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            Abstract
The production of ammonia from nitrogen gas is one of the most important industrial processes, owing to the use of ammonia as a raw material for nitrogen fertilizers. Currently, the main method of ammonia production is the Haberâ€“Bosch process, which operates under very high temperatures and pressures and is therefore very energy-intensive1. The transition-metal-catalysed reduction of nitrogen gas2,3,4,5,6 is an alternative method for the formation of ammonia. In these reaction systems, metallocenes or potassium graphite are typically used as the reducing reagent, and conjugate acids ofÂ pyridines or related compounds are used as a proton source. To develop a next-generation nitrogen-fixation system, these reagents should be low cost, readily available and environmentally friendly. Here we show that the combination of samarium(ii) diiodide (SmI2) with alcohols or water enables the fixation of nitrogen to be catalysed by molybdenum complexes under ambient conditions. Up to 4,350 equivalents of ammonia can be produced (based on the molybdenum catalyst), with a turnover frequency of around 117 per minute. The amount of ammonia produced and its rate of formation are one and two orders of magnitude larger, respectively, than those achieved in artificial reaction systems reported so far, and the formation rate approaches that observed with nitrogenase enzymes. The high reactivity is achieved by a proton-coupled electron-transfer process that is enabled by weakening of the Oâ€“H bonds of alcohols and water coordinated to SmI2. Although the current reaction is not suitable for use on an industrial scale, this work demonstrates an opportunity for further research into catalytic nitrogen fixation.
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                    Fig. 1: Catalytic reduction of nitrogen gas to ammonia in the presence of molybdenum complexes.[image: ]


Fig. 2: Stoichiometric reactions of ammonia formation in reaction system B.[image: ]


Fig. 3: Samarium species in the catalytic reaction.[image: ]


Fig. 4: Typical turnover frequencies and chemical overpotentials.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Reactions via direct nitrogen cleavage pathway.
a, A reaction pathway via direct cleavage of the nitrogenâ€“nitrogen triple bond. b, Synthesis of the molybdenum oxo complex (5) from 1a and water, and reduction of 5 to 4 via direct nitrogen cleavage of the nitrogenâ€“nitrogen triple bond. SmI2(THF)2 was used as the source of SmI2.aYield based on NMR.


Extended Data Fig. 2 1H NMR spectra of catalytic reduction of dinitrogen to ammonia under 15N2.
aâ€“c, 1H NMR (DMSO-d6) spectra of product from catalytic reaction with 1c under 15N2 and [ColH]OTf (a), authentic sample of the mixture of 14NH4Cl and [ColH]OTf (b) and authentic sample of the mixture of 15NH4Cl and [ColH]OTf (c).


Extended Data Fig. 3 Kinetic study of stoichiometric reactions.
A kinetic study of the stoichiometric reaction was carried out by monitoring the formation of 4 by UVâ€“vis spectroscopy at room temperature. A typical procedure is described below. A THF solution containing 1a (1.2 Î¼mol) was added into a quartz glass cell (1 cm Ã— 1 cm Ã— 4 cm) with a septum in a nitrogen-filled glove box. The THF solution of SmI2 (3.0 Î¼mol) was added to the quartz glass cell using a syringe with stirring. The total amount of solution was adjusted to be 3.0 ml. The spectra were measured every 0.4 s, and the rate was determined from the time profile of the initial 100 s. The reaction rate (kobs, in abs sâˆ’1) was determined from the formation rate of the absorbance of 4 at 828 nm. a, Typical time profile of the formation of 4 observed at 828 nm with SmI2 (1.0 mM) and 1a (0.4 mM) in THF at room temperature. b, Rate of formation of 4 at various concentrations of 1a. c, Rate dependence of the formation of 4 on concentration of 1a in THF. d, UVâ€“vis absorption spectra between 380 and 1,100 nm of 1a (0.48 mM in THF; blue line), 4 (0.60 mM in THF; red line), and SmI2 (1.2 mM in THF; green line).
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Extended Data Table 3 Catalytic reactions using water as a proton sourceFull size table


Extended Data Table 4 Catalytic reactions using larger amounts of reducing reagent and proton source using 1a or 9 as catalystsFull size table


Extended Data Table 5 Determination of the turnover frequencies of catalytic reactionsFull size table


Extended Data Table 6 Catalytic reduction by using hydrazine as a substrate instead of dinitrogen gasFull size table





Source data
Source Data Fig. 1

Source Data Fig. 3




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Ashida, Y., Arashiba, K., Nakajima, K. et al. Molybdenum-catalysed ammonia production with samarium diiodide and alcohols or water.
                    Nature 568, 536â€“540 (2019). https://doi.org/10.1038/s41586-019-1134-2
Download citation
	Received: 14 August 2018

	Accepted: 28 February 2019

	Published: 24 April 2019

	Issue Date: 25 April 2019

	DOI: https://doi.org/10.1038/s41586-019-1134-2


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A blueprint for catalysis
                                    
                                

                            
                                
                                    	Ciro Romano
	Jack I. Mansell
	David J. Procter


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Spin polarized Fe1âˆ’Ti pairs for highly efficient electroreduction nitrate to ammonia
                                    
                                

                            
                                
                                    	Jie Dai
	Yawen Tong
	Lizhi Zhang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Oxygen-Coordinated Single Mn Sites for Efficient Electrocatalytic Nitrate Reduction to Ammonia
                                    
                                

                            
                                
                                    	Shengbo Zhang
	Yuankang Zha
	Haimin Zhang


                                
                                Nano-Micro Letters (2024)

                            
	
                            
                                
                                    
                                        Photocatalytic nitrogen fixation under an ambient atmosphere using a porous coordination polymer with bridging dinitrogen anions
                                    
                                

                            
                                
                                    	Yan Xiong
	Bang Li
	Zhong Jin


                                
                                Nature Chemistry (2023)

                            
	
                            
                                
                                    
                                        Cyclopentadienyl ring activation in organometallic chemistry and catalysis
                                    
                                

                            
                                
                                    	Andrew VanderWeide
	Demyan E. Prokopchuk


                                
                                Nature Reviews Chemistry (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    A fresh approach to synthesizing ammonia from air and water
                

                
	MÃ¡tÃ© J. Bezdek
	Paul J. Chirik



                
    
        
            Nature
        
        News & Views
        
        
            24 Apr 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
