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Polyene Cycliza&ons 

  Simultaneous forma&on of several carbon‐carbon bonds in one step reac&on 

  Mul&faceted Selec&vity:  

•  ring size, number of rings formed 
•  rela&ve and absolute stereocontrol (seven to nine stereocentres formed) 

  Ease of forma&on of quaternary carbons. 

Definition: Cascade cyclization of multiple double bonds in  an acyclic system 
                 which results in the formation of polycyclic compounds 



Stork‐Eschenmoser Hypothesis 

•  Polyenes react in defined conformations 
•  Can predict stereochemistry of cyclization product from starting materials 
                 – Z alkene to cis ring fusion 
                 – E alkene to trans ring fusion 

Stork, G.; Burgstrahler, A.W. J. Am. Chem. Soc. 1955, 77, 5068 
Eschenmoser, A.; Ruzicka, L.; Jeger, O.; Arigoni, D. Helv. Chim. Acta. 1955, 38, 1890 



Significance of Biomime&c Synthesis  

“ The synthesis of such a substrate appears to the chemist par5cularly difficult, and up 
5ll now I have not dared to a<empt it” 

‐ Adolf  Windaus, 1928 Nobel lecture 

“ We think that the molecular frameworks of most of natural products arise by 
intrinsically favorable chemical pathways‐favorable enough that the skeleton could 
have arisen by a non‐enzyma5c reac5on” 

‐ Clayton Heathcock, 1996 

Polyene Cycliza&ons are ideal reac&ons for biomime&c approach. 

Torre, M. C.; Sierra, M. A. Angew. Chem. Int. Ed. 2004, 43, 160 



Different Approaches Towards Polyene Cycliza&ons  
•  Polyene cycliza&ons occur via a carboca&onic intermediate in nature. 

Genera&on of Carboca&on 

Leaving Group 
 Elimina&on 

Electrophilic Ac&va&on  
of Terminal Double Bond 

Epoxide  
Opening 



Outline 

Ac&va&on of Terminal Double Bond 

H+    or    X+ 

Enzyma&c 
Polyene Cycliza&on 

Biomime&c 
Polyene Cycliza&on 



Biosynthesis Pathways with Different  Squalene Enzymes 

Voser, W.; Mijovic, M. V.; Heusser, H.; Jeger, O.; Ruzicka, L. Helv. Chim. Acta 1952, 35, 2414 



Enzymology: Squalene‐Hopene Cyclase 

Hoshino, T.; Sato, T. Chem. Comm. 2002, 291 



Enzymology: Ini&al Protona&on 



Enzymology: Carboca&on Stabliza&on 



Enzymology: Carboca&on Stabliza&on 



Inspira&on for Biomime&c Synthesis 

I : Genera&on of the carbonium ion 
II: Control over the conforma&on of the substrate  

III: Stabiliza&on of intermediates 
IV: Quenching of the final carboca&on 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Ini&al Efforts Towards Biomime&c Synthesis  

Stadler, P. A.; Nechvatal, A.; Frey, A. J.; Eschenmoser, A. Helv. Chim. Acta 1957, 40, 1373  
Stadler, P. A.; Eschenmoser, A.; Schinz, H.; Stork, G. Helv. Chim. Acta 1957, 40, 2191 



First Biomime&c Polyene Cycliza&on in Steroid Synthesis 

Johnson W. S.; Semmenlhack, M. F.; Sultanbawa, M. U. S.; Dolak, L. A. J. Am. Chem. Soc. 1968, 90, 2994 



Diastereoselec&ve Biomime&c Polyene Cycliza&on 

Vlad, P. F. Pure & Appl. Chem. 1993, 65, 1329 
Stadler, P. A.; Eschenmoser, A.; Schinz, H.; Stork, G. Helv. Chim. Acta 1957, 40, 2191 



Asymmetric Induc&on via Chiral Protona&on 

I : Carbonium ion forma&on 

 Requirements for an ar&ficial cyclase: 

•  To recognize the stereoface of a simple olefin that does not bear a direc&ng group. 

•  To generate a terminal carboca&on selec&vely by protona&on.  



Lewis Acid Assisted BrØnsted Acid Approach 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 1999, 121, 4906 

Additionally, the bulkiness of BINOL 
system acts as an artificial cavity and 
recognizes the terminal olefin of 
polyprenoids 



The First Enan&oselec&ve Biomime&c Cycliza&on 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 1999, 121, 4906 



Stereochemical Ra&onale 

Rotation 90°  
  clockwise 

Favored Disfavored 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 1999, 121, 4906 



Enan&oselec&ve Cycliza&on of Polyolefinic Phenol 
Deriva&ves 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 1999, 121, 4906 



Enan&oselec&ve Cycliza&on of Geranyl Aryl Ether  

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2000, 122, 8131 



Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2000, 122, 8131 

Enan&oselec&ve Cycliza&on of Geranyl Aryl Ether  



Mechanism of Polyene Cycliza&on 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2000, 122, 8131 



Applica&on to Total Synthesis 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2000, 122, 8131 

•  Control of 4 chiral centres 
•  Generation of 2 quaternary carbons 



Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2004, 126, 11122 

A New Ar&ficial Cyclase for Polyolefinic Phenol Deriva&ves  



Ra&onale for Absolute Stereopreference 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2004, 126, 11122 

Favored Disfavored 



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Enan&oselec&ve Cycliza&on of Polyolefinic Phenol 
Deriva&ves 

Is this mixture of some prac&cal u&lity?  



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Applica&on to Synthesis of Diterpenoids 



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Applica&on to Synthesis of Diterpenoids 



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Applica&on to Synthesis of Diterpenoids 



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Enan&oselec&ve Cycliza&on of Unac&vated Polyprenoids 



Summary 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Nature’s Inventory of Organohalogens 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F  Cl  Br  I 

30 

2300 
2100 

120 

Total = 4500 

"And that list grows by more than 100 new natural organohalogens per year " 
- Gordon W. Gribble 

Yarnell, A. Chemical & Engineering News 2006, 84,12 



Importance of Halogens in Natural Products 

“Nature turns to halogenation in order to fine tune a natural  productʼs biological properties”  
  -Christopher T. Walsh 

Binding affinity to the 
cell-wall of the target 

Binding selectivity 
of the target 

Gerhard, U.; Mackay, J.; Maplestone, R.; Williams, D. J. Am. Chem. Soc. 1993, 115, 232 



Diversity in Halogen Installa&on by Nature 

Yarnell, A. Chemical & Engineering News, 2006, 84,12 

Alipha&c 
Carbons 

Aroma&c 
Carbons 



Enzyma&c Polyene Halocycliza&on 



First Evidence of Halocycliza&on by  
Vanadium Bromoperoxidase 

Carter-Franklin, J. N.; Parrish, J. D.; Little, R. D.; Butler, A. J. Am. Chem. Soc. 2003, 125, 3688 

V-BrPO = Vanadium Bromoperoxidase 



Enan&oselec&ve Enzyma&c Halocycliza&on 

Carter-Franklin, J. N.; Butler, A. J. Am. Chem. Soc. 2004, 126, 15060 

This proves that the bromination of the terminal 
olefin occurs within the active site cavity. 
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Efforts Towards Bromocycliza&on 

Tamelen, E. E.; Hessler, E. J. Chem. Comm. 1966, 411  

Greenwood, J. M.; Sutherland, J. K.; Torre, A. Chem. Comm. 1965, 410  



Tamelen, E. E.; Hessler, E. J. Chem. Comm. 1966, 411  

Possible Pathways Towards Bromocycliza&on 



Faulkner, D. J.; Wolinsky, L. E. J. Org. Chem. 1976, 41, 597 

Applica&on to Total Synthesis 



Faulkner, D. J.; Wolinsky, L. E. J. Org. Chem. 1976, 41, 597 

Applica&on to Total Synthesis 



Yamaguchi, Y.; Uyehara, T.; Kato, T. Tetrahedron Lett. 1985, 26, 343 

Applica&on to Total Synthesis: (±) Concinndiol  



Asymmetric Induc&on via Chiral Halogena&on 

 Requirements for an ar&ficial cyclase: 

•  To recognize the stereoface of a simple olefin that does not bear a direc&ng group. 

•  To generate a terminal carboca&on selec&vely by halogena&on.  

 Solu&on: 

•  Using a chiral halonium ion source           Chiral ac&vators for halogena&ng reagents 

I : Carbonium ion forma&on 



 Different Approaches for Asymmetric Ac&va&on of 
Halogena&ng Reagents 

Activation by  Chiral Lewis Acid Activation by Chiral Nucleophilic Promoter  
N‐Halo Succinimide 



Cataly&c Enan&oselec&ve Iodocycliza&on of 
γ‐hydroxy‐cis‐alkenes 

Kang, S. H.; Lee, S. B.; Park, C. M. J. Am. Chem. Soc. 2003, 125, 15748 



Activation by Lewis Acid Activation by Chiral Nucleophilic Promoter  

 Different Approaches for Asymmetric Ac&va&on of 
Halogena&ng Reagents 



 Enan&oselec&ve Iodolactoniza&on 

Grossman, R. B.; Trupp, R. J. Can. J. Chem. 1998, 76, 1233 
Cui, X. L.; Brown, R. S J. Org. Chem. 2000, 65, 5653 
Haas, J., Piguel, S.; Wirth, T. Org. Lett. 2002, 4, 297 



First Enan&oselec&ve Halocycliza&on of Polyprenoids 

Activation by Chiral Nucleophilic Promoter  

Activation by Lewis Acid 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Reac&on Design: Ac&va&on by Achiral Nucleophile 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Reac&on Design: Screening of Chiral Promoter 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Matched Pair 

Mismatched Pair 

Reac&on Design: Screening of Chiral Promoter 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Ra&onale for Solvent Effect: Toluene vs DCM 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



 Ra&onale for Stereochemical Outcome 

si-face approach 
(favored) 

re-face approach 
(disfavored) 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Enan&oselec&ve Iodocycliza&on: Substrate Scope 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Limita&on: Enan&oselec&ve Bromocycliza&on 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 

* No reac&vity with N‐Chloro Succinimide  



Solu&on: Stereoselec&ve Transhalogena&on 

Isihara, K.; Sakakura, A.; Ukai, A. Nature, 2007, 445, 900 



Inspira&on from nature: 

•  developing synthe&c route following nature’s techniques. 
•  designing ar&ficial cyclase which creates complex organic architechtures 

Conclusion 

Future Prospects:  

Enzymes can: 

•  ac&vate unreac&ve substrates like simple olefin. 
•  form mul&ple bonds with mul&‐faceted selec&vity. 

BUT   Nature s&ll creates the most selec&ve catalyst!! 

•   

cataly&c 

Polyene 
system 

ar&ficial cyclase 

enan&oselec&ve  
E+ addi&on 

achiral promoter 

subsequent 
diastereoselc&ve cycliza&on 

Polycyclic 
System 

ar&ficial cyclase 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Different Approaches Towards Polyene Cycliza&ons 
 Allylic Alcohols :‐ Total synthesis of (‐)‐ Sophoradiol 



Different Approaches Towards Polyene Cycliza&ons: Epoxide  

 Scalarenedial 
Corey, E. J.; Luo, G.; Lin, L. S. J. Am. Chem. Soc. 1997, 119, 9927 



Prepara&on of the Catalyst (LBA) 

Takashi, M.; Ogasawara, K. Tetrahedron Aysmmetry 1997, 8, 3125 



Synthesis of Homofarnesol 

homofarnesol 

farnesol 

Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 



Modified Approach Towards (‐)‐Ambrox 

1A = (‐) Ambrox 

Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 



A New Ar&ficial Cyclase for Polyolefinic Phenol Deriva&ves: 
Substrate and Catalyst 

Yamamoto, H.; Isihara, K.; Nakamura, S. J. Am. Chem. Soc. 2004, 126, 11122 



Yamamoto, H.; Isihara, K.; Ishibashi, H. J. Am. Chem. Soc. 2002, 124, 3647 

Applica&on to Synthesis of Diterpenoids: Possible 
Reac&on Pathways leading to Cis (major) Product 



Halogena&on Begins 



F vs. Cl, Br, I 

Gibbs Free Energy  =  ‐nFEo 

Half Reaction  Eo, volts 
2F-               F2 + 2e-  -3.06 

2Cl-               Cl2 + 2e-  -1.36 
2Br-               Br2 + 2e-  -1.07 

2I-                I2 + 2e-  -0.54 



Importance of Halogens in Natural Products 

Gerhard, U.; Mackay, J.; Maplestone, R.; Williams, D. J. Am. Chem. Soc. 1993, 115, 232 

Dale, L. B. Med. Res. Rev 2001, 21, 356 



Enzyma&c Halocycliza&on: Mechanism 



Enzyma&c Halocycliza&on: Mechanism 

Everett, R. R.; Soedjak, H. S.; Butler, A. J. Biol. Chem. 1990, 265, 15671 



Prepara&on of the Catalyst 

Maruoka, K.; Itoh, T.; Araki. Y.; Shirasaka, T.; Yamamoto, H. Bull. Chem. Soc. Jpn. 1988, 61, 2975 



Misc… 



Mechanistic Possibilities of Polyene Cyclization 



Calculations Supported Mechanism of Cyclization 

Rajamani, R.; Gao, J. J. Am. Chem. Soc. 2003, 125, 12768 
Hess, B. A., Jr.; Smentek, L. Org. Lett. 2004, 6, 1717 

* AM1 Calculations 



Radical Biomimetic Enantioselective Cyclization 

Breslow, R.; Olin, S. S.; Groves, J. T. Tetrahedron Lett. 1968, 9,1837 
Lallemand, J. Y.; Julia, M.; Mansuy, D. Tetrahedron Lett. 1973, 14, 4461 



Enzyme Halogenation: Halogenase and its cofactors 

Walsh, C. T.; Tsodikova, S. G.; Vosburg, D. A.; Yeh, E.; Vaillancourt, F. H. Chem. Rev.2006, 106, 3364 



Possible Mechanism 



 Enantioselective Iodolactonization: Mechanism 

Grossman, R. B.; Trupp, R. J. Can. J. Chem. 1998, 76, 1233 



Iodolactonization: Proof of the Proposed Mechanism 

Cui, X. L.; Brown, R. S J. Org. Chem. 2000, 65, 5653 


