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            Abstract
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.
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                    Fig. 1: Promotion of heterogeneous olefin metathesis by manipulating site renewal and decay.[image: ]


Fig. 2: Effect of co-fed promoters on propylene metathesis activity and kinetics.[image: ]


Fig. 3: Infrared and solid-state NMR studies of olefin chemisorption on spent catalyst.[image: ]


Fig. 4: Proposed mechanisms for site renewal, site decay and promotion.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Olefin oligomerization by main group Ga3+ and Zn2+ single site catalysts on SiO2
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 April 2021
                                    

                                

                                Nicole J. LiBretto, Yinan Xu, … Jeffrey T. Miller

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Gas reactions under intrapore condensation regime within tailored metal–organic framework catalysts
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 May 2019
                                    

                                

                                Iker Agirrezabal-Telleria, Ignacio Luz, … Mustapha Soukri

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Highly active ruthenium metathesis catalysts enabling ring-opening metathesis polymerization of cyclopentadiene at low temperatures
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 August 2019
                                    

                                

                                Kitaek Song, Kunsoon Kim, … Soon Hyeok Hong

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                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. 

            

References
	Copéret, C. et al. Olefin metathesis: what have we learned about homogeneous and heterogeneous catalysts from surface organometallic chemistry? Chem. Sci. 12, 3092–3115 (2021).
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sattler, J. J., Ruiz-Martinez, J., Santillan-Jimenez, E. & Weckhuysen, B. M. Catalytic dehydrogenation of light alkanes on metals and metal oxides. Chem. Rev. 114, 10613–10653 (2014).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Agarwal, A., Sengupta, D. & El-Halwagi, M. Sustainable process design approach for on-purpose propylene production and intensification. ACS Sustainable Chem. Eng. 6, 2407–2421 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Carr, C. Global Propylene Market http://cdn.ihs.com/www/pdf/asia-chem-conf/Carr.pdf (2014).

	Tian, P., Wei, Y., Ye, M. & Liu, Z. Methanol to olefins (MTO): from fundamentals to commercialization. ACS Catal. 5, 1922–1938 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Jean‐Louis Hérisson, P. & Chauvin, Y. Catalyse de transformation des oléfines par les complexes du tungstène. II. Télomérisation des oléfines cycliques en présence d’oléfines acycliques. Makromol. Chem. Macromol. Chem. Phys. 141, 161–176 (1971).
Article 
    
                    Google Scholar 
                

	Hoveyda, A. H. & Zhugralin, A. R. The remarkable metal-catalysed olefin metathesis reaction. Nature 450, 243 (2007).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Amakawa, K. et al. In situ generation of active sites in olefin metathesis. J. Am. Chem. Soc. 134, 11462–11473 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Lwin, S. & Wachs, I. E. Olefin metathesis by supported metal oxide catalysts. ACS Catal. 4, 2505–2520 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Howell, J. G., Li, Y.-P. & Bell, A. T. Propene metathesis over supported tungsten oxide catalysts: a study of active site formation. ACS Catal. 6, 7728–7738 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Handzlik, J., Kurleto, K. & Gierada, M. Computational insights into active site formation during alkene metathesis over a MoOx/SiO2 catalyst: the role of surface silanols. ACS Catal. https://doi.org/10.1021/acscatal.1c03912 (2021).

	Mougel, V. et al. Low temperature activation of supported metathesis catalysts by organosilicon reducing agents. ACS Cent. Sci. 2, 569–576 (2016).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ding, K. et al. Highly efficient activation, regeneration, and active site identification of oxide-based olefin metathesis catalysts. ACS Catal. 6, 5740–5746 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Michorczyk, P., Węgrzyniak, A., Węgrzynowicz, A. & Handzlik, J. Simple and efficient way of molybdenum oxide-based catalyst activation for olefins metathesis by methane pretreatment. ACS Catal. 9, 11461–11467 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Lwin, S. & Wachs, I. E. Catalyst activation and kinetics for propylene metathesis by supported WOx/SiO2 catalysts. ACS Catal. 7, 573–580 (2016).
Article 
    
                    Google Scholar 
                

	Zhao, P. et al. Entrapped single tungstate site in zeolite for cooperative catalysis of olefin metathesis with Brønsted acid site. J. Am. Chem. Soc. 140, 6661–6667 (2018).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Copéret, C. Single-sites and nanoparticles at tailored interfaces prepared via surface organometallic chemistry from thermolytic molecular precursors. Acc. Chem. Res. 52, 1697–1708 (2019).
Article 
    PubMed 
    
                    Google Scholar 
                

	Poater, A., Solans-Monfort, X., Clot, E., Coperet, C. & Eisenstein, O. Understanding d0-olefin metathesis catalysts: which metal, which ligands? J. Am. Chem. Soc. 129, 8207–8216 (2007).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Luckner, R. C. & Wills, G. B. Transient kinetics of the disproportionation of propylene over a tungsten oxide on silica catalyst. J. Catal. 28, 83–91 (1973).
Article 
    CAS 
    
                    Google Scholar 
                

	Pennella, F. & Banks, R. L. The influence of chelating polyolefins on the disproportionation of propylene catalyzed by WO3 on silica. J. Catal. 31, 304–308 (1973).
Article 
    CAS 
    
                    Google Scholar 
                

	Chatterjee, A. K., Choi, T.-L., Sanders, D. P. & Grubbs, R. H. A general model for selectivity in olefin cross metathesis. J. Am. Chem. Soc. 125, 11360–11370 (2003).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chan, K. W., Mance, D., Safonova, O. V. & Copéret, C. Well-defined silica-supported tungsten (IV)–oxo complex: olefin metathesis activity, initiation, and role of Brønsted acid sites. J. Am. Chem. Soc. 141, 18286–18292 (2019).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Amakawa, K., Wang, Y., Kröhnert, J., Schlögl, R. & Trunschke, A. Acid sites on silica-supported molybdenum oxides probed by ammonia adsorption: experiment and theory. Mol. Catal. 478, 110580 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Gabrienko, A. A. et al. Direct measurement of zeolite Brønsted acidity by FTIR spectroscopy: solid-state 1H MAS NMR approach for reliable determination of the integrated molar absorption coefficients. J. Phys. Chem. C 122, 25386–25395 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Gangwal, S. K. & Wills, G. B. Effects of ammonia and amines on propylene disproportionation over a tungsten oxide silica catalyst. J. Catal. 52, 539–541 (1978).
Article 
    CAS 
    
                    Google Scholar 
                

	Van Roosmalen, A. & Mol, J. Active centers for the metathesis and isomerization of alkenes on tungsten-oxide/silica catalysts. J. Catal. 78, 17–23 (1982).
Article 
    
                    Google Scholar 
                

	Freundlich, J. S., Schrock, R. R., Cummins, C. C. & Davis, W. M. Organometallic complexes of tantalum that contain the triamidoamine ligand, [(Me3SiNCH2CH2)3N]3-, including an ethylidene complex formed via a phosphine-catalyzed rearrangement of an ethylene complex. J. Am. Chem. Soc. 116, 6476–6477 (1994).
Article 
    CAS 
    
                    Google Scholar 
                

	Hirsekorn, K. F. et al. Thermodynamics, kinetics, and mechanism of (silox) 3M (olefin) to (silox) 3M (alkylidene) rearrangements (silox=tBu3SiO; M=Nb, Ta). J. Am. Chem. Soc. 127, 4809–4830 (2005).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Liu, S., Boudjelel, M., Schrock, R. R., Conley, M. P. & Tsay, C. Interconversion of molybdenum or tungsten d2 styrene complexes with d0 1-phenethylidene analogues. J. Am. Chem. Soc. 143, 17209–17218 (2021).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Taylor, J. W., Schrock, R. R. & Tsay, C. Molybdenum disubstituted alkylidene complexes. Organometallics 39, 658–661 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Yamamoto, K. et al. Silica-supported isolated molybdenum di-oxo species: formation and activation with organosilicon agent for olefin metathesis. Chem. Commun. 54, 3989–3992 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Gioffrè, D., Rochlitz, L., Payard, P.-A., Yakimov, A. & Copéret, C. Grafting of group-10 organometallic complexes on silicas: differences and similarities, surprises and rationale. Helv. Chim. Acta 105, e202200073 (2022).
Article 
    
                    Google Scholar 
                

	Ross-Medgaarden, E. I. & Wachs, I. E. Structural determination of bulk and surface tungsten oxides with UV-vis diffuse reflectance spectroscopy and Raman spectroscopy. J. Phys. Chem. C 111, 15089–15099 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Moodley, D., van Schalkwyk, C., Spamer, A., Botha, J. & Datye, A. Coke formation on WO3/SiO2 metathesis catalysts. Appl. Catal., A 318, 155–159 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Weisz, P. & Prater, C. Interpretation of measurements in experimental catalysis. Adv. Catal 6, 60390–60399 (1954).

                    Google Scholar 
                

	Mears, D. E. Tests for transport limitations in experimental catalytic reactors. Ind. Eng. Chem. Process Des. Dev. 10, 541–547 (1971).
Article 
    CAS 
    
                    Google Scholar 
                

	Ishii, Y., Yesinowski, J. P. & Tycko, R. Sensitivity enhancement in solid-state 13C NMR of synthetic polymers and biopolymers by 1H NMR detection with high-speed magic angle spinning. J. Am. Chem. Soc. 123, 2921–2922 (2001).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Venkatesh, A., Hanrahan, M. P. & Rossini, A. J. Proton detection of MAS solid-state NMR spectra of half-integer quadrupolar nuclei. Solid State Nucl. Magn. Reson. 84, 171–181 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Brinkmann, A. & Kentgens, A. P. Proton-selective 17O–H distance measurements in fast magic-angle-spinning solid-state NMR spectroscopy for the determination of hydrogen bond lengths. J. Am. Chem. Soc. 128, 14758–14759 (2006).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Venkatesh, A., Perras, F. A. & Rossini, A. J. Proton-detected solid-state NMR spectroscopy of spin-1/2 nuclei with large chemical shift anisotropy. J. Magn. Reson. 327, 106983 (2021).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Noh, G. et al. Lewis acid strength of interfacial metal sites drives CH3OH selectivity and formation rates on Cu‐based CO2 hydrogenation. Catalysts. Angew. Chem. Int. Ed. 60, 9650–9659 (2021).
Article 
    CAS 
    
                    Google Scholar 
                

	Goldsmith, B. R., Sanderson, E. D., Bean, D. & Peters, B. Isolated catalyst sites on amorphous supports: a systematic algorithm for understanding heterogeneities in structure and reactivity. J. Chem. Phys. 138, 204105 (2013).
Article 
    ADS 
    PubMed 
    
                    Google Scholar 
                

	Khan, S. A., Vandervelden, C. A., Scott, S. L. & Peters, B. Grafting metal complexes onto amorphous supports: from elementary steps to catalyst site populations via kernel regression. Reaction Chem. Eng. 5, 66–76 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Praveen, C. S., Borosy, A. P., Copéret, C. & Comas-Vives, A. Strain in silica-supported Ga(III) sites: neither too much nor too little for propane dehydrogenation catalytic activity. Inorg. Chem. 60, 6865–6874 (2021).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kapteijn, F., Bredt, H. L., Homburg, E. & Mol, J. C. Kinetics of the metathesis of propene over dirhenium heptaoxide. gamma.-aluminum oxide. Ind. Eng. Chem. Prod. Res. Dev. 20, 457–466 (1981).
Article 
    CAS 
    
                    Google Scholar 
                

	Gordon, C. P., Andersen, R. A. & Copéret, C. Metal olefin complexes: revisiting the Dewar−Chatt−Duncanson model and deriving reactivity patterns from carbon-13 NMR chemical shift. Helv. Chim. Acta 102, e1900151 (2019).
Article 
    
                    Google Scholar 
                

	Goldsmith, B. R., Peters, B., Johnson, J. K., Gates, B. C. & Scott, S. L. Beyond ordered materials: understanding catalytic sites on amorphous solids. ACS Catal. 7, 7543–7557 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Neese, F. The ORCA program system. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2, 73–78 (2012).
CAS 
    
                    Google Scholar 
                

	Neese, F. Software update: the ORCA program system, version 4.0. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 8, e1327 (2018).

                    Google Scholar 
                

	Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).
Article 
    ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Adamo, C. & Barone, V. Toward reliable density functional methods without adjustable parameters: the PBE0 model. J. Chem. Phys. 110, 6158–6170 (1999).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Weigend, F. & Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: design and assessment of accuracy. Phys. Chem. Chem. Phys. 7, 3297–3305 (2005).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Andrae, D., Haeussermann, U., Dolg, M., Stoll, H. & Preuss, H. Energy-adjusted ab initio pseudopotentials for the second and third row transition elements. Theor. Chim. Acta 77, 123–141 (1990).
Article 
    CAS 
    
                    Google Scholar 
                

	Grimme, S. Supramolecular binding thermodynamics by dispersion‐corrected density functional theory. Chem. Eur. J. 18, 9955–9964 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Neese, F., Wennmohs, F., Hansen, A. & Becker, U. Efficient, approximate and parallel Hartree–Fock and hybrid DFT calculations. A ‘chain-of-spheres’ algorithm for the Hartree–Fock exchange. Chem. Phys. 356, 98–109 (2009).
Article 
    CAS 
    
                    Google Scholar 
                

	Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 8, 1057–1065 (2006).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Stoychev, G. L., Auer, A. A. & Neese, F. Automatic generation of auxiliary basis sets. J. Chem. Theory Comput. 13, 554–562 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Baker, J. An algorithm for the location of transition states. J. Comput. Chem. 7, 385–395 (1986).
Article 
    CAS 
    
                    Google Scholar 
                

	Barton, D. G., Shtein, M., Wilson, R. D., Soled, S. L. & Iglesia, E. Structure and electronic properties of solid acids based on tungsten oxide nanostructures. J. Phys. Chem. B 103, 630–640 (1999).
Article 
    CAS 
    
                    Google Scholar 
                

	McMillan, P. F. & Remmele, R. L. Hydroxyl sites in SiO2 glass: a note on infrared and Raman spectra. Am. Mineral. 71, 772–778 (1986).
CAS 
    
                    Google Scholar 
                

	Moroz, I. B., Larmier, K., Liao, W.-C. & Copéret, C. Discerning γ-alumina surface sites with nitrogen-15 dynamic nuclear polarization surface enhanced NMR spectroscopy of adsorbed pyridine. J. Phys. Chem. C 122, 10871–10882 (2018).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
The computations were performed on the Euler cluster at ETH Zurich. We acknowledge H. Adamji and J. Zhu for help in the synthesis and characterization of the WI MoOx/SiO2 catalyst, T. S. Wesley for a reading of the manuscript and R. R. Schrock for discussions. The work at MIT was financially supported by Saudi Aramco through MIT Energy Initiative (grant no. 6930839). We are grateful to the Swiss National Science Foundation (SNF) for financial support of this work (grant no. 200021L_157146). Z.J.B. also gratefully acknowledges financial support from the SNF (Spark award no. CRSK-2_190322).


Author information
Authors and Affiliations
	Department of Chemical Engineering, Massachusetts Institute of Technology (MIT), Cambridge, MA, USA
Terry Z. H. Gani, Ran Zhu, Jong Hun Kang, John R. Di Iorio, Daniel F. Consoli & Yuriy Román-Leshkov

	Department of Chemistry and Applied Biosciences, ETH Zurich, Zurich, Switzerland
Terry Z. H. Gani, Zachariah J. Berkson, Ka Wing Chan & Christophe Copéret

	Research & Development Center, Saudi Aramco, Dhahran, Saudi Arabia
Sohel K. Shaikh


Authors	Terry Z. H. GaniView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zachariah J. BerksonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ran ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jong Hun KangView author publications
You can also search for this author in
                        PubMed Google Scholar



	John R. Di IorioView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ka Wing ChanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Daniel F. ConsoliView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sohel K. ShaikhView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christophe CopéretView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yuriy Román-LeshkovView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
D.F.C., S.K.S., C.C. and Y.R.-L. conceptualized the project. Y.R.-L. and C.C. supervised the project. Z.J.B. and K.W.C. performed the synthesis and characterization of the SOMC catalysts. Z.J.B. conducted the solid-state NMR analyses. T.Z.H.G., R.Z., J.H.K. and J.R.D.I. performed all other experiments and data analyses. T.Z.H.G. designed and performed the computational studies. T.Z.H.G. wrote the manuscript with input from all other authors.
Corresponding authors
Correspondence to
                Christophe Copéret or Yuriy Román-Leshkov.


Ethics declarations

              
                Competing interests

                D.F.C., S.K.S. and Y.R.-L. are inventors on a patent application that covers the use of olefin promoters for heterogeneous metathesis. The other authors declare no competing interests.

              
            

Peer review

              
              
                Peer review information

                Nature thanks the anonymous reviewers for their contribution to the peer review of this work.

              
            

Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

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.
Source data


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.
Source data


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.
Source data


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.
Source data


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.
Source data


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).
Source data


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.
Source data


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.
Source data


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.
Source data


Extended Data Table 1 Gas-chromatography characterization of reaction productsFull size table


Extended Data Table 2 Physical parameters used to evaluate heat and mass transfer limitationsFull size table
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