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Abstract


Heterocycles are ubiquitous structures in nature and can be found in many drugs and chemicals. Biocatalysts, alone or in combination with other metal catalysts, can be exploited for the construction of various heterocyclic rings under mild reaction conditions. This Short Review highlights the recent advances in the development of biocatalytic and chemo-enzymatic methods for the synthesis of both aliphatic and aromatic heterocyclic rings.


1 	Introduction


2 	Synthesis of Aliphatic Heterocycles


2.1 	Piperidines, Pyrrolidines and Piperazines


2.2 	Other Nitrogen-Containing Aliphatic Heterocycles


2.3 	Lactones and Lactams


2.4 	Other Oxygen-Containing Heterocycles


3 	Synthesis of Aromatic Heterocycles


3.1 	Pyrroles, Pyridines and Pyrazines


3.2 	Furans


3.3 	Bicyclic Aromatic Heterocycles


4 	Conclusion

        

      


        
[bookmark: N116DA]
Key words

heterocycles - 
        biocatalysis - 
        chemo-enzymatic cascades - 
        green chemistry - 
        heteroaromatic
      


 

[bookmark: ]

[bookmark: N11E26]
	
References


	
[bookmark: BR000-1]1 
          
            Gilchrist TL. 
          
        
          Heterocyclic Chemistry, 3rd ed. Addison Wesley; Essex: 1997: 414 





Google Scholar






[bookmark: RL000-2]
	
[bookmark: JR000-2001]2a 
            
              Gomtsyan A. 
            
          Chem. Heterocycl. Compd. 2012; 48: 7 





Crossref





	
[bookmark: JR000-2002]2b 
            
              Jampilek J. 
            
          Molecules 2019; 24: 3839 





CrossrefPubMed








[bookmark: RL000-3]
	
[bookmark: JR000-3001]3a 
            
              Taylor AP, 
            
            
              Robinson RP, 
            
            
              Fobian YM, 
            
            
              Blakemore DC, 
            
            
              Jones LH, 
            
            
              Fadeyi O. 
            
          Org. Biomol. Chem. 2016; 14: 6611 





CrossrefPubMed





	
[bookmark: JR000-3002]3b 
            
              Pitt WR, 
            
            
              Parry DM, 
            
            
              Perry BG, 
            
            
              Groom CR. 
            
          J. Med. Chem. 2009; 52: 2952 





CrossrefPubMed








	
[bookmark: JR000-4]4 
          
            Köhler V, 
          
          
            Ward TR. 
          
        ChemCatChem 2014; 6: 2191 





Crossref





	
[bookmark: JR000-5]5 
          
            Reetz MT. 
          
        J. Am. Chem. Soc. 2013; 135: 12480 





CrossrefPubMed






[bookmark: RL000-6]
	
[bookmark: JR000-6001]6a 
            
              France SP, 
            
            
              Hepworth LJ, 
            
            
              Turner NJ, 
            
            
              Flitsch SL. 
            
          ACS Catal. 2017; 7: 710 





Crossref





	
[bookmark: JR000-6002]6b 
            
              Schrittwieser JH, 
            
            
              Velikogne S, 
            
            
              Hall M, 
            
            
              Kroutil W. 
            
          Chem. Rev. 2018; 118: 270 





CrossrefPubMed








	
[bookmark: JR000-7]7 
          
            Denard CA, 
          
          
            Hartwig JF, 
          
          
            Zhao H. 
          
        ACS Catal. 2013; 3: 2856 





Crossref





	
[bookmark: JR000-8]8 
          
            Soler A, 
          
          
            Garrabou X, 
          
          
            Hernández K, 
          
          
            Gutiérrez ML, 
          
          
            Busto E, 
          
          
            Bujons J, 
          
          
            Parella T, 
          
          
            Joglar J, 
          
          
            Clapés P. 
          
        Adv. Synth. Catal. 2014; 356: 3007 





Crossref





	
[bookmark: JR000-9]9 
          
            Simon RC, 
          
          
            Grischek B, 
          
          
            Zepeck F, 
          
          
            Steinreiber A, 
          
          
            Belaj F, 
          
          
            Kroutil W. 
          
        Angew. Chem. 2012; 124: 6817 





Crossref





	
[bookmark: JR000-10]10 
          
            O’Reilly E, 
          
          
            Iglesias C, 
          
          
            Ghislieri D, 
          
          
            Hopwood J, 
          
          
            Galman JL, 
          
          
            Lloyd RC, 
          
          
            Turner NJ. 
          
        Angew. Chem. Int. Ed. 2014; 53: 2447 





CrossrefPubMed





	
[bookmark: JR000-11]11 
          
            France SP, 
          
          
            Hussain S, 
          
          
            Hill AM, 
          
          
            Hepworth LJ, 
          
          
            Howard RM, 
          
          
            Mulholland KR, 
          
          
            Flitsch SL, 
          
          
            Turner NJ. 
          
        ACS Catal. 2016; 6: 3753 





Crossref





	
[bookmark: JR000-12]12 
          
            Hepworth LJ, 
          
          
            France SP, 
          
          
            Hussain S, 
          
          
            Both P, 
          
          
            Turner NJ, 
          
          
            Flitsch SL. 
          
        ACS Catal. 2017; 7: 2920 





Crossref





	
[bookmark: JR000-13]13 
          
            Alvarenga N, 
          
          
            Payer SE, 
          
          
            Petermeier P, 
          
          
            Kohlfuerst C, 
          
          
            Porto AL. M, 
          
          
            Schrittwieser JH, 
          
          
            Kroutil W. 
          
        ACS Catal. 2020; 10: 1607 





Crossref





	
[bookmark: JR000-14]14 
          
            Zwick CR. III, 
          
          
            Renata H. 
          
        J. Am. Chem. Soc. 2018; 140: 1165 





CrossrefPubMed





	
[bookmark: JR000-15]15 
          
            Okamoto Y, 
          
          
            Köhler V, 
          
          
            Ward TR. 
          
        J. Am. Chem. Soc. 2016; 138: 5781 





CrossrefPubMed





	
[bookmark: JR000-16]16 
          
            Borlinghaus N, 
          
          
            Gergel S, 
          
          
            Nestl BM. 
          
        ACS Catal. 2018; 8: 3727 





Crossref





	
[bookmark: JR000-17]17 
          
            Ren X, 
          
          
            Yorke JA, 
          
          
            Taylor E, 
          
          
            Zhang T, 
          
          
            Zhou W, 
          
          
            Wong LL. 
          
        Chem. Eur. J. 2015; 21: 15039 





CrossrefPubMed





	
[bookmark: JR000-18]18 
          
            Ren X, 
          
          
            O’Hanlon JA, 
          
          
            Morris M, 
          
          
            Robertson J, 
          
          
            Wong LL. 
          
        ACS Catal. 2016; 6: 6833 





Crossref





	
[bookmark: JR000-19]19 
          
            McIntosh JA, 
          
          
            Coelho PS, 
          
          
            Farwell CC, 
          
          
            Wang ZJ, 
          
          
            Lewis JC, 
          
          
            Brown TR, 
          
          
            Arnold FH. 
          
        Angew. Chem. Int. Ed. 2013; 52: 9309 





CrossrefPubMed





	
[bookmark: JR000-20]20 
          
            Hyster TK, 
          
          
            Farwell CC, 
          
          
            Buller AR, 
          
          
            McIntosh JA, 
          
          
            Arnold FH. 
          
        J. Am. Chem. Soc. 2014; 136: 15505 





CrossrefPubMed





	
[bookmark: JR000-21]21 
          
            Singh R, 
          
          
            Bordeaux M, 
          
          
            Fasan R. 
          
        ACS Catal. 2014; 4: 546 





CrossrefPubMed





	
[bookmark: JR000-22]22 
          
            Singh R, 
          
          
            Kolev JN, 
          
          
            Sutera PA, 
          
          
            Fasan R. 
          
        ACS Catal. 2015; 5: 1685 





CrossrefPubMed





	
[bookmark: JR000-23]23 
          
            Ghislieri D, 
          
          
            Green AP, 
          
          
            Pontini M, 
          
          
            Willies SC, 
          
          
            Rowles I, 
          
          
            Frank A, 
          
          
            Grogan G, 
          
          
            Turner NJ. 
          
        J. Am. Chem. Soc. 2013; 135: 10863 





CrossrefPubMed





	
[bookmark: JR000-24]24 
          
            Ritzen B, 
          
          
            Hoekman S, 
          
          
            Duràn Verdasco E, 
          
          
            van Delft FL, 
          
          
            Rutjes FP. J. T. 
          
        J. Org. Chem. 2010; 75: 3461 





CrossrefPubMed





	
[bookmark: JR000-25]25 
          
            Kara S, 
          
          
            Spickermann D, 
          
          
            Schrittwieser JH, 
          
          
            Weckbecker A, 
          
          
            Leggewie C, 
          
          
            Arends IW. C. E, 
          
          
            Hollmann F. 
          
        ACS Catal. 2013; 3: 2436 





Crossref





	
[bookmark: JR000-26]26 
          
            Ferrandi EE, 
          
          
            Monti D, 
          
          
            Patel I, 
          
          
            Kittl R, 
          
          
            Haltrich D, 
          
          
            Riva S, 
          
          
            Ludwig R. 
          
        Adv. Synth. Catal. 2012; 354: 2821 





Crossref





	
[bookmark: JR000-27]27 
          
            Díaz-Rodríguez A, 
          
          
            Borzęcka W, 
          
          
            Lavandera I, 
          
          
            Gotor V. 
          
        ACS Catal. 2014; 4: 386 





Crossref





	
[bookmark: JR000-28]28 
          
            Classen T, 
          
          
            Korpak M, 
          
          
            Schölzel M, 
          
          
            Pietruszka J. 
          
        ACS Catal. 2014; 4: 1321 





Crossref






[bookmark: RL000-29]
	
[bookmark: JR000-29001]29a 
            
              Gagnon R, 
            
            
              Grogan G, 
            
            
              Roberts SM, 
            
            
              Villa R, 
            
            
              Willetts AJ. 
            
          J. Chem. Soc., Perkin Trans. 1 1995; 1505 









	
[bookmark: JR000-29002]29b 
            
              Schmidt S, 
            
            
              Scherkus C, 
            
            
              Muschiol J, 
            
            
              Menyes U, 
            
            
              Winkler T, 
            
            
              Hummel W, 
            
            
              Gröger H, 
            
            
              Liese A, 
            
            
              Herz HG, 
            
            
              Bornscheuer UT. 
            
          Angew. Chem. Int. Ed. 2015; 54: 2784 





CrossrefPubMed





	
[bookmark: JR000-29003]29c 
            
              Oberleitner N, 
            
            
              Peters C, 
            
            
              Rudroff F, 
            
            
              Bornscheuer UT, 
            
            
              Mihovilovic MD. 
            
          J. Biotechnol. 2014; 192: 393 





CrossrefPubMed





	
[bookmark: JR000-29004]29d 
            
              Aalbers FS, 
            
            
              Fraaije MW. 
            
          Appl Microbiol Biotechnol. 2017; 101: 7557 





CrossrefPubMed





	
[bookmark: JR000-29005]29e 
            
              Dong J, 
            
            
              Fernández-Fuey E, 
            
            
              Hollmann F, 
            
            
              Paul CE, 
            
            
              Pesic M, 
            
            
              Schmidt S, 
            
            
              Wang Y, 
            
            
              Younes S, 
            
            
              Zhang W. 
            
          Angew. Chem. Int. Ed. 2018; 57: 9238 





CrossrefPubMed








	
[bookmark: JR000-30]30 
          
            Bornadel A, 
          
          
            Hatti-Kaul R, 
          
          
            Hollmann F, 
          
          
            Kara S. 
          
        ChemCatChem 2015; 7: 2442 





Crossref





	
[bookmark: JR000-31]31 
          
            Solé J, 
          
          
            Brummund J, 
          
          
            Caminal G, 
          
          
            Álvaro G, 
          
          
            Schürmann M, 
          
          
            Guillén M. 
          
        Org. Process Res. Dev. 2019; 23: 2336 





Crossref





	
[bookmark: JR000-32]32 
          
            Herter S, 
          
          
            McKenna SM, 
          
          
            Frazer AR, 
          
          
            Leimkühler S, 
          
          
            Carnell AJ, 
          
          
            Turner NJ. 
          
        ChemCatChem 2015; 7: 2313 





Crossref





	
[bookmark: JR000-33]33 
          
            Bechi B, 
          
          
            Herter S, 
          
          
            McKenna S, 
          
          
            Riley C, 
          
          
            Leimkühler S, 
          
          
            Turner NJ, 
          
          
            Carnell AJ. 
          
        Green Chem. 2014; 16: 4524 





CrossrefPubMed





	
[bookmark: JR000-34]34 
          
            Huang L, 
          
          
            Sayoga GV, 
          
          
            Hollmann F, 
          
          
            Kara S. 
          
        ACS Catal. 2018; 8: 8680 





Crossref





	
[bookmark: JR000-35]35 
          
            Wang ZJ, 
          
          
            Clary KN, 
          
          
            Bergman RG, 
          
          
            Raymond KN, 
          
          
            Toste FD. 
          
        Nat. Chem. 2013; 5: 100 





CrossrefPubMed





	
[bookmark: JR000-36]36 
          
            Hernàndez K, 
          
          
            Parella T, 
          
          
            Joglar J, 
          
          
            Bujons J, 
          
          
            Pohl M, 
          
          
            Clapés P. 
          
        Chem. Eur. J. 2015; 21: 3335 





CrossrefPubMed





	
[bookmark: JR000-37]37 
          
            Szekreny A, 
          
          
            Garrabou X, 
          
          
            Parella T, 
          
          
            Joglar J, 
          
          
            Bujons J, 
          
          
            Clapés P. 
          
        Nat Chem. 2015; 7: 724 





CrossrefPubMed





	
[bookmark: JR000-38]38 
          
            Abdel-Mohsen HT, 
          
          
            Conrad J, 
          
          
            Beifuss U. 
          
        Green Chem. 2012; 14: 2686 





Crossref





	
[bookmark: JR000-39]39 
          
            Scalacci N, 
          
          
            Black GW, 
          
          
            Mattedi G, 
          
          
            Brown NL, 
          
          
            Turner NJ, 
          
          
            Castagnolo D. 
          
        ACS Catal. 2017; 7: 1295 





Crossref





	
[bookmark: JR000-40]40 
          
            Toscani A, 
          
          
            Risi C, 
          
          
            Black GW, 
          
          
            Brown NL, 
          
          
            Shaaban A, 
          
          
            Turner NJ, 
          
          
            Castagnolo D. 
          
        ACS Catal. 2018; 8: 8781 





Crossref





	
[bookmark: JR000-41]41 
          
            Xu J, 
          
          
            Green AP, 
          
          
            Turner NJ. 
          
        Angew. Chem. Int. Ed. 2018; 57: 16760 





CrossrefPubMed






[bookmark: RL000-42]
	
[bookmark: JR000-42001]42a 
            
              D’Acunzo F, 
            
            
              Baiocco P, 
            
            
              Galli C. 
            
          New J. Chem. 2003; 27: 329 





Crossref





	
[bookmark: JR000-42002]42b 
            
              Christopher LP, 
            
            
              Yao B, 
            
            
              Ji Y. 
            
          Front. Energy Res. 2014; 2: 1 












	
[bookmark: JR000-43]43 
          
            Risi C, 
          
          
            Zhao F, 
          
          
            Castagnolo D. 
          
        ACS Catal. 2019; 9: 7264 





Crossref





	
[bookmark: JR000-44]44 
          
            Kumar A, 
          
          
            Sharma S, 
          
          
            Maurya RA. 
          
        Tetrahedron Lett. 2010; 51: 6224 





Crossref





	
[bookmark: JR000-45]45 
          
            Mogharabi-Manzari M, 
          
          
            Kiani M, 
          
          
            Aryanejad S, 
          
          
            Imanparast S, 
          
          
            Amini M, 
          
          
            Faramarzi MA. 
          
        Adv. Synth. Catal. 2018; 360: 3563 





Crossref





	
[bookmark: JR000-46]46 
          
            Li F, 
          
          
            Li Z, 
          
          
            Tang X, 
          
          
            Cao X, 
          
          
            Wang C, 
          
          
            Li J, 
          
          
            Wang L. 
          
        ChemCatChem 2019; 11: 1192 





Crossref






[bookmark: RL000-47]
	
[bookmark: JR000-47001]47a 
            
              Keum H, 
            
            
              Kang G, 
            
            
              Chung N. 
            
          Appl. Biol. Chem. 2017; 60: 505 





Crossref





	
[bookmark: JR000-47002]47b 
            
              Keum H, 
            
            
              Kang G, 
            
            
              Jho EH. 
            
          Chemosphere 2017; 187: 206 





CrossrefPubMed








	
[bookmark: JR000-48]48 
          
            Zhao F, 
          
          
            Masci D, 
          
          
            Ferla S, 
          
          
            Varricchio C, 
          
          
            Brancale A, 
          
          
            Colonna S, 
          
          
            Black GW, 
          
          
            Turner NJ, 
          
          
            Castagnolo D. 
          
        ACS Catal. 2020; 10: 6414 





Crossref










 









    
  

  
    
      
        


      

    

    
      
        
        


      

    

  


  

  
  
    
      
      
    
    
      
        
        
      

    
  




  
  
    
      
      
    
    
      
        
        
      

    
  



  







    
    


















  






      

      

  
    Top of Page
  

  
    
      ©  Georg Thieme Verlag KG | 
      
      
        Imprint |
        Privacy policy statement |
      
      Smartphone Version
      

      
        Your Current IP Address: 34.228.247.231
      

    

    

  




      


  
    
  
  
  
    
    
      
        
        
        
        
      
      
      
      
    
  
  




    

    






    

    
      
        
      
    

    
    


    
      
      
      
    

  