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Abstract


Sulfur is one of the few elements that occurs uncombined in nature. Sulfur atoms are found in natural amino acids and vitamins. In the chemical industry, organosulfur compounds are used for fabricating rubber, fibers, and dyes, pharmaceuticals, and pesticides. Although sulfur, which is cheap and easy to handle, is a useful source of sulfur atom in functional organosulfur compounds, it is rarely used in organic synthesis. Activation of sulfur by high temperature, light irradiation, treatment with nucleophiles and electrophiles, and redox conditions often results in the formation of various active sulfur species, which complicate reactions. The development of a method that mildly activates sulfur is therefore desired. The use of transition-metal catalysts is a new method of activating sulfur under mild conditions, and, in this article, we describe the rhodium-catalyzed synthesis of various organosulfur compounds by the insertion of sulfur atoms into single bonds and by the addition of sulfur to unsaturated bond in various organic compounds.


1 	Introduction


2 	Sulfur Activation without using Transition Metal


3 	Transition-Metal-Catalyzed Activation of Sulfur


4 	Rhodium-Catalyzed Reactions using Sulfur


4.1 	Rhodium-Catalyzed Sulfur Atom Exchange Reactions using Sulfur


4.2 	Synthesis of Diaryl Sulfides using Rhodium-Catalyzed Exchange Reaction of Aryl Fluorides and Sulfur/Organopolysulfides


4.3 	Rhodium-Catalyzed Synthesis of Isothiocyanate using Sulfur


4.4 	Rhodium-Catalyzed Sulfur Addition Reaction to Alkenes for Thiiranes Synthesis


4.5 	Rhodium-Catalyzed Sulfur Addition Reaction to Alkynes for 1,4-Dithiins Synthesis


5 	Conclusion
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sulfur - 
        rhodium catalysis - 
        dithiorhodium complex - 
        insertion reaction - 
        addition reaction
      


 




	
References


	
1 United States Geological Survey (USGS) ‘Sulfur Statistic and Information, Mineral Commodity Summaries, Sulfur, 160, 2019. 









	
2 
          
            Nehb W, 
          
          
            Vydra K. 
          
        
          Sulfur
        . In 
          Ullmann’s Encyclopedia of Industrial Chemistry
        . Wiley-VCH Verlag; Weinheim: 2006 





Google Scholar





	
3 
          
            Yokose K, 
          
          
            Arai T, 
          
          
            Shiga T. 
          
        Nippon Gomu Kyokaishi 1960; 33: 513 





Crossref





	
4 
          
            Cremlyn RJ. 
          
        
          An Introduction to Organosulfur Chemistry
        . John Wiley and Sons; Chichester: 1996 





Google Scholar







	
5a 
            
              Denk MK. 
            
          Eur. J. Inorg. Chem. 2009; 1358 









	
5b 
            
              Kagaku Binran. 
            
          (Kiso Hen II) Chem. Soc. Jpn., 5th ed. Maruzen; Tokyo: 2004: 315 





Google Scholar





	
5c 
            
              Cothel TL. 
            
          
            The Strength of Chemical Bonds
          . Academic Press; New York: 1954 





Google Scholar








	
6 
          
            Nguyen TB. 
          
        Adv. Synth. Catal. 2017; 359: 1066 





Crossref





	
7 
          
            Chung WJ, 
          
          
            Griebel JJ, 
          
          
            Kim ET, 
          
          
            Yoon H, 
          
          
            Simmonds AG, 
          
          
            Ji HJ, 
          
          
            Dirlam PT, 
          
          
            Glass RS, 
          
          
            Wie JJ, 
          
          
            Nguyen NA, 
          
          
            Guralnick BW, 
          
          
            Park J, 
          
          
            Somogyi Á, 
          
          
            Theato P, 
          
          
            Mackay ME, 
          
          
            Sung Y.-E, 
          
          
            Char K, 
          
          
            Pyun J. 
          
        Nat. Chem. 2013; 5: 518 





CrossrefPubMed







	
8a 
            
              Darabi HR, 
            
            
              Aghapoor K, 
            
            
              Mohsenzadeh F. 
            
          Phosphorus, Sulfur Silicon Relat. Elem. 2005; 180: 2483 





Crossref





	
8b 
            
              Nakayama J, 
            
            
              Kashiwagi M, 
            
            
              Yomoda R, 
            
            
              Hoshino M. 
            
          Chem. Soc. Jpn. 1987; 7: 1424 












	
9 
          
            Strauss E.-M, 
          
          
            Steudel R. 
          
        Z. Naturforsch., B 1987; 42: 682 





Crossref







	
10a 
            
              Bartlett PD, 
            
            
              Cox EF, 
            
            
              Davis RE. 
            
          J. Am. Chem. Soc. 1961; 83: 103 





Crossref





	
10b 
            
              Davis RE. 
            
          J. Am. Chem. Soc. 1958; 80: 3565 





Crossref





	
10c 
            
              Bartlett PD, 
            
            
              Davis RE. 
            
          J. Am. Chem. Soc. 1958; 80: 2513 





Crossref








	
11 
          
            Sato R, 
          
          
            Sato T, 
          
          
            Segawa K, 
          
          
            Takikawa Y, 
          
          
            Takizawa S, 
          
          
            Oae S. 
          
        Phosphorus Sulfur Relat. Elem. 1979; 7: 217 









	
12 
          
            Emsley J, 
          
          
            Griffiths DW, 
          
          
            Jayne GJ. J. 
          
        J. Chem. Soc., Perkin Trans. 1 1979; 228 





Crossref





	
13 
          
            Dougherty G, 
          
          
            Hammond PD. 
          
        J. Am. Chem. Soc. 1935; 57: 117 





Crossref







	
14a 
            
              Lange L, 
            
            
              Triebel W. 
            
          
            Ullmann’s Encyclopedia of Industrial Chemistry, Vol. A25. Wiley-VCH Verlag; Weinheim: 1994: 443 





Google Scholar





	
14b 
            
              Yamada N, 
            
            
              Furukawa M, 
            
            
              Nishi M, 
            
            
              Takata T. 
            
          Chem. Lett. 2002; 454 












	
15 
          
            Martin JA, 
          
          
            Baudot P, 
          
          
            Monal JL, 
          
          
            Lejaille MF. 
          
        J. Chem. Educ. 1975; 52: 188 





Crossref





	
16 
          
            Ginsberg AP, 
          
          
            Lindsell WE, 
          
          
            Sprinkle CR, 
          
          
            West KW, 
          
          
            Cohen RL. 
          
        Inorg. Chem. 1982; 21: 3666 





Crossref





	
17 
          
            Kashiwabara K, 
          
          
            Morikawa A, 
          
          
            Suzuki T, 
          
          
            Isobe K, 
          
          
            Tatsumi K. 
          
        J. Chem. Soc., Dalton Trans. 1997; 1075 









	
18 
          
            Iluc VL, 
          
          
            Laskowski CA, 
          
          
            Brozek CK, 
          
          
            Horrold ND, 
          
          
            Hillhouse GL. 
          
        Inorg. Chem. 2010; 49: 6817 





CrossrefPubMed





	
19 
          
            Poulain S, 
          
          
            Julien S, 
          
          
            Duñach E. 
          
        Tetrahedron Lett. 2005; 46: 7077 





Crossref





	
20 
          
            Kajitani M, 
          
          
            Suetsugu T, 
          
          
            Wakabayashi R, 
          
          
            Igarashi A, 
          
          
            Akiyama T, 
          
          
            Sugimori A. 
          
        J. Organomet. Chem. 1985; 293: C15 





Crossref





	
21 
          
            Dzhemilev UM, 
          
          
            Baibulatova NZ, 
          
          
            Tkatchenko TK, 
          
          
            Kunakova RV, 
          
          
            Khalilov LM, 
          
          
            Berg AA. 
          
        Izv. Akad. Nauk SSSR, Ser. Khim. 1989; 3: 655 











	
22a 
            
              Szabó T, 
            
            
              Milen M. 
            
          Chem. Heterocycl. Compd. 2019; 55: 126 





Crossref





	
22b 
            
              Liu H, 
            
            
              Jiang X. 
            
          Chem. Asian J. 2013; 8: 2546 





CrossrefPubMed









	
23a 
            
              Taniguchi N. 
            
          Tetrahedron 2016; 72: 5818 





Crossref





	
23b 
            
              Taniguchi N. 
            
          Tetrahedron 2012; 68: 10510 





Crossref









	
24a 
            
              Wang R, 
            
            
              Ding Y.-L, 
            
            
              Liu H, 
            
            
              Peng S, 
            
            
              Ren J, 
            
            
              Li L. 
            
          Tetrahedron Lett. 2014; 55: 945 





Crossref





	
24b 
            
              Deng H, 
            
            
              Li Z, 
            
            
              Ke F, 
            
            
              Zhou X. 
            
          Chem. Eur. J. 2012; 18: 4840 





CrossrefPubMed








	
25 
          
            Zhou Z, 
          
          
            Liu Y, 
          
          
            Chen J, 
          
          
            Yao E, 
          
          
            Cheng J. 
          
        Org. Lett. 2016; 18: 5268 





CrossrefPubMed





	
26 
          
            Shibahara F, 
          
          
            Kanai T, 
          
          
            Yamaguchi E, 
          
          
            Kamei A, 
          
          
            Yamauchi T, 
          
          
            Murai T. 
          
        Chem. Asian J. 2014; 9: 237 





CrossrefPubMed





	
27 
          
            Adam W, 
          
          
            Bargon RM. 
          
        Chem. Commun. 2001; 1910 





PubMed





	
28 
          
            Adam W, 
          
          
            Bargon RM, 
          
          
            Bosio SG, 
          
          
            Schenk WA, 
          
          
            Stark D. 
          
        J. Org. Chem. 2002; 67: 7037 





CrossrefPubMed







	
29a 
            
              Di Giuseppe A, 
            
            
              Castarlenas R, 
            
            
              Oro LA. 
            
          Top. Organomet. Chem. 2018; 61: 31 









	
29b 
            
              Shen C, 
            
            
              Zhang P, 
            
            
              Sun Q, 
            
            
              Bai S, 
            
            
              Hor TS. A, 
            
            
              Liu X. 
            
          Chem. Soc. Rev. 2015; 44: 291 





CrossrefPubMed





	
29c 
            
              Beletskaya IP, 
            
            
              Ananikov VP. 
            
          Chem. Rev. 2011; 111: 1596 





CrossrefPubMed





	
29d 
            
              Bichler P, 
            
            
              Love JA. 
            
          Top. Organomet. Chem. 2010; 31: 39 












	
30 
          
            Arisawa M. 
          
        Tetrahedron Lett. 2014; 55: 3391 





Crossref





	
31 
          
            Arisawa M, 
          
          
            Yamaguchi M. 
          
        J. Am. Chem. Soc. 2003; 125: 6624 





CrossrefPubMed





	
32 
          
            Arisawa M, 
          
          
            Tanaka K, 
          
          
            Yamaguchi M. 
          
        Tetrahedron Lett. 2005; 46: 4797 





Crossref







	
33a 
            
              Liu G, 
            
            
              Link JT, 
            
            
              Pei Z, 
            
            
              Reilly EB, 
            
            
              Leitza S, 
            
            
              Nguyen B, 
            
            
              Marsh KC, 
            
            
              Okasinski GF, 
            
            
              Geldern TW, 
            
            
              Ormes M, 
            
            
              Fowler K, 
            
            
              Gallatin M. 
            
          J. Med. Chem. 2000; 43: 4025 





CrossrefPubMed





	
33b 
            
              Fahey DR, 
            
            
              Hensley HD, 
            
            
              Ash CE, 
            
            
              Senn DR. 
            
          Macromolecules 1997; 30: 387 





Crossref





	
33c 
            
              Novi M, 
            
            
              Petrillo G, 
            
            
              Sartirana ML. 
            
          Tetrahedron Lett. 1986; 27: 6129 





Crossref





	
33d 
            
              Hawkins RT. 
            
          Macromolecules 1976; 9: 189 





Crossref








	
34 
          
            Kagaku Binran. 
          
        (Kiso Hen II) Chem. Soc. Jpn., 5th ed. Maruzen; Tokyo: 2004: 291 





Google Scholar







	
35a 
            
              Zhou C, 
            
            
              Li L, 
            
            
              Zhou Y, 
            
            
              Hou H, 
            
            
              Wang B. 
            
          J. Fluorine Chem. 2013; 153: 114 





Crossref





	
35b 
            
              Steudel Y, 
            
            
              Steudel R, 
            
            
              Wong MW, 
            
            
              Lentz D. 
            
          Eur. J. Inorg. Chem. 2001; 2543 









	
35c 
            
              Carlowitz MV, 
            
            
              Oberhammer H. 
            
          J. Mol. Struct. 1983; 100: 161 





Crossref








	
36 
          
            Arisawa M, 
          
          
            Suzuki T, 
          
          
            Ishikawa T, 
          
          
            Yamaguchi M. 
          
        J. Am. Chem. Soc. 2008; 130: 12214 





CrossrefPubMed







	
37a 
            
              Grushin VV. 
            
          Organometallics 2000; 19: 1888 





Crossref





	
37b 
            
              Marshall WJ, 
            
            
              Grushin VV. 
            
          Organometallics 2003; 22: 555 





Crossref








	
38 
          
            Arisawa M, 
          
          
            Ichikawa T, 
          
          
            Yamaguchi M. 
          
        Org. Lett. 2012; 14: 5318 





CrossrefPubMed





	
39 
          
            Adam W, 
          
          
            Bargon RM, 
          
          
            Bosio SG, 
          
          
            Schenk WA, 
          
          
            Stalke D. 
          
        J. Org. Chem. 2002; 67: 7037 





CrossrefPubMed





	
40 
          
            Arisawa M, 
          
          
            Ashikawa M, 
          
          
            Suwa A, 
          
          
            Yamaguchi M. 
          
        Tetrahedron Lett. 2005; 46: 1727 





Crossref







	
41a 
            
              Inoue S, 
            
            
              Tezuka T, 
            
            
              Oae S. 
            
          Phosphorus Sulfur Relat. Elem. 1978; 4: 219 









	
41b 
            
              Micallef AS, 
            
            
              Bottle SE. 
            
          Tetrahedron Lett. 1997; 38: 2303 





Crossref





	
41c 
            
              Bartlett PD, 
            
            
              Ghosh T. 
            
          J. Org. Chem. 1987; 52: 4937 





Crossref





	
41d 
            
              Sugihara Y, 
            
            
              Noda K, 
            
            
              Nakayama J. 
            
          Tetrahedron Lett. 2000; 41: 8913 





Crossref








	
42 
          
            Arisawa M, 
          
          
            Ichikawa T, 
          
          
            Yamaguchi M. 
          
        Chem. Commun. 2015; 51: 8821 





CrossrefPubMed







	
43a 
            
              Nakayama J, 
            
            
              Yomoda R, 
            
            
              Hoshino M. 
            
          Heterocycles 1987; 26: 2215 





Crossref





	
43b 
            
              Kobayashi K, 
            
            
              Mutai K, 
            
            
              Kobayashi H. 
            
          Tetrahedron Lett. 1979; 5003 












	
44 
          
            Arisawa M, 
          
          
            Ichikawa T, 
          
          
            Tanii S, 
          
          
            Yamaguchi M. 
          
        Synthesis 2016; 48: 3107 





Article in Thieme Connect







	
45a 
            
              Carlton L, 
            
            
              Mokoena LV, 
            
            
              Fernandes MA. 
            
          Inorg. Chem. 2008; 47: 8696 





CrossrefPubMed





	
45b 
            
              Bianchini C, 
            
            
              Meli A, 
            
            
              Peruzzini M, 
            
            
              Vizza F. 
            
          Organometallics 1990; 9: 1146 





Crossref








	
46 
          
            Arisawa M, 
          
          
            Sawahata K, 
          
          
            Ichikawa T, 
          
          
            Yamaguchi M. 
          
        Organometallics 2018; 37: 3174 





Crossref










 









    
  

  
    
      
        


      

    

    
      
        
        


      

    

  


  

  
  
    
      
      
    
    
      
        
        
      

    
  




  
  
    
      
      
    
    
      
        
        
      

    
  



  







    
    


















  






      

      

  
    Top of Page
  

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

      
        Your Current IP Address: 3.238.184.208
      

    

    

  




      


  
    
  
  
  
    
    
      
        
        
        
        
      
      
      
      
    
  
  




    

    






    

    
      
        
      
    

    
    


    
      
      
      
    

  