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Abstract - Germacratr ienane ox ide  4 i s  proposed t o  be pe r ip lanone  A, the  minor  

component o f  t h e  sex pheromone of  P e r i p l a n e t a  americana, and t o  undergo transannu- 

lar  c y c l i z a t i o n  t o  oxamethylene-bridged hydroazulenone 5 ,  which had p r e v i o u s l y  been 

p o s t u l a t e d  w i t h o u t  s tereochemica l  d e f i n i t i o n  t o  be t h e  n a t u r a l  pheromone. 

The American cockroach, P e r i p l a n e t a  americana, has p layed  an impor tan t  r o l e  i n  the  s tudy  

of i n t r a - s p e c i e s  chemical communication. As e a r l y  as 1952, an a t t r a c t a n t  from female cock- 

roaches was shown t o  e l i c i t  i n tense  exc i tement  i n  males of t h e  same P e r i v l a n e t a  spec ies (1). 

In 1974, Persoons g fi. i s o l a t e d  two h i g h l y  a c t i v e  components of t h e  n a t u r a l  pheromone, l a -  

be led  pe r ip lanone  A  (=ZO ug, MW = 232) and pe r ip lanone  B  (=ZOO pg, MW ; 248), from an i s o l a -  

t i o n  program o f  more than 75,000 v i r g i n  females ( 2 ) .  D e t a i l e d  spec t roscop ic  a n a l y s i s  o f  these 

compounds l e d  t o  the  non-stereochemica l ly  d e f i n e d  s t r u c t u r a l  p roposa ls  f o r  per ip lanone 8  as 

germacrone d iepax ide  1 (3,4) and pe r ip lanone  A as t h e  t r i c y c l i c  sesqui terpene 2 (5.6).  Con- 

f i r m a t i o n  of t h e  s t r u c t u r e  f o r  pe r ip lanone  8  and es tab l i shmen t  o f  i t s  abso lu te  s tereochemist ry  

as i n d i c a t e d  i n  1 came i n  1979 from s y n t h e t i c  s t u d i e s  of  S t i l l  ( 7 )  and s t r u c t u r a l  i n v e s t i g a -  

t i o n s  o f  Nakanish i ,  S t i l l  fl. ( B ) ,  cu lm ina t ing  more than  25 years of work on t h e  problem 

( 9 ) .  

Much l e s s  i s  known about  pe r ip lanone  A, the  minor  component o f  t h e  n a t u r a l  pheromone. 

1 
Extens ive H NMR a n a l y s i s  i n d i c a t e d  t h a t  t h e  compound i s o l a t e d  by Persoons et G. was unstab le  

w i t h  ~ e g a r d  t o  rea~rangement  t o  a b i o l o g i c a l l y  i n a c t i v e  system proposed t a  be t e t r a h y d r o f u r a n -  

b r i dged  o c t a l i n  1 ( 6 ) .  Recent e l e c t r o p h y s i o l a g i c a l  s t u d i e s  have demonstrated t h a t  s p e c i a l i z e d  

recep to rs  i n  t h e  antennae and s p e c i f i c  neurons i n  t h e  b r a i n  of P e r i p l a n e t a  males e x i s t  which 

enable them t o  d i f f e r e n t i a t e  between pe r ip lanone  A  and B  (10-14) .  Thus, t h e  n a t u r a l  pheromone 

appears t o  be composed of b o t h  compounds, a l though d e t a i l e d  understanding of the behav io ra l  

and p h y s i o l o g i c a l  r o l e s  t h a t  each component p l a y s  has n o t  emerged (15,16). 

?kdicated t o  P ro fesso r  G i l b e r t  S ta rk  on t h e  occas ion o f  h i s  s i x t y - f i f t h  b i r t h d a y .  



Cur goals  have been t o  determine t h e  s t r u c t u r e  o f  pe r ip lanone  A th rough  syn thes is  and t o  

use t h i s  s t r u c t u r a l  i n fo rma t ion  t o  de f i ne  t h e  b i o s y n t h e t i c  r e l a t i o n s h i p s  between t h e  p e r i p l a n -  

ones A and B and e l u c i d a t e  t h e  e s s e n t i a l  pharmacophores of  t he  i n d i v i d u a l  pheromones f o r  i n -  

t e r a c t i o n  w i t h  t h e i r  h i g h l y  s p e c i f i c  recep to rs .  Cur s y n t h e t i c  s t u d i e s  l e a d  us t o  propose ger-  

macrone ox ide  4 as t he  s t r u c t u r e  f a r  pe r ip lanone  A and t o  ass ign  the  t r i c y c l i c  s t r u c t u r e  5 t o  

t h e  m a t e r i a l  i s o l a t e d  by Persoons fi., which we p o s t u l a t e  t o  be a p h y s i o l o g i c a l l y  a c t i v e  

a r t i f a c t  o f  t h e i r  i s o l a t i o n  procedure 

O u r  s t r u c t u r a l  p ~ o p o s a l  f a r  pe r ip lanone  A evo lved from our syntheses of  o c t a l i n  6 and 

c y c l o p r a p y l  hydroazulenone 1. O c t a l i n  6 was a v a i l a b l e  i n  7 s teps  (18% y i e l d )  f rom germacrone 

g, an in te rmed ia te  i n  S t i l l ' s  syn thes is  o f  pe r ip lanone  B ( 7 )  (F igu re  1 ) .  Thus, h y d r o l y s i s  o f  

t h e  e thoxye thy l  p r o t e c t i v e  group o f  8 and convers ion o f  t h e  a l coho l  t o  t h e  se len ide  gave 9,  

which was epox id i zed  t o  a f f o r d  germacradiene 10. We have been unable t o  unambiguously 

c o n f i r m  the  s tereochemica l  o r i e n t a t i o n  of t h e  epoxide i n  germacradiene 10 on t h e  b a s i s  o f  

s p e c t r a l  data a lone,  a l t hough  we b e l i e v e  t h a t  t he  r e l a t i v e  s te reochemis t r y  a f  t h e  epoxide 

c e n t e r  r e s u l t s  from --face approach t o  t h e  germacranone system a f f o r d i n g  the  @-per ip lanone 

B s te reochemis t r y  on t h e  b a s i s  o f  mo lecu la r  mode l l i ng  and by analogy w i t h  a d d i t i o n s  t o  s t r u c -  

t u r a l l y  analogous epoxy germacrone systems [see S t i l l  ( 7 ) l .  Under m i l d  a c i d  c o n d i t i o n s ,  germ- 

ac rad iene  10 underwent smooth t ransannu la r  c y c l i z a t i o n  t o  p r o v i d e  a t r i c y c l i c  s t r u c t u r e  can- 

s i s t e n t  w i t h  e i t h e r  t h e  o c t a l i n y l  o r  hyd roa ru leny l  c a r b o c y c l i c  framework. Estab l ishment  o f  

t h e  a c t a l i n y l  c a r b o c y c l i c  system 1 1  was ob ta ined  by convers ion o f  11 i n t o  oc ta lone  6 t h e  

i n te rmed iacy  o f  o c t a l i n  g. Complete s tereochemica l  d e f i n i t i o n  o f  ac ta lone  5 was ob ta ined  by 

f i r s t  o rde r  'H NMR a n a l y s i s  a t  360 MHz (F igu re  2 ) .  Using o c t a l i n  5 as a s p e c t r a l  template,  

con f i rma t ion  was achieved o f  t h e  m - a c t a l i n  systems o f  i n te rmed ia tes  2 and g and the reby  

o f  t h e  mechanism o f  t ransannu la r  epoxy -o le f i n  c y c l i z a t i o n  as proceeding w i t h  i n v e r s i o n  o f  

s te reochemis t r y  a t  t he  epoxide cen te r .  
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F i g u w  1. Syn thes is  o f  Tet rat lydrafuran-Br idged Octa lone 6 

13 

I t  was apparent t h a t  t h e  pe r ip lanone  A rearrangement p roduc t  12) was t h e  i s a p r o p y l  epimer 

of our s y n t h e t i c  m a t e r i a l  and possessed s t r u c t u r e  2 by comparison o f  t h e  spectrum of ac ta lone  

6 w i t h  t h e  pub l i shed  spectrum o f  t h e  n a t u r a l l y  d e r i v e d  oc ta lone  3. Since s tereochemica l  i n -  - 

v e r s i o n  o f  e i t h e r  t h e  i s o p r o p y l  group or t h e  axamethylene moiety  o f  t he  t e t r a h y d r o f u r a n  r i n g  

would n o t  be expected t o  occur upon Wagner-Meerwein rearrangemen: of the  c a r b o c y c l i c  s k e l e t o n  

o f  2 t o  3 based on mechan is t i c  cons ide ra t i ons ,  these s t u d i e s  served t o  e s t a b l i s h  a trans r e l a -  

t i v e  s te reochemis t r y  o f  these groups i n  t h e  proposed s t r u c t u r e  far  per ip lanone A .  

F igu re  2. P ~ o t o n  NMR Spec t ra l  Features o f  Octa lone 6 



We n e x t  s e t  ou t  t o  determine t h e  r i n g  j u n c t i o n  s te reochemis t r y  o f  2 r e l a t i v e  t o  t h e  axa- 

methylene b r i d g e .  Accomplishment of t h i s  goal  became p o s s i b l e  as a consequence o f  a c r u c i a l  

obse rva t ion  concern ing t h e  e p o x i d a t i a n  of gerrnacradienone 8 w i t h  d ime thy l su l fon ium methy l i de  

( F i g u r e  3 ) .  During epox ida t i on ,  a minor  spec ies i n  a d d i t i o n  t o  the  d e s i r e d  epox ide war ab- 

t a i n e d  (=l:Z), which underwent f a c i l e  t ransannu la r  c y c l i z a t i o n  upon at tempted h y d r o l y s i s  o f  

t he  e thoxye thy l  p r o t e c t i v e  group. Ex tens ive  spec t roscop ic  a n a l y s i s  revea led  t h e  lmost  cans is-  

t e n t )  s t r u c t u r e  t o  be t e t r a c y c l e  15 of  undetermined r e l a t i v e  cyclopropane s te reochemis t r y .  

The chemical l a b i l i t y  o f  t h e  cyc lop ropy l  germacrene ox ide  p recu rso r  14 prec luded  i t s  i s o l a t i o n  

i n  pure s t a t e  and phys i ca l  c h a r a c t e r i z a t i o n ,  a l t hough  we b e l i e v e  t h e  r e l a t i v e  epoxide s te reo -  

chemis t r y  t o  be * ( a s  d e p i c t e d  i n  14) by  the  r a t i o n a l e  argued f o r  germacradiene ox ide  10 

above. I f  t h e  s tereochemica l  assignment o f  germacrone 14 i s  c o r r e c t ,  t ransannu la r  c y c l i z a t i o n  

t o  g must proceed w i t h  i n v e r s i o n  of  s te reochemis t r y .  De te rm ina t ion  o f  t h e  cyc lopropane s t e r -  

eochemist ry  and es tab l i shmen t  o f  t h e  hyd roamlene  s t r u c t u r e  of t e t r a c y c l i c  a l coho l  li was 

confirmed by  convers ion t o  the  cyc lopropane-conta in ing analog of t h e  proposed pe r ip lanone  A 

system I .  T h i s  t rans fo rmat ion  was accomplished by convers ion of t h e  a l coho l  mo ie ty  i n t o  the  

corresponding se len ide  and o x i d a t i v e  e l i m i n a t i o n  t o  produce e x o c y c l i c  o l e f i n  16, f o l l owed  by 

s i l y l  e t h e r  d e p r o t e c t i o n  and o x i d a t i o n  t o  generate 1. The d i f f e r e n c e  i n  t h e  modes of c y c l i z a -  

t i o n  o f  epoxy germacradienes g and 14 demonstrates c l e a r l y  t h a t  t h e  f a c t o r s  are d e l i c a t e l y  

ba lanced which c o n t r o l  t he  c y c l i z a t i o n  of these epoxy germacrane systems i n t o  d e c a l i n y l  and 

hyd roa ru leny l  r i n g  systems. 

F i g u ~ e  3. Synthes is  of Cyc lapropy l  Tet rahydrofuran-Br idged Hydroarulenone 1 
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1 
The H NMR spectrum o f  cyc lop ropy l  hydroazulenone 1 cou ld  be complete ly  ass igned (F igu re  

4 ) .  The P - o r i e n t a t i o n  of t h e  cyc lopropane group r e l a t i v e  t o  the  oxamethylene b r i d g e  was as- 

s igned  on t h e  b a s i s  o f  a nuc lea r  Overhauser e f f e c t  between t h e  --CZa p r o t o n  and one o f  the 

e t h e r  b r i d g e  (C ) p ro tons .  However, a c r i t i c a l  d i f f e r e n c e  between 1 and t h e  pub l i shed  spec- 11 

t r um o f  pe r ip lanone  A 2 ( 6 )  was observed; i n  t h e  spectrum o f  cyc lop ropy l  hydroazulenone 1, 

t h e  C6  p r a t o n  i s  a s i n g l e t  (4.73 6 )  a t  360 MHz, whereas the  C6 p r o t o n  i s  a doub le t  (52-4.5 Hz; 

4.54 6 )  a t  300 MHz i n  the  n a t u r a l  p roduc t .  A l though t h i s  s p e c t r a l  d i f f e r e n c e  cou ld  be r a t i a n -  

a l i z e d  by  seve ra l  a l t e r n a t i v e s ,  i n c l u d i n g  i n c o r r e c t  assignment o f  s t r u c t u r e  t o  t h e  n a t u r a l  

p roduc t  or p e r t u r b a t i o n  o f  t h e  spectrum of 1 r e l a t i v e  t o  pe r ip lanone  A  by t h e  cyc lopropane 

group,  t h e  most c o n s i s t e n t  p o s s i b i l i t y  was t h a t  t h e  proposed s t r u c t u r e  f o r  pe r ip lanone  A pas- 

sessed a &-hydroarulene r i n g  f u s i o n ,  which t h e r e f o r e  r e q u i r e s  the  i n c o r p o r a t i o n  o f  a - 
1 oxabicyc lo [3 .3.Oloctane u n i t  i n t o  t h e  n a t u r a l l y - d e r i v e d  m a t e r i a l .  The d i f f e r e n c e  i n  t h e  H 

NMR c o u p l i n g  p a t t e r n  f o r  t h e  C  p r o t o n  would t h u s  be r e s o l v e d  s ince  t h e  t r a n s - f u s e d  oxabicy-  6  

c lo [3 .3 .0 loc tane  system would e x h i b i t  t h e  r e q u i r e d  C-6/C-7 coup l i ng  constant ,  as determined by 

mo lecu la r  mechanics c a l c u l a t i o n s  ( 1 7 ) .  I n  a d d i t i o n ,  a fundamental s t r u c t u r a l  d i f f e r e n c e  be- 

tween t h e  n a t u r a l  system and 1 was i m p l i c a t e d  by the  marked s t a b i l i t y  o f  1 t o  hydraazulenane-- 

oc ta lone  rearrangement, r e l a t i v e  t o  t h e  no ted  s e n s i t i v i t y  o f  t he  compound i s o l a t e d  by  Persoans 

e t  a l . .  a l t hough  o the r  d i f f e r e n c e s  i n  t h e  two s t r u c t u r e s  cou ld  u n d e r l i e  t h i s  chemica l  d i s t i n c -  - - 

t i a n  [such as t h e  presence of t he  cyc lopropane r i n g  i n  1 or t h e  s t e r i c  compression p o s t u l a t e d  

t o  be a consequence of t he  i s o p r o p y l  s te reochemis t r y  o f  t he  n a t u r a l  m a t e r i a l  ( see  be low) ] .  

F igu re  4. Proton NMR Spec t ra l  Features o f  Hydroazulenone 1 

Therefore,  by i n t e g r a t i o n  o f  t h e  conc lus ions  of  our s t r u c t u r a l  s t u d i e s  on oc ta lone  6 and 

hydroazulenone 1 and by analogy w i t h  t h e  abso lu te  s te reochemis t r y  o f  pe r ip lanone  8, we propose 

t h a t  t h e  m a t e r i a l  ass igned t o  be pe r ip lanone  A  by Persoans fi. has s t r u c t u r e  5.  This  

s t r u c t u r e  i s  excep t iona l  i n  t h a t  i t  rep resen ts  an example of a rare --fused oxab icyc lo -  



[3.3.Oloctane system (18). which exhibits significant additional steric strain due to the 

gauche-gauche pentane disposed isopropyl and e - m e t h y l e n e  units of the carbocyclic framework; 

the total strain energy amounts t o  approximately 19 kcal/mol relative t o  the *-fused ring 

system (17). The hydraarulenone--0ctalone rearrangement observed in the natural series, which 

we propose to be o f  structure 5 to 12, would thus proceed through a mechanism involving reten- 

tion of stereochemistry at the C6 and C7 rearrangement termini, as well as at the ring-junc- 

tion migratory carbon (C1). 

The formation o f  such highly strained ring systems has ample precedent in Nature, al- 

though the relief of the strain energy af 5 the agency of an allylic carbocation would 

rationalize the facile isomerizatian o f  the hydroazulenyl system into the octalinyl system 

noted by Persoons et d. However, literature debate concerning the stability of periplanone A 

(cf. 10,11), which appeared 5 priori to exhibit a dependency an the isolation technique, led 

US to consider the possibility that a precursor to hydroazulenone 2 was the actual pheromone 

and that hydroazulenone 5 was derived from either thermally-induced or acid-catalysed transan- 

nular cycliratian during the course  o f  (gas chromatographic) isolation by Persoons et a. 
(2-6). We therefore turned our attention t o  synthesis o f  the possible cyclodecatrienone oxide 

precursors of hydroarulene 5--isomeric germacratrienone oxides 4 and 18. 

The mode o f  cyclization and the possible biosynthetic relationships far conversion of 

cyclodecatrienone oxides 4 and 18 into periplanone B 1 and the proposed tricyclic structure 5 ,  

which either is a rearrangement product af the natural pheromone or i s  periplanone A, are 

depicted in Figure 5. The gerrnacratrienone oxide precursor with the &-C1 epoxide stereo- 

chemistry relative to periplanone B could produce 2 e transannular cycliration with reten- 

tion o f  the epaxide stereochemistry, whereas Z,3---epoxy periplanone B 18 could undergo 

cycliration t o  2 y& a process involving inversion of the epoxide stereochemistry. Our stud- 

ies of the cycliration of M - C 1 - p e r i p l a n o n e  B epoxides have indicated that inversion o f  epox- 

ide stereochemistry is the overwhelming mode of reaction under acid-catalysed conditions. 

However, related studies of the cycliratian of substrates with the periplanone B epoxide ster- 

eochemistry have indicated that such compounds were remarkably stable to acid-promoted trans- 

annular cyclization relative to the M - e p o x i d e  configuration, Moreover ,  the process of cy- 

cliration--thermal, acid-catalysed, or potentially enzymatic--could have a significant impact 

on the mechanism af cyclization and thus its stereochemical outcome and is unknown. There- 

fore, our efforts focussed on the synthesis of gerrnacratrienone oxide :, in order to assess 

its potential t o  be the putative precursor to 5 or t o  be the natural pheromone. Our approach 

proceeded by oxidative elimination of the selenide in 10 t o  produce germacratriene oxide 2, 

which was desilylated and oxidized t o  germacrone 4 (Figure 6). 



HETEROCYCLES. Vol. 25, 1987 

F igu re  5. Proposed Transannular  C y c l i z a t i o n  of  Cyclodecadienone Oxides 4 and 18 t a  

F i g u r e  6. Synthes is  o f  Gerrnacratr ienone Oxide 5, Per ip lanone A 

Gerrnacratr ienone ox ide  4 was f u l l y  c o n s i s t e n t  w i t h  i t s  des ignated s t r u c t u r e  by spec t ro -  

scop ic  a n a l y s i s  ( 1 9 ) ,  a l though t h e  epaxide s te reochemis t r y  has n o t  been r i g o r o u s l y  e s t a b l i s h e d  

(see above)  and the  s y n t h e t i c  m a t e r i a l  cou ld  c o n t a i n  t r a c e s  ( ( -3%) o f  i t s  epox ide s tereo isomer 

m) or t h e  proposed c y c l i z a t i o n  p roduc t  E), which could confound b ioassay.  Desp i te  these 

p o t e n t i a l  drawbacks, s y n t h e t i c  germacrat r ienone ox ide  4 e x h i b i t e d  a lower  t h r e s h o l d  of a c t i v i -  

t y  a t  10-'-10+ yg/ml by b ioassay ( 1 5 , 1 6 ) ,  which i s  e s s e n t i a l l y  i d e n t i c a l  t o  pe r ip lanone  8 .  

Conf i rmat ion of  germacrone ox ide  4 as pe r ip lanone  A must awa i t  e i e c t r a p h y s i o l o g i c a l  s t u d i e s  of 

t h e  i n t e r a c t i o n  of  $ w i t h  t h e  s p e c i f i c  pe r ip lanone  A recep to r ,  s ince  t h e  p o s s i b i l i t y  remains 

t h a t  germacrone 4 could a c t  as a p e r i p l a n o x  B mimic. C l e a r l y ,  syn thes is  and b i o l a g i c a l  e v a l -  

u a t i o n  of t he  s t r u c t u r e  proposed f o r  pe r ip lanone  A by Persoons g z., which we p o s t u l a t e  t o  



be 5 ,  and of germacrat r ienone ox ide  18 must be under taken i n  o rde r  t o  comp le te l y  e l u c i d a t e  the  

i n t r i c a t e  r e l a t i o n s h i p s  between the  chemis t r y ,  b i o s y n t h e s i s  and p h y s i o l o g i c a l  a c t i v i t i e s  of 

pe r ip lanone  B  and these germacrone ox ide  and t r i c y c l i c  sesqui terpene candidates f o r  p e r i p l a o -  

one A. Nonetheless, t h e  p o t e n t  a c t i v i t y  of germacrone ox ide  4 i s  no tab le ,  g i ven  t h e  e x t r a o r -  

d i n a r y  l i g a n d  s e l e c t i v i t y  t h a t  these r e c e p t o r s  e x h i b i t  ( c f .  7 ) .  and p e r s u a s i v e l y  suppor t s  i t s  

p r e s e n t a t i o n  as pe r ip lanone  A. 

The r e l a t i o n s h i p s  between the b i o s y n t h e s i s  and t h e  recep to r  s p e c i f i c i t y  f o r  t h e  p e r i p l a n -  

ones A and B are p a r t i c u l a r l y  i n t r i g u i n g ,  if germacrone ox ide  4 i s  t h e  n a t u r a l  pheromone. Our 

s p e c u l a t i o n  concern ing the  b i o s y n t h e s i s  of t h e  pheromones (F igu re  5 )  suggest t h a t  a t e t r a -  

unsa tu ra ted  germacrone p recu rso r  m) would undergo epox ida t i on  a t  t h e  C1-Cll o l e f i n  f rom 

e i t h e r  face,  produc ing t h e  epoxy germacrone ox ides  4 and @-one of which i s  pe r ip lanone  A and 

t h e  o the r  of which i s  subsequent ly  o x i d i z e d  t o  become pe r ip lanone  B. D i f f e r e n t i a t i o n  of t he  

two pheromones 1 and 4 a t  t h e  i e v e l  of t he  r e c e p t o r - - s p e c i f i c  recep to r  recogn i t i on - -mus t  be a 

f u n c t i o n  o f  s u b t l e  d i f f e r e n c e s  i n  the  con fo rmat iona l  behaviors  o f  these two c l o s e l y  r e l a t e d  

germacrone ox ide  spec ies.  Understanding t h e  n a t u r e  o f  t h e  subs t ra te  s p e c i f i c i t i e s  o f  these 

h i g h l y  s e n s i t i v e  recep to rs  w i l l  c o n t r i b u t e  i n  a fundamental way t o  our knowledge of l i g a n d -  

recep to r  theo ry .  
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