







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 24 April 2019



                    Molybdenum-catalysed ammonia production with samarium diiodide and alcohols or water

                    	Yuya Ashida1, 
	Kazuya Arashiba1, 
	Kazunari Nakajima2 & 
	â€¦
	Yoshiaki Nishibayashi1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 568,Â pages 536â€“540 (2019)Cite this article
                    

                    
        
            	
                        42k Accesses

                    
	
                        318 Citations

                    
	
                            139 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Catalysis
	Inorganic chemistry


    


                
    
    

    
    

                
            


        
            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.


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


Fig. 3: Samarium species in the catalytic reaction.


Fig. 4: Typical turnover frequencies and chemical overpotentials.



                


                
                    
                
            

            
                Data availability


Crystallographic data for the reported structures have been deposited at the Cambridge Crystallographic Data Centre, under deposition numbers: CCDC 185998 (5), 1857999 (6), 1858000 (7a) and 1858001 (7bÂ·2C4H8O). All other data supporting the findings of this study are available within the paper or from the corresponding author upon reasonable request.
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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 2 Catalytic reactions in various solvents using typical experimental procedureFull size table


Extended Data Table 3 Catalytic reactions using water as a proton sourceFull size table
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