200 °C over 1.5%MoSOMC catalyst. b, The promotion factor for propylene 
self-metathesis (ca. 68 at 1.5% i4ME) at 200 °C over 1.4 wt% MoO3/SiO2 WI 

catalyst. Reaction conditions: 20 mg catalyst, calcined at 400 °C under 40 mL/min  
air for 3 h and pretreated at 500 °C under 100 mL/min He for 3 h, T = 200 °C, 
50% propylene with indicated percent of i4ME in helium balance, 50 mL/min 
total flow rate.
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Extended Data Table 1 | Gas-chromatography characterization of reaction products

a, Identification and quantification of unpromoted and promoted propylene self-metathesis products. * as noted in Methods, these two peaks could not be separated. Rate of metathesis prod-
uct (ethylene + 2-butene) formation with promoter = 2.25 x 10−5 mol/gcat.s. Rate of side product (isobutene + 3ME + >C6) formation = 2.11 x 10−7 mol/gcat.s. Side product selectivity = 0.0094. Peak 
areas presented are averaged over 5 consecutive injections at steady-state, and mole fractions computed from pre-determined calibration factors (see Methods for details). Reaction conditions 
are the same as in Fig. 2. Note that 1-butene, a by-product sometimes seen in propylene metathesis, was not produced in significant amounts in either run (FID peak area < 1000). b, Interconver-
sion of 4ME and i4ME under reaction conditions. Pure silica does not isomerize i4ME to any significant extent even at elevated temperatures. Interestingly, the extent of isomerization in either 
direction does not approach that predicted by thermodynamic equilibrium, which would be <0.01:1 in favor of 4ME. This suggests that, as we postulate in the main text, a steady-state i4ME:4ME 
ratio can be achieved by separating and recycling the promoter in the effluent. Reaction conditions: 10 mg 3%SOMC (S/N 2 and 3), pretreated at 550 °C under 100 mL/min He for 1 h, 25 mL/min 
C3H6 + 25 mL/min He saturated with promoter, WHSV = 0.0019 mol C4H8/gcat.s, T = 280 °C. It should also be noted that the BASF R3-11G catalyst used for feed purification (see Methods for more 
information) can also catalyse isomerization of i4ME/4ME at room temperature, and the usage of excessive quantities may result in deviations from the values in the table.



Extended Data Table 2 | Physical parameters used to evaluate heat and mass transfer limitations

The source of each parameter is indicated in the rightmost column, and the application of the Weisz–Prater and Mears criteria is as shown in Methods (Kinetic studies).
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