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            Abstract
The stereoselective oxidation of hydrocarbons is one of the most notable advances in synthetic chemistry over the past fifty years1,2,3. Inspired by nature, enantioselective dihydroxylations, epoxidations and other oxidations of unsaturated hydrocarbons have been developed. More recently, the catalytic enantioselective allylic carbonâ€“hydrogen oxidation of alkenes has streamlined the production of pharmaceuticals, natural products, fine chemicals and other functional materials4,5,6,7. Allylic functionalization provides a direct path to chiral building blocks with a newly formed stereocentre from petrochemical feedstocks while preserving the olefin functionality as a handle for further chemical elaboration. Various metal-based catalysts have been discovered for the enantioselective allylic carbonâ€“hydrogen oxidation of simple alkenes with cyclic or terminal double bonds8,9,10,11,12,13,14,15,16. However, a general and selective allylic oxidation using the more common internal alkenes remains elusive. Here we report the enantioselective, regioselective and E/Z-selective allylic oxidation of unactivated internal alkenes via a catalytic hetero-ene reaction with a chalcogen-based oxidant. Our method enables non-symmetric internal alkenes to be selectively converted into allylic functionalized products with high stereoselectivity and regioselectivity. Stereospecific transformations of the resulting multifunctional chiral building blocks highlight the potential for rapidly converting internal alkenes into a broad range of enantioenriched structures that can be used in the synthesis of complex target molecules.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Catalytic enantioselective oxidation of unactivated terminal and internal alkenes.[image: ]


Figure 2: Substrate scope of the catalytic enantioselective and regioselective allylic oxidation of internal unactivated alkenes.[image: ]


Figure 3: Multiple synthetic derivitizations of the synthetically versatile product of the catalytic enantioselective and regioselective allylic oxidation of internal alkenes.[image: ]


Figure 4: Mechanistic studies of the catalytic enantioselective allylic oxidation of internal alkenes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Development of an enantioselective and regioselective allylic oxidation of internal unactivated alkenes via an ene reaction.
a, Our approach to generating one allylic oxidation product from unactivated internal alkenes and chalcogen-based oxidants. Sulfurimide reagent 3d was chosen for several reasons. First, compared to diimide oxidants 3b and 3c, sulfurimide 3d is considerably less electrophilic and therefore less reactive in thermal hetero-ene reactions, affording greater opportunity for a catalyst-controlled process. Second, the ene adducts generated between internal olefins and oxidants 3aâ€“3c undergo spontaneous [2,3]-rearrangements, which preclude the ability to diversify the resulting oxidation products. Lastly, the presence of distinct nitrogen and oxygen moieties on the central sulfur atom in the allylic oxidation product provides an opportunity for further chemistry to access synthetically diverse products via Câ€“N and Câ€“O bond formation (see Fig. 1b). b, Optimization of the enantioselective allylic oxidation of cis-5-decene. Reaction conditions: cis-5-decene (1â€‰equiv.), sulfurimide reagent 3d (1.5â€‰equiv.), solvent (0.13â€‰M). Yields were determined by 1H NMR using 1,4-dimethoxybenzene as an internal standard. a0.5â€‰equiv. trifluoroacetic acid added to reaction. b10-mmol scale. cIsolated yield. d>20:1 initial d.r. (5a:5b). At âˆ’70â€‰Â°C, reagent 3d did not undergo a background thermal ene reaction with cis-5-decene 4 in the absence of a catalyst (entry 1). Achiral Lewis acids such as TiCl4, SnCl4 and SbCl5 catalysed the ene reaction at âˆ’70â€‰Â°C in CH2Cl2 to furnish the allylic oxidation product 5 in low yields (entries 2â€“4). Although coordination of BINOL to titanium and tin provided ene-adduct 5 in low enantiomeric excess (entries 5 and 6), the antimonyâ€“BINOL complex gave the oxidized product in considerably higher enantiomeric excess with enhanced yield (entry 7). Addition of 50â€‰mol% trifluoroacetic acid (TFA) improved the efficiency of the reaction (entry 8). Examination of several solvents revealed the beneficial effects of CH2Cl2 on the yield of the reaction (entry 8) and of PhMe on the enantioselectivity of the reaction (entry 9). In concert, these two solvents improved the stereoselectivity of the transformation, which was performed on a 10-mmol scale with commercially available (R)-BINOL (entry 10). On the basis of the observed effect of the aromatic solvent on the stereoselectivity of the reaction, we evaluated a series of aryl-substituted BINOL-based diols. Co-catalyst 6 was deemed optimal for this process (see Supplementary Information), with slightly improved enantioselectivity (entry 11). Although the ene adduct was formed as a >20:1 mixture of epimers at sulfur (5a and 5b), which indicates that this process is also highly diastereoselective at âˆ’78â€‰Â°C, this mixture equilibrated over several hours at ambient temperature to a 4:1 mixture of epimers.
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