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Abstract: Olefin metathesis is a versatile strategy for large-scale olefin interconversion, yet 
mechanistic details over industrial heterogeneous catalysts have remained ambiguous for decades. 
Here, from rigorous kinetic measurements, spectroscopic studies, and computational modeling of 
propylene metathesis over model and industrial WOx/SiO2 catalysts, we identify a hitherto 
unknown site renewal and decay cycle, mediated by proton transfers involving proximal Brønsted 15 
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 250oC 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 general and 20 
can address major roadblocks associated with industrial metathesis processes.  

Main Text: As an atom-efficient strategy for the large-scale interconversion of olefins, 
heterogeneously catalyzed olefin metathesis has seen several commercial applications in the 
petrochemical, polymer, and specialty chemical industries 1-2. For instance, the cross-metathesis 
of ethylene and 2-butenes, known commercially as the Lummus Olefin Conversion Technology 25 
(OCT) process 1-2, is 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 crackers 3-4. The advantages of the 
OCT process over other on-purpose propylene production technologies, such as propane 
dehydrogenation 3, 5 and methanol-to-olefins 6, are that the metathesis reaction is nearly 
thermoneutral and highly selective 1-2. However, metathesis has been gradually losing market share 30 
to these alternatives: as of 2019, only ca. 4% of the world’s propylene supply of ca. 130 million 
metric tons per annum is estimated to be derived from metathesis 7-8, largely because a suitably 
active and stable catalyst has yet to be found. In particular, tungsten oxide dispersed on silica 
(WOx/SiO2) remains the industrial catalyst of choice over other supported metal oxides (e.g., 
Re2O7/Al2O3, which is active at room temperature but deactivates relatively rapidly) owing to its 35 
tolerance to feed impurities and stability over long operating periods 9, but suffers from low rates 
of reaction and requires high operating temperatures (ca. 350-450oC). Yet, the increasing demand 
of propylene has kept metathesis as a key technology in the petrochemical industry, attracting 
significant academic and industrial interest over the past few decades. 
Supported metal oxides lack the alkylidene moieties responsible for catalytic activity in 40 
homogeneous metathesis catalysts 10-11. Rather, the active sites on heterogeneous catalysts are 



 

2 
 

thought to form in situ from metal-dioxo precursors upon reaction with the olefin substrate at high 
temperatures 9, 12-14. The kinetically and thermodynamically demanding nature of this activation 
process 12-13 results in a very low fraction of catalytically active metal centers, explaining the low 
reaction rate per unit mass of catalyst and high operating temperature requirement of WOx/SiO2, 
as well as the failure to characterize the reaction intermediates spectroscopically 9, 15. Indeed, 5 
activation procedures that promote alkylidene formation, such as high temperature pretreatment 
under reducing atmospheres 16-17 or, more recently, pre-reduction with organosilicon reducing 
agents 15, 18, generate highly active catalysts that operate at low temperatures (e.g., 70 °C), but 
these materials deactivate rapidly for reasons that remain obscure. Furthermore, propylene self-
metathesis reaction orders ranging from 0.8 to 1.8 have been reported 13, 19-21 despite the well-10 
known Chauvin mechanism 10 predicting a reaction order less than 1. These, among other puzzling 
observations, are symptomatic of broader gaps in the mechanistic understanding of heterogeneous 
olefin metathesis that have hindered process development. 
Here, we present a new mechanistic picture for heterogeneous olefin metathesis, supported by 
kinetic, spectroscopic, and computational studies, in which the active site count dynamically varies 15 
as a result of a site decay and renewal cycle operating in parallel with the Chauvin cycle (Fig. 1, 
top). More specifically, we show that site decay and renewal are mediated by proton transfers 
involving Brønsted acidic surface OH groups. We further show that, by co-feeding substituted 
olefins that promote active site renewal but are unreactive towards cross-metathesis, this hitherto 
unknown cycle can be manipulated to significantly increase the steady-state active site population 20 
and metathesis rate (Fig. 1, bottom). Our findings not only reconcile longstanding issues in the 
mechanistic understanding of heterogeneous olefin metathesis, but also reveal a strategy for 
enhancing the activity and reducing the operating temperature requirement of tungsten- and 
molybdenum-based metathesis catalysts. 

We performed the kinetic studies in a tubular reactor heated under flowing propylene mixed with 25 
helium as an inert diluent, operating under differential conditions and in the absence of mass 
transfer limitations (see Supporting Information for details). For simplicity, we selected propylene 
self-metathesis into ethylene and 2-butene as our primary probe reaction, and systematically varied 
the reactor temperature and propylene concentration (300-330oC, 20-50 mol% propylene, Figs. 
2A-B) while measuring product distributions in the reactor effluent through gas chromatography 30 
analysis (fig. S1). To avoid the potential confounding effects of metal clusters or interface sites 
present in classical wet-impregnation catalysts 9, we used a catalyst prepared by surface 
organometallic chemistry (SOMC) 22 consisting solely of isolated W(VI)-oxo surface sites 
supported on silica 15 (referred to as 3%SOMC; figs. S2-4), while benchmarking important results 
against an industrial WOx/SiO2 catalyst prepared by wet impregnation 15. We measured a 35 
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 on 3%SOMC (Fig. 2B, orange) is consistent with literature values 
for supported tungsten catalysts 13, 20, but significantly higher than those computed for tungsten 
alkylidene complexes (ca. 20-30 kcal/mol) 23, further hinting at the existence of other kinetically 40 
relevant steps beyond the Chauvin cycle. Furthermore, we note that similar kinetic results were 
obtained over the industrial wet-impregnation catalyst (fig. S5) demonstrating the similitude 
between the systems (vide infra for further comparison). 
Analysis of transient kinetic behavior provides clues as to the nature of these additional steps. As 
observed early on for classical supported WOx catalysts 24, the initial approach to steady-state for 45 
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the 3%SOMC catalyst was marked by an extended induction period of ca. 24-48 hours (fig. S6) 
and attributed to slow olefin- and silanol-mediated 12 reduction of W(VI)-dioxo sites to W(IV)-
oxo sites 12-13, 15. This site formation process has been noted to be roughly first-order in propylene 
24. A helium purge of the system at steady-state led to a second, shorter, induction period of ca. 1-
2 hours to return to the original steady-state rate (fig. S7), suggesting that the active sites are 5 
unstable in the absence of propylene, presumably decaying into an inactive resting (off-cycle) 
state, and are regenerated upon re-exposure to propylene. A similar response time resulted from a 
step change in reaction temperature at steady-state (fig. S8). We thus surmised that the steady-state 
active site fraction varies with reaction conditions as a result of dynamic site decay and renewal. 
Indeed, overall second-order kinetics can be recovered by assuming the fraction of active sites is 10 
proportional to the propylene partial pressure, as might be expected from combining first-order 
metathesis with first-order site renewal and zero-order site decay steps. 

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 indeed separate 
processes, then the olefins used to regenerate the active sites need not be the same olefins that 15 
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/2-butene cross-metathesis, which 
exhibits the same greater-than-first-order behavior as its reverse reaction (i.e., propylene self-
metathesis), but with an ethylene order of 0.7 and a 2-butene order of 1.0 (fig. S9). This difference 
in reaction orders between the two reactants cannot be explained by differences in their metathesis 20 
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 25 
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 1.5x) in steady-state propylene self-metathesis rate upon addition of 2-butene to the feed (fig. 
S10), which runs counter to the expectation that degenerate 2-butene self-metathesis should instead 30 
inhibit the reaction by competing for active sites. However, this observation is in fact consistent 
with 2-butene participating in kinetically relevant site renewal without altering Chauvin cycle 
intermediates. 
The practical feasibility of this promotion strategy hinges on the discovery of a promoter olefin 
that is not only highly active for site renewal, but also selective against deleterious side reactions 35 
forming by-products that would complicate downstream separation. Indeed, a promotion of 
propylene metathesis was first observed in the 1970s by Phillips Petroleum workers 25, but the 
polyene promoters investigated then decomposed under reaction conditions. To this end, we 
screened a set of 1,1-disubstituted olefins that do not readily undergo cross-metathesis 26 for their 
ability to promote propylene metathesis. All olefins tested increased steady-state propylene 40 
metathesis rates by varying degrees, confirming the generality of our promotion strategy (Fig. 1, 
bottom). A 1.5 mol% concentration of the best-performing promoter, 2,3-dimethyl-1-butene 
(i4ME), increased steady-state propylene metathesis rates by nearly 5-fold at 330oC and 30-fold at 
250oC (Fig. 2C). The formation of unwanted side products, including isobutene, 2-methyl-2-
butene (3ME) and unidentified C7 and C8 hydrocarbons, was minimal, with a <1% selectivity 45 
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relative to the formation rates of metathesis products at 250°C (table S1). Despite facile 
interconversion of i4ME and its positional isomer 4ME (2,3-dimethyl-2-butene) under reaction 
conditions (table S2), 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.  5 

We performed a series of mechanistic studies to probe the pathways of active site renewal and 
decay and explain how promoter olefins alter this balance. First, the reaction rate reverts to its 
original steady-state value upon stopping promoter flow (Fig. 2C), confirming that the promoter 
does not irreversibly alter active sites. Next, a control experiment showing temporary promotion 
upon exposure of a purged catalyst to 4ME (fig. S11) confirms that adsorbed promoter molecules, 10 
rather than promoter molecules in the gas phase, are responsible for the promotional effect. Kinetic 
studies performed in the presence of promoter 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 330oC (Fig. 2A), 
accompanied by a combined promoter reaction order of 0.8 (fig. S12). This result suggests that the 
promoter reduces the dependence of the active site fraction on propylene concentration. The 15 
promoter also decreases the apparent activation energy by 40 kJ/mol to 119 kJ/mol (Fig. 2B), 
rationalizing the dramatic increase in promotion factor at lower temperatures (<300oC).  
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 3%SOMC to propylene at 50oC, followed by purging of gas-phase and 20 
physisorbed hydrocarbons under flowing N2, yielded a broad series of peaks in the sp3 C-H 
stretching region (Fig. 3A). The relative peak intensities are characteristic of chemisorbed 
isopropoxy species 12 likely created here by a Brønsted acid-base reaction involving propylene and 
a silanol group with increased acidity induced by a proximal tungsten site (fig. S13) 27. The 
presence of strong acid sites is directly confirmed by solid-state 1D 15N{1H} CPMAS NMR 25 
analysis of the precatalysts after reaction with 15N-labeled pyridine as a probe molecule (fig. S14). 
As would be expected from a reversible and exothermic adsorption process, the DRIFTS signals 
rapidly decay upon heating of the chemisorbed surface under N2 (fig. S15). Propylene exposure at 
350oC resulted in a virtually identical spectrum to that obtained from exposure at 50oC, suggesting 
that isopropoxide formation remains the dominant catalyst-substrate interaction even under 30 
reaction conditions (fig. S16). Chemisorption of other olefins also yielded similar absorption 
bands, again attributable to alkoxide formation, with intensities increasing in the order ethylene 
<< propylene, 2-butene < 4ME < i4ME (Fig. 3B and fig. S17). This trend can be rationalized in 
terms of increasing ease to generate the carbocation upon olefin protonation and subsequently the 
surface alkoxide species. This trend also matches that of promotional ability (table S3), 35 
highlighting 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 reversibly by 
co-feeding ammonia 28-29 or irreversibly by introducing a silylating agent 30.  
The formation of surface alkoxide species is further corroborated by solid-state 1D and 2D 1H and 40 
1H{13C} magic angle spinning (MAS) NMR. 3%SOMC was activated thermally and subsequently 
contacted with i4ME and propylene (see Supporting Information for details). 1H MAS NMR 
signals are detected at 0.6, 1.0, 1.6, and 5.4 ppm (Fig. 4), which are resolved based on their 
different correlations to 13C signals in the solid-state 2D 1H{13C} dipolar-mediated heteronuclear 
multiple quantum coherence (D-HMQC) NMR correlation spectra of the post-reaction catalyst 45 
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(Fig. 4). Specifically, the 1H signals at 0.6, 1.0, and 1.6 ppm are all correlated to a distribution of 
13C signal intensity from 20-35 ppm (green shaded region in Fig. 4), which we assign to a 
distribution of surface alkyl moieties, possibly derived from hydrocarbon products of olefin 
aromatization and/or cracking. Importantly, the 1H signal at 1.6 ppm is also correlated to a 13C 
signal at 75 ppm (blue shaded region in Fig. 4), which we assign to surface alkoxide species that 5 
are likely bound to the silica support as evidenced by the chemical shift value 31. An additional 
correlation is observed between a 1H signal at 5.4 ppm and 13C signals from 20-35 ppm that likely 
arises from residual surface-bound olefinic moieties. The alkoxide signal was not observed in the 
corresponding control experiment without i4ME (figs. S18 and S19), consistent with our DRIFTS 
studies suggesting that the promoter greatly increases the surface coverage of alkoxide species. 10 

A putative mechanism for Brønsted acid-catalyzed site renewal and decay is the 1,2-proton shift 
pathway (Fig. 5A) that has been extensively documented for tantalum, molybdenum, and tungsten 
complexes in the presence of a proton source 32-34 and proposed for the low-temperature initiation 
of styrene metathesis on well-defined silica-supported W(IV)-oxo species 27. This process has been 
shown to be readily reversible 27, consistent with the site initiation and decay pathways proposed 15 
here. Density functional theory calculations on minimal cluster models of mononuclear WOx/SiO2 
sites demonstrate the feasibility of this proposal (Fig. 5A), in agreement with recently reported 
computational results on MoOx/SiO2 catalyst models 14. The initial formation of the catalyst resting 
state, a tungsten alkyl species (3), is thermodynamically favorable and occurs most easily by 
hydrogen transfer to a π complex (2). A subsequent α-hydrogen abstraction then yields an 20 
alkylidene product (4). Compared to the classical allylic C-H activation mechanism that does not 
invoke proximal silanol groups, these reaction steps lead to a significantly flatter overall energy 
landscape (Fig. 5A and fig. S20). 
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. 5B. In the absence of 25 
promoter, site renewal and decay (blue) are mediated by proximal silanol groups (red) via 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 initiators 35 and can 
lead to the main Chauvin cycle after a single turnover (bottom left). Free silanol groups react with 30 
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 kinetically superior proton transfer 
agents compared to free surface silanols, akin to the role of [(Et2O)2H][B(C6H5)4] as an initiator of 
molecular Mo- and W-imido metathesis catalysts via a kinetically controlled 1,2-proton shift 
pathway in which protonation of a π complex is rate limiting 34. Although the precise mechanism 35 
by which these acid-base pairs facilitate proton transfers remains under investigation, this 
mechanism is nevertheless fully consistent with all of our experimental observations detailed 
above. 

The practicality of our mechanism is demonstrated by the reactivity gains obtained using the wet-
impregnation catalyst both for the self-metathesis of propylene (fig. S21) and for the industrially 40 
relevant cross-metathesis of ethylene and 2-butene (fig. S22). Co-feeding the i4ME promoter over 
a 15 wt% WO3/SiO2 catalyst at 250oC resulted in rate increases of ca. 6x and 5x, respectively. 
While these values are lower than those obtained with the 3%SOMC catalyst, they substantiate 
the use of promoters as a versatile handle to access reaction conditions previously considered 
impractical for tungsten-based materials.  45 
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Finally, similar reactivity gains and kinetic behaviors are also observed for molybdenum-based 
materials, confirming that our observations and proposed mechanism are indeed universal. In 
particular, steady-state propylene metathesis rates increased by ca. 26x and 68x upon co-feeding 
the i4ME promoter at 200oC over a 1.5 wt% MoO3/SiO2 catalyst prepared by SOMC 
(1.5%MoSOMC) and a 1.4 wt% MoO3/SiO2 catalyst prepared by wet impregnation respectively 5 
(fig. S23). 
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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 5 
promoter-controlled site renewal/site decay. W represents a silica-supported mononuclear 
tungsten active site where the support has been omitted for clarity. (Bottom) 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. 10 
Methods of promoter introduction and full experimental details are provided in the SI. Reaction 
conditions: 10 mg 3%SOMC pretreated at 550oC under 100 mL/min He for 1 h, 50 mL/min total 
gas flow rate (50% C3H6 with balance He), WHSV = 0.0019 mol C3H6/gcat.s.  
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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 5 
metathesis activity. Reaction conditions: 10 mg 3%SOMC pretreated at 550oC under 100 mL/min 
He for 1 h, 50 mL/min 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 SI. 
  10 
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Fig. 3. DRIFTS studies of olefin chemisorption on spent catalyst. (A) DRIFTS spectrum of 
propylene chemisorbed on spent 3%SOMC at 50oC. The formation of surface alkoxide species 
proposed to be responsible for the observed peaks is shown in the inset. (B) DRIFTS spectra of 
various olefins chemisorbed on spent 3%SOMC at 50oC, superimposed on the same axes to 5 
illustrate intensity differences. Each spectrum is plotted separately with peaks labeled in Fig. S17, 
and full experimental details are provided in the SI. 
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Fig. 4. 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 5 
spectrum acquired under the same conditions is shown for comparison. The schematic inset shows 
1H-13C interactions on a surface alkoxide consistent with the observed correlated signal intensities 
(green and blue shaded regions). Full sample preparation and measurement details are provided in 
the SI. 
  10 
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Fig. 5. Proposed mechanisms for site renewal, site decay and promotion. (A) Comparison of 
the proposed silanol-catalyzed 1,2-proton shift (top; 1 to 4) and the classical allylic C-H 
activation/β-hydrogen transfer (bottom; TS3) pathways for site renewal. Density functional theory 
calculations of these pathways confirm that appropriately positioned silanol groups can effectively 5 
catalyze alkylidene formation. The silsesquioxane cluster model used is shown in the bottom left 
(Si: beige, W: blue, O: red, H: white). Reported energy values are enthalpies at 350oC relative to 
infinitely separated 1 and propylene (full computational details in SI). (B) Proposed catalytic cycle 
integrating metathesis with in situ silanol-catalyzed site renewal and decay and promoter-assisted 
proton transfer. W represents a silica-supported mononuclear tungsten active site where the 10 
support has been omitted for clarity. 
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