
Western Michigan University Western Michigan University 

ScholarWorks at WMU ScholarWorks at WMU 

Dissertations Graduate College 

12-1972 

The Effect of Stereoelectronic Control and Long Range Interaction The Effect of Stereoelectronic Control and Long Range Interaction 

on the Stability of Bicyclic Enolate Anions on the Stability of Bicyclic Enolate Anions 

Edwin M. Van Dam 
Western Michigan University 

Follow this and additional works at: https://scholarworks.wmich.edu/dissertations 

 Part of the Organic Chemistry Commons 

Recommended Citation Recommended Citation 
Van Dam, Edwin M., "The Effect of Stereoelectronic Control and Long Range Interaction on the Stability of 
Bicyclic Enolate Anions" (1972). Dissertations. 2970. 
https://scholarworks.wmich.edu/dissertations/2970 

This Dissertation-Open Access is brought to you for free 
and open access by the Graduate College at 
ScholarWorks at WMU. It has been accepted for inclusion 
in Dissertations by an authorized administrator of 
ScholarWorks at WMU. For more information, please 
contact wmu-scholarworks@wmich.edu. 

http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/dissertations
https://scholarworks.wmich.edu/grad
https://scholarworks.wmich.edu/dissertations?utm_source=scholarworks.wmich.edu%2Fdissertations%2F2970&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/138?utm_source=scholarworks.wmich.edu%2Fdissertations%2F2970&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/dissertations/2970?utm_source=scholarworks.wmich.edu%2Fdissertations%2F2970&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wmu-scholarworks@wmich.edu
http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/


THE EFFECT OF STEREOELECTRONIC CONTROL 
AND LONG RANGE INTERACTION ON THE STABILITY 

OF BICYCLIC ENOLATE ANIONS

by

Edwin M, Van Dam

A D is s e r ta t io n  
Subm itted to  th e  

F acu lty  o f  The G raduate C ollege 
in  p a r t i a l  f u l f i l lm e n t  

o f  th e
Degree o f  Doctor o f  Philosophy

W estern M ichigan U n iv e rs ity  
Kalamazoo, M ichigan 

December 1972

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



ACKNOWLEDGEMENTS

The a u th o r  w ishes to  ex p ress  h i s  d e e p es t g r a t i tu d e  to  

Dr. G, B. T r lm its is  f o r  i ils  gu idance and a v a i l a b i l i t y  f o r  many 

h e lp fu l  d isc u s s io n s  d u rin g  t h i s  re s e a rc h .

Thanks a re  a ls o  ex tended to  th e  f a c u l ty  members o f  t h i s  

Departm ent fo r  t h e i r  h e lp . S p e c ia l th an k s to  Dr. R. E. Harmon 

f o r  h is  d isc u s s io n s  and th e  use o f  h is  p e rso n a l l ib r a r y .  The 

a u th o r  would a ls o  l ik e  to  thank  Dr. G. Slomp o f  The Upjohn 

Company f o r  h is  a s s i s ta n c e  in  i n te r p r e t in g  th e  nmr s p e c tra .

F in a lly ,  th e  a u th o r  w ishes to  acknowledge th e  f in a n c ia l  

a s s i s ta n c e  re c e iv e d  from th e  Chem istry Departm ent o f W estern 

M ichigan U n iv e rs ity  i n  th e  form o f a tea c h in g  a s s i s ta n t s h ip  

and th e  G raduate School fo r  an a s s o c ia te s h ip .

Edwin M. Van Dam

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



IN F O R M A T IO N  T O  U S E R S

This d issertation was produced fro m  a m ic ro film  copy o f the original docum ent. 

W hile th e  m ost advanced technological means to  photograph and reproduce this  

docum ent have been used, th e  q u ality  is heavily dependent upon the q u a lity  o f 

the  original subm itted .

Th e  fo llo w in g  exp lanation  o f  techniques is provided to  help you understand  

m arkings or patterns w hich m ay appear on this reproduction .

1. T h e  sign o r " ta rg e t"  fo r  pages apparen tly  lacking fro m  the docum ent 

photographed is "M issing Page(s)". I f  it was possible to  o b ta in  the  

missing page(s) o r section, th ey  are spliced in to  th e  f ilm  along w ith  

adjacent pages. T h is  m ay have necessitated cu tting  th ru  an image and  

duplicating  ad jacent pages to  insure you com plete  c o n tin u ity .

2. W hen an image on the film  is ob lite ra ted  w ith  a large round black  

m ark, it is an ind ication  th a t the  photographer suspected th a t the  

copy may have m oved during exposure and thus cause a blurred  

image. Y o u  w ill f in d  a good image o f the page in the ad jacent fram e.

3. W hen a map, d raw ing o r chart, etc., was part o f  th e  m ateria l being  

p h o to g ra p h e d  th e  photographer fo llo w e d  a d e fin ite  m ethod  in  

"section ing" th e  m ateria l. I t  is custom ary to  begin photo ing  at the  

u pper le ft hand corner o f a large sheet and to  con tinue photo ing  fro m  

le ft  to  right in equal sections w ith  a small overlap. If  necessary, 

sectioning is con tinued  again -  beginning below  the firs t ro w  and 

continu ing  on u n til com plete.

4 . T h e  m a jo rity  o f users indicate th a t the tex tu a l con ten t is o f greatest 
value, however, a som ew hat higher q u a lity  reproduction  could be 

m ade fro m  "photographs" if essential to  the understanding o f  the  

d issertation. S ilver prin ts o f  "pho tographs" m ay be ordered at 

ad d itio n a l charge by w riting  th e  O rder D epa rtm ent, giving the catalog  

num ber, t it le , au th o r and specific pages you wish reproduced.

University Microfilms

A Xerox Education Company

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



7 3 - 1 0 ,3 8 4

VAN DAM, Edwin Marc, 1940- 
THE EFFECT OF STEREOELECTRONIC CONTROL AND 
LONG RANGE INTERACTION ON THE STABILITY OF 
BICYCLIC ENOIATE ANIONS.

Western Michigan U n iv ers ity , Ph.D ., 1972 
Chemistry, organic

University Microfilms, A XEROX Company, Ann Arbor, Michigan

T H IS  D IS S E R T A T IO N  H A S  B E E N  M IC R O F IL M E D  E X A C T L Y  A S R E C E IV E D .

R eprodu ced  with p erm ission  of th e copyright owner. Further reproduction prohibited without perm ission .



PLEASE NOTE:

Some pages may have 

i n d i s t i n c t  p r i n t .

Fi lmed  as re c e i v e d .

U n i v e r s i t y  M i c r o f i l m s ,  A Xerox Edu cat ion  Company

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER PAGE

I .  INTRODUCTION .................................................................................  1

I I .  HISTORICAL.....................................................................................  2

A. S t ru c tu ra l  E f fe c ts  on th e  Base C atalyzed  
Hydrogen-Deuterium Exchange o f C e r ta in  
B ic y c lo [ 2 .2 . l ]  Ketones .................................................. 2

B. Homoconjugative and Homoaromatic S t a b i l i z a ­
t io n  E f fe c ts  in  C e r ta in  E no la te  and
R e la ted  Anions .................................................................... 7

I I I .  STATEI«IENT OF PROBLEM.................................................................... 18

IV. RESULTS....................................................................................................19

V. DISCUSSION...........................................................................................38

A. The E f fe c t  o f  Ring S tra in  and S te re o e le c -  
t ro n ic  C on tro l on th e  Base C atalyzed  Hydro­
gen-D euterium  Exchange o f C e r ta in  C yclic
and B ic y c lic  Ketones ......................................................  38

B. The E f fe c t  o f  Homoconjugation and A n ti-  
a ro m a tic ity  on th e  B ase-C atalyzed  Hydro­
gen-D euterium  Exchange o f B ic y c lic  Ketones . . 65

VI. EXPERIMENTAL......................................................................................?0

A. G en era l ...........................................................................................?0

B. P re p a ra tio n  o f  S ta r t in g  M a te r ia ls .  . . . . . .  70

C. K in e tic  P ro ced u re .....................................................................84

D. D eterm ina tion  o f  th e  Chemical S h i f t  o f
Exo and Endo H y d ro g e n s ....................................................... 85

V II. SUMMARY................................................................................................... 89

V III .  BIBLIOGRAPHY..................................................................................... 90

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



L IST  OF TABLES

Table Page

1. Second Order Rate C onstan ts o f  NaOD C atalyzed
Deuterium Exchange in  DMSO-d^/DgO a t  3 7 ° ....................... 26

2. Exo/Endo Rate R a t io s .................................................   4 l

3. Angle o f  Alpha Hydrogen to  C a r b o n y l ......................   $1

4 . Base C ata lyzed  Hydrogen-Deuterium Exchange Rate
o f 4 ,4 -D is u b s t i tu te d  Cyclohexanone..........................................60

5. R e la tiv e  R ates o f  U nsatu rated  v s . S a tu ra ted
Exo Exchange in  B ic y c lic  K etones.............................................. 65

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



L IST OF FIGURES

F igure  Page

1. T yp ical f i r s t  o rd er p lo t  o f th e  base c a ta ly ze d  
exo hydrogen-deuteriuin exchange in  b ic y c lo -
|_3.2 . l ]o c ta n -3 -o n e  ( ^ ) ........................................  28

2. T yp ical f i r s t  o rd er p lo t  o f th e  base c a ta ly ze d  
exo hydrogen-deuterium  exchange in  b ic y c lo -
|_3.2 . l ] o c t -6 - e n -3 “one ( ^ ) .................................................. 29

3. T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  
endo hydrogen-deuterium  exchange in  b ic y c lo -
13^.2 . l]o c t-6 -e n -3 -o n e  ( ^ ) .................................................. 30

4 . T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  
exo hydrogen-deuterium  exchange in  6 ,7 -b en zo - 
b ic y c lo [3 .2 .l ]o c t -6 -e n -3 -o n e  ( ^ ) .................................... ; 31

5. T yp ical f i r s t  order p lo t  o f th e  base c a ta ly z e d  
endo hydrogen-deuterium  exchange in  6 ,7 -b en zo - 
b ic y c lo [3 .2 .l ]o c t -6 -e n -3 -o n e  ( ^ ) ....................................  32

6. T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  
hydrogen-deuterium  exchange in  b ic y c lo [2 .2 .2 ] -  
o c tan -2 -o n e  ( j O ) ........................................................................ 33

7. T yp ical f i r s t  o rd er p lo t  o f th e  base c a ta ly z e d  
hydrogen-deuterium  exchange in  b ic y c lo [2 .2 .2 ] -  
o c t-5 -en -2 -o n e  ( ^ ) ...................................................................  3^

8 . T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  
exo hydrogen-deuterium  exchange in  b ic y c lo -  
[_ 2 .2 .l]h ep tan -2 -o n e  ( 6 ) ..........................................................  35

9. T yp ical f i r s t  o rd er p lo t  o f th e  base c a ta ly ze d  
endo hydrogen-deuterium  exchange in  b ic y c lo -
[ 2 . 2 . l]h e p tan -2 -o n e  ( 6 ) ........................................................... 3^

10. T yp ical f i r s t  o rd er p lo t  o f  th e  base ca ta lyzed  
exo hydrogen-deuterium  exchange in  b ic y c lo -  
[2 T 2 .l]h e p t-5 -e n -2 -o n e  (? )  .................................................. 37

11. Model showing th e  an g le  o f  exo and endo 
hydrogens in  r e l a t i o n  to  th e  carbony l in
b i c y c lo [2 .2 .2 ]o ctan -2 -o n e  (50 ) ....................... . . . .  43

V i

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



F igure Page

12. Model showing th e  ang le  o f  a x ia l  and e q u a to r ia l  
hydrogens in  r e l a t i o n  to  th e  carbony l in
t - b u ty l  cyclohexanone ( ^ ) ............................................................46

1 3 . Nmr s p e c tr a  (a) t - b u ty l  cyclohexanone in
GG.b} w ith  s h i f t  re a g e n t;  (b) ^  a f t e r  36 min in  
NaOD/DgO-dioxane. . . .  ...........................................................  50

14. Model showing th e  angle o f exo and endo 
hydrogens in  r e l a t i o n  to  th e  carbony l in  
b ic y c lo [2 .2 .2 ]o c t-5 -e n -2 -o n e  ( ^ ) ........................................ 52

1 5 . Model showing th e  an g le  o f  exo and endo 
hydrogens in  r e l a t i o n  to  th e  carbony l in  
b i c y c lo [3 .2 ,l ] o c t - 6 -e n - 3 “One ( I j S ) ........................................ 53

16. Model showing th e  angle o f exo and endo 
hydrogens in  r e l a t i o n  to  th e  carbony l in  
b ic y c lo [2 . 2 . l] h e p ta n - 2 -one ( 6 ) .............................................. 57

17. Nmr s p e c tr a  (a )  b ic y c lo [3 . 2 . l ]o c t -6 -e n -3 -o n e  (48) 
i n  GGI4 ; (b) 0 .05 g %  in  O.50 ml GGI4 w ith  O.05O g
s h i f t  re a g e n t;  (c )  w ith  0.10 g s l i i f t  re a g e n t;  (d) 
w ith  0.125 g s h i f t  r e a g e n t ............................................................75

18. Nmr s p e c tr a  (a) 6 ,7 -b e n z o b ic y c lo [3 '2 . l ] o c t - 6 - e n -  
3-one ( ^ )  ( 0.025 g) in  GOli;. (0 .2 5  ml) w ith  
s h i f t  rea g e n t (O.50 g ) ; (b) D id eu tero k eto n e  ^
( 0 .025 g) in  GGIk ( 0 .25  ml) w ith  s h i f t  r e a g e n t
( 0 .50  g ) .  . . . T ................................................................ 78

R eprodu ced  with p erm ission  of th e copyright owner. Further reproduction prohibited without perm ission .



I .  INTRODUCTION

E n o la te  an io n s  a re  among th e  most w idely used in te rm e d ia te s  

in  s y n th e t ic  o rg an ic  ch em istry . A lk y la t io n s , G rignard  r e a c t io n s ,  

a ld o l  co n d en sa tio n s  and C la ise n  con d en sa tio n s  a re  only  a  few o f 

th e  many r e a c t io n s  t h a t  may proceed  by means o f such in te rm e ­

d ia te s .

While numerous s tu d ie s  have been re p o r te d  in  connection  

w ith  th e  f a c to r s  a f f e c t in g  th e  fo rm a tio n , s t a b i l i z a t i o n  and 

r e a c t io n s  o f  e n o la te  an ions d e riv e d  from open-chain  o r c y c lic  

k e to n es , l i t t l e  i s  known about e n o la te s  o f  b ic y c l ic  ke to n es .

The p re s e n t  in v e s t ig a t io n  was i n i t i a t e d  in  o rd er to  id e n t i fy  

and study  th e  m ajor f a c to r s  t h a t  may a f f e c t  th e  fo rm ation  and 

s t a b i l i t y  o f  b ic y c l ic  e n o la te s .
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I I . HISTORICAL

A, S t ru c tu ra l  E f fe c ts  on th e  B ase-C atalyzed  Hydrogen-
Deuterium Exchange o f  C e r ta in  B lc y c lo [ 2 .2 . l]  K etones,

I t  i s  w ell known^ th a t  carbony l groups a c t iv a te  hydrogen atoms 

bonded to  carbon atoms n ex t to  th e  carbony l fu n c tio n , The a c id i ty  

o f  th e  C-H bond in  th ese  su b stan ces  i s  due to  a  com bination o f  th e  

e le c t ro n  w ithdraw ing a b i l i t y  o f  th e  carbony l oxygen a s  w e ll as th e  

a b i l i t y  o f  t h i s  s u b s t i tu e n t  to  d e lo c a l iz e  th e  n e g a tiv e  charge 

rem ain ing  when th e  p ro to n  has been removed.

0

CH^-C-GH^
base (slow ) r

CH^-C-CHg

H+

0"

CH -̂C^CHg

^ I
H-0

The an ions l a , b ,  u s u a lly  c a l le d  e n o la te  a n io n s , which should 

be d is t in g u is h e d  from an e n d  such as  2, may be d e riv e d  from a 

ke to n e , as shown above, o r from o th e r  carbony l compounds. I t  i s  

an im p o rtan t in te rm e d ia te  in  many typ es  o f  o rgan ic  r e a c t io n s .

In  view o f th e  im portance o f  t h i s  in te rm e d ia te  in  s y n th e t ic  

o rg an ic  ch em istry , co n s id e rab le  e f f o r t  has been made by chem ists
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to  determ ine th e  f a c to r s  a f f e c t in g  th e  fo rm ation  o f  eno la te , an ions 

and t h e i r  subsequent r e a c t io n s  w ith  e le c t ro p h i le s .  These s tu d ie s  

g e n e ra l ly  have in v o lv ed  open ch a in  o r c y c lic  ke tones w ith  r e l a t i v e ly  

l i t t l e  work having been done w ith  b ic y c l ic  k e to n es . Indeed , th e  

only b ic y c l ic  ketones whose e n o liz a t io n -k e to n iz a t io n  r e a c t io n s  

have been s tu d ie d  a re  th o se  in v o lv in g  a  [ 2 .2 .1 ]  system .

A review  o f th e  e n o liz a tio n  and subsequen t k e to n iz a tio n  

r e a c t io n s  o f  th e  v a rio u s  b i c y c lo [ 2 .2 . l ]  k e tones which have a 

b e a rin g  on th e  p re se n t  s tudy w i l l  be p rese n ted  in  t h i s  s e c t io n .

There has r e c e n t ly  been c o n s id e ra b le  i n t e r e s t  and c o n tro ­

ve rsy  in  th e  i n v e s t ig a t io n  o f  base c a ta ly z e d  hydrogen-deuterium  

exchange in  b ic y c l ic  ketones re g a rd in g  b o th  r a t e s  and stereochem ­

i s t r y .  The s te re o ch e m is try  o f  th e s e  exchanges has proved to  be 

v ery  i n te r e s t in g .  Thomas and W illhalm^ e s ta b l is h e d  by n u c le a r  

m agnetic resonance (nmr) t h a t  iso fenchone  can be s p e c i f ic a l l y

— — — >
dioxane-DgO

1

m onodeuterated in  th e  exo p o s i t io n .  This was n o t unexpected , 

s in c e  a  la rg e  body o f evidence in d ic a te s  t h a t  th e  exo face  o f  a 

b ic y c lo [2 .2 .l ]h e p ta n e  i s  more a c c e s s ib le  to  a t t a c k  by e x te rn a l  

re a g e n ts  than  th e  endo f a c e . However, Meinwald^ found th a t  when 

th e  iso m eric  ketone 4 w ith  a  m ethyl group in  th e  syn p o s i t io n
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a t  Gy b lo ck in g  th e  exo fac e  was used, exo exchange s t i l l  o ccu rred .

A : 2°

He a ls o  re p o r te d  s im ila r  s te r e o s p e c i f ic  hydrogen-deuterium  ex­

change in  even g r e a te r  degree  w ith  carvonecamphor

P rev io u s  to  t h i s  work, Je rk u n ic a^  e t . a l .  had re p o r te d  t h a t  

when they  hea ted  b ic y c lo [2 . 2 . l]h e p tan -2 -o n e  (6) in  GH^OD/D^O

alp h a  hydrogens exchanged w ith  d eu terium . However, when he used 

b icy c lo [2 ,2 ,l]h ep t-5 -e n -2 -o n e (7 )h e  exchanged both  hydrogens w hile  

u s in g  i d e n t i c a l  c o n d it io n s . In  d i r e c t  c o n tr a s t  to  t h i s ,  Tidwell-^

ctç ctf
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has r e c e n t ly  re p o r te d  t h a t  th e  r a t e s  o f  NaOD c a ta ly z e d  hydrogen- 

deuteriu in  exchange o f  th e se  ketones were th e  e x a c t o p p o site

R e la tiv e  Rates o f  NaOD C ata lyzed  Exchange^

H
1 .0

•H 715

C H 3^C H 3

12.'
H

0._58

H 9 .5
A

0.079

H 350
H 

0 . 5 9

7 10

a s  th o se  in d ic a te d  by J e rk u n ic a . He found th a t  th e  b ic y c lo -

[ 2 . 2 . 1 ]hep tan -2 -o n e  (6) exchanged abou t 75 tim es f a s t e r  th an  

i t s  u n sa tu ra te d  c o u n te rp a r t ,  b ic y c lo [2 .2 .l ]h e p t-5 -e n -2 -o n e  ( 7 ) .  

In  a l l  c a se s , T idw ell observed a  s tro n g  p r'^ ference f o r  exo

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



exchange ran g in g  from about 25:1 fo r  th e  exo h indered  t r im e th y l  

compound 4 and up to  750:1 fo r  th e  b ic y c lo [2 .2 . l]h e p ta n -5 -o n e  (6 ) .  

This s tro n g  exo p refe ren c e  i s  in  agreem ent w ith  c a tio n  io n iz a t io n  

r a t e s  where th e  exo : endo io n iz a t io n  fo r  n o rb o m y l b ro sy la te  i s  

l 600,^  and th e re  i s  a 5000:1 p re fe ren c e  fo r  exo h y d ra tio n  o f  th e  

norb o rn y l c a t io n ,^  In  a d d it io n ,  f re e  r a d ic a l  c h lo r in a t io n  o f 

norbornane has been shown to  fav o r fo rm atio n  o f  exo over endo 

n o rborny l c h lo r id e  by about 20:1."^ N ev e r th e le ss , th e  v ery  la rg e  

exo/endo m te  d if f e re n c e  fo r  hydrogen-deuterium  exchange, as 

observed by T idw ell, i s  s u rp r is in g  and th e  s te r e o s p e c i f i c i t y  

observed as y e t  i s  unex p la in ed .
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B, Homoconjugative and Homoaromatic S ta b i l iz a t io n  
E f fe c ts  in  C e r ta in  E n o la te  and R e la ted  Anions

The s t a b i l i z a t i o n  o f system s c o n ta in in g  a  p - o r b i ta l  which 

i s  a s s o c ia te d  w ith  a  p o s it iv e  charge (ze ro  e le c t r o n s ) ,^  a n e g a tiv e  

charge (two e le c t r o n s ) ,^  o r a  r a d i c a l  (one electron)^*^ by an 

a d ja c e n t  u n s a tu ra te d  s i t e  has been known f o r  a  long  tim e . Car­

bonium io n s , c a rb an io n s, and r a d i c a ls  can in te r a c t  and be s t a ­

b i l i z e d  by v in y l,  a ry l  o r  e th y n y l groups a t ta c h e d  to  them. This 

i s  r e p re se n te d  by th e  fo llo w in g  examples U ,  2^, and 1^ w ith  a 

v in y l  group:

OHgCH-OHg ^ — > CHg-CH=CHg o r CH-^^ ^^CH^

n

This s t a b i l i z a t i o n  o r ig in a te s  by th e  u t i l i z a t i o n  o f  th e  p - o r b i ta l  

i n  q u e s tio n  w ith  th e  n e ig h b o rin g  p - o r b i ta l s  o f  th e  u n sa tu ra te d  

c e n te r  as  shown below f o r  th e  a l l y l i c  an io n  14 ,
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Charge s ta b i l i z a t i o n  can be ach ieved  by a ro m a tic ity  a s  w ell 

a s  th e  a l l y l i c  type j u s t  m entioned. For example, c y c lo p e n ta-  

d ien e  ( l^ )  r e a d i ly  lo s e s  one p ro to n  to  form th e  a ro m atic  cyc lopen- 

ta d ie n y l  an ion  l6  . This s t a b i l i z a t i o n  a r i s e s  from th e  a tta in m e n t

6 TT e le c t ro n s  
pK^=15 Aromatic

15 16

V ^  V
H H

8 n e le c t ro n s  
pK^=36 A n ti-  Aromatic

17 18

o f  a  com pletely  con jugated  p la n a r  c y c lic  6 tt e le c t ro n  system 

complying w ith  H uckel' s^ ^ ' 4n+2 r u le .  The la rg e  d i f f e re n c e

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



in  th e  pK a's o f  cy c lo p en tad ien e^^  ( l^ )  and c y c lo h e p ta tr ie n e ^ ^  ( l ? )  

i s  b e lie v e d  to  be due to  th e  d i f f e re n c e  in  th e  number o f  th e  

e le c t ro n s  in  th e  c y c lic  an io n s . O ther w e ll Iciom  u n u su a lly  s ta b le  

charged  c y c lic  sp e c ie s  a re  th e  tro p y liu m  c a t i o n ^ 1^ (6  TT e le c t ro n s )  

th e  cy c lopropeny l c a tio n ^ ^  2^ (2 T T electro n s) and th e  c y c lo o c ta -  

t e t r a e n e  dianion^'^ 21 (lO tt e le c t r o n s ) .  These sp e c ie s  a re

y

2K

21

b e lie v e d  to  ach iev e  t h e i r  unusual s t a b i l i t y  by th e  a tta in m e n t 

o f  a  fav o ra b le  number o f  e le c t ro n s  le a d in g  to  resonance  s t a b i l ­

i z a t io n .

While a ro m a tic ity  m ight be c o n s id e red  a  s p e c ia l  s t a b i l i t y
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a s so c ia te d  w ith  p la n a r ,  c y c lic  co n ju g ated  4n+2 tt e le c t ro n  

system s, as compared to  t h e i r  l i n e a r  c o u n te rp a r ts ,  a  newer 

co n cep t, t h a t  o f  a n t ia ro m a tic i ty ,^ ^  can he d e fin e d  as  decreased  

s t a b i l i z a t i o n  when compared to  th e  l in e a r  system s. Both th e o re -

4n TT e le c t ro n  p la n a r ,  c y c lic  co n ju g ated  system s a re  d e s ta b i l i z e d  

o r a n tia ro m a tic .  For in s ta n c e ,  th e  w ell known d i f f i c u l ty  in  

form ing th e  4 tt e le c t ro n  cy c lo b u tad ien e^^  i s  a s c r ib e d  to  t h i s  

i n s t a b i l i t y .

J u s t  a s  charged  sp e c ie s  can be s ta b i l i z e d  by a ro m a tic ity , 

so th ey  a ls o  can be d e s ta b i l i z e d  by a n tia ro m a tic i ty ,  Breslow^^ 

has shown th a t  th e  cy c lo p e n tad ie n y l c a tio n  22 i s  l e s s  s ta b le  

th an  th e  c lo s e ly  r e l a te d  t r ip h e n y l  c a tio n  2^ p robab ly  because 

o f  th e  d e s ta b i l i z a t io n  o f  th e  4 v  e le c t ro n  c y c lic  system .

pK_+ = -1 0 ,8

Breslow has a ls o  d em onstrated  th e  d e s ta b i l i z a t io n  o f  th e  

cy c lopropeny l an ion  24, The u n u su a lly  h igh  pKa o f  cy c lo h e p ta -
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triene (l?) is undoubtedly due to the formation of the 8 tt elec­

tron antiaromatic cycloheptatrienyl anion^^ 18.

In  a l l  o f  th e  case s  m entioned up to  t h i s  p o in t,  th e  carbon 

atom b ea rin g  th e  charge was d i r e c t l y  a d ja c e n t  to  th e  u n sa tu ra te d  

s i t e  o r s i t e s  and connected  to  i t  by a  (T bond as shown by ^  and 26 ,

26

However, as  a  r e s u l t  o f  e x te n s iv e  work done in  th e  l a s t  f o r ty  

y e a rs  by a  number o f  w orkers , b u t e s p e c ia l ly  by W instein  and

h is  g r o u p , a  new concep t has developed. I t  was determ ined  

th a t  when geom etry c o n d it io n s  were fa v o ra b le , o v e rlap  o f o r b i t a l s  

on carbon atoms between which a d i r e c t l y  con n ectin g  <r bond was 

n o t p re s e n t ,  cou ld  a ls o  le a d  to  s t a b i l i z a t i o n .  This ty p e  o f  con­

ju g a tio n , where an in te rv e n in g  s a tu ra te d  carbon atom cannot
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in s u la te  th e  charge from th e  u n s a tu ra te d  s i t e  i s  c a l le d  homocon­

ju g a tio n , I t  was so c a l le d  by W instein^-^ to  show th a t  i t  i s  a 

homolog o f  r e g u la r  co n ju g a tio n .

While th e  w ell knovm a l l y l i c  c o n ju g a tio n  a c h iev es  i t s  

maximum s t a b i l i z a t i o n  where th e  p - o r b i ta l  a s so c ia te d  w ith  th e  

charge i s  p a r a l l e l  to  th e  p - o r b i ta l s  o f  th e  o r ig in a l  o le f in ic  

group, a  hom o ally lic  system ach iev es  maximum s t a b i l i z a t i o n  when 

th e  o r b i t a l  a s so c ia te d  w ith  th e  charge i s  d isp o sed  p erp en d icu ­

l a r l y  to  th e  o r b i t a l s  o f  th e  o l e f in ic  group^-^ a s  shown in  27,

This type o f  o v e rlap  i s  n o t t ru e  en d -to -en d  o—type  bonding nor 

i s  i t  s id e - to - s id e  o v e rlap  a s  in  tt bonding b u t i t  has a sp e c ts  

o f  bo th  ty p e s .

This type  o f  s t a b i l i z a t i o n  (hom oconjugation) w ith  s u ita b ly  

chosen s u b s t r a te s ,  can a ls o  le a d  to  c y c lic  d e lo c a l iz a tio n ^ ^ ^  ° 

a s  in  th e  7 -n orborneny l c a t io n .  T his c y c lic  homo s t a b i l i z a t i o n  

has been term ed hom oarom aticity^^ and th e  example below would 

be a bishom oarom atic cyc lopropeny l c a t io n .  The b i s  d e s ig n a ­

t io n  i s  used when th e re  i s  n o n - c la s s ic a l  s t a b i l i z a t i o n  on two 

s id e s  o f  th e  cyc lopropeny l system . The trem endous r a t e  a c c e l -
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p -su lfo n a te  (Z^) compared to  i t s  s a tu ra te d  ana log  22  was a t t r ib u t e d  

by W instein^'^^ to  th e  in te r a c t io n  o f  th e  deve lop ing  p o s i t iv e  

charge w ith  th e  ^ o l e f in ic  group as  d e p ic te d  in  31 .

OTS ■OTs

22 ]1

The p o s s ib i l i ty  o f  hom oconjugation o r  hom oarom aticity  in  

system s w ith  a  n e g a tiv e  ch arg e , i . e . ,  ca rb a n io n s , has only 

r e c e n t ly  been in v e s t ig a te d .  The f i r s t  a u th e n tic  example o f  homo­

c o n ju g a tio n  in v o lv in g  carb an io n s  was re p o r te d  in  1962 by Nickon 

and Lambert^® who observed th a t  when o p t ic a l ly  a c t iv e  camphen- 

i lo n e  (2 2 ) was t r e a te d  w ith  potassium  t -b u to x id e  i n  t -b u ta n o l-  

0-d a t  185°, th e  system underw ent hydrogen-deuterium  exchange 

a t  G^o They found th a t  th e  r a t e  o f  exchange a t  and racém i­

s a t io n  o f  th e  m olecule were abou t th e  same and e x p la in ed  th ese
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r e s u l t s  on th e  b a s is  o f  th e  sy inm etrical homoenolate an io n  21»

H 'K  'O
H

C H , XH

The bishom oarom atic carb an io n  was proposed a s  an i n t e r ­

m ediate  by J ,  M. Brown^^ in  19^5 to  e x p la in  th e  la rg e  (lO^*^) 

a c c e le r a t io n  in  th e  base c a ta ly z e d  hydrogen-deuterium  exchange 

a t  o f  b ic y c lo [3 , 2 . l ]o c ta d ie n e  (25) as compared to  b ic y c lo -

[ 3 .2 . l ] o c t - 2 - e n e  (2 6 ), i t s  satu rated  an a lo g . This bishom ocyclo- 

p e n tad ien e  an io n  i s  analogous to  th e  arom atic  cy c lo p en tad ien e  an io n .

H' 'H
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S ubsequen tly , Winstein^*^ was a b le  to  g e n e ra te  an io n  in  

s u f f i c i e n t  q u a n t i t ie s  to  s tu d y  i t s  nmr spectrum . He observed th a t  

th e  v in y lic  p ro to n s , and o f  an ion  had undergone a sub­

s t a n t i a l  u p f ie ld  s h i f t  ( 2 .3  ppm) r e l a t i v e  to  th e  s t a r t i n g  d ie n e . 

This c le a r ly  e s ta b l is h e d  th a t  d e lo c a l iz a t io n  o f  charge to  th e  

o le f in ic  bond had indeed  o ccu rred .

R ecen tly , th e  an io n s  o f  a  number o f  r e l a te d  system s were 

g e n e ra ted  and s tu d ie d  I t in e t ic a l ly  a n d /o r  s p e c tro sc o p ic a l ly .^ ^ ^

The monoanion 3% ol" b ic y c lo [3 .2 .2 ]n o n a tr ie n e  (3 8 ) was formed and 

i t s  nmr spectrum  showed th a t  d é lo c a l is a t io n  had occurred  a c ro s s

38

bo th  v in y lic  b r id g e s . The q u e s tio n  o f  w hether t h i s  carb an io n  

e x is te d  as  a sym m etrical in te rm e d ia te  w ith  sim ultaneov.s d é lo c a l is a ­

t io n  to  both  b rid g e s  o r w hether th e re  was a  ra p id  (on nmr tim e 

s c a le )  b rid g e  f l ip p in g ,  as  i n  32 and has n o t been answ ered.
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an a lo g  o f  th e  cy c lopropeny l an io n  (24) m ight be th e  cause o f a 

s l i g h t  d e s ta b i l i z a t io n  in  th e  7 -norborneny l an ion  Breslow

though t t h a t  even though th e  r a t e  o f  base c a ta ly ze d  H-D exchange 

in  7- a n t i -cyanonorbornene (42) was f a s t e r  th an  th a t  o f  7 -a n t i -  

cyanonorbornane ( ^ ) ,  th e re  m ight s t i l l  be some n e t  d e s ta b i l i z a t io n .  

He observed  th a t  th e re  was a  g r e a te r  charge s t a b i l i z a t i o n  and 

consequen t r a t e  in c re a se  when comparing 3-cyanocyclopentene to  

cyanocyclopentane th an  w ith  th e  afo rem entioned  norb o rn y l system s.

CN ^CN

Ï 2

This model cy c lo p en ten e  system would be an in d ic a tio n  o f th e  

s t a b i l i z in g  e f f e c t  o f  th e  double bond on th e  carb an io n . S ince 

th e re  was a l e s s e r  r a t e  in c re a se  in  th e  b ic y c lo [ 2 .2 . l ]  system , 

he concluded  t h a t  th e re  m ight be some a n tia ro m a tic  d e s t a b i l i ­

z a t io n .

Very r e c e n t ly ,  T r im its is  and Crowe^^ have found th a t  th e  

ca rb an io n  g e n e ra ted  from 2 ,4 -d ip h e n y lb ic y c lo [3 .2 . l ]o c t-6 -e n -3 -o n e  

d id  n o t hom oconjugate w ith  th e  o l e f in ic  double bond. This was 

th e  f i r s t  a tte m p t to  see  i f  a c a rb an io n  s ta b i l i z e d  by a  carbony l 

group would hom oconjugate. However, t h i s  an ion  i s  s ta b i l i z e d  n o t 

only  by th e  carbony l group b u t a ls o  by th e  phenyl r in g  making 

th e  charge v ery  s ta b le  a t  t h i s  p o s i t io n .  I n te r e s t in g ly ,  when th e
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d lan io n  ^  o f  t h i s  sp e c ie s  was formed, i t  was found to  be a 

6 TT e le c t ro n  bishornoarom atic system as shown by i t s  nmr. The

r e l a t i v e  to  th e  s t a r t i n g  k e to n e . This c le a r ly  showed charge 

d e lo c a l iz a t io n  to  th e  v in y lic  group to  form th e  bishom oarom atic 

ana log  o f  th e  a ro m atic  cyclopentenone d ian io n
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I l l ,  s ta tem en t o f  Problem

In  view o f  th e  c o n tro v e rsy  a s so c ia te d  w ith  some o f th e  r e s u l t s  

p re se n ted  in  th e  p rev io u s  two s e c t io n s ,  i t  was f e l t  t h a t  a  more 

thorough and d e f in i t i v e  s tudy  concern ing  th e  f a c to rs  a f f e c t in g  th e  

fo rm ation  and s t a b i l i t y  o f  b ic y c l ic  e n o la te  an ions was d e s ir a b le .

For t h i s  purpose a  s e r ie s  o f  b ic y c l ic  ke tones and some model c y c lic  

ke tones were p rep ared  and t h e i r  é n o lis a t io n  was c a re f u l ly  s tu d ie d .

In  p a r t i c u l a r  th e  p re s e n t  in v e s t ig a t io n  sought to  examine th e  e f f e c t  

o f  th e  fo llo w in g  th re e  f a c to rs  on th e  fo rm atio n  and s t a b i l i t y  o f  

b ic y c l ic  e n o la te s :

(a )  The e f f e c t  o f  r in g  s t r a in  on th e  é n o lis a t io n  o f 

b ic y c l ic  k e to n es ,

(b) The e f f e c t  o f  s ts r e o e le c t r o n ic  c o n tro l  on th e  

e n o l i s a t io n -k e to n is a t io n  o f b ic y c l ic  k e to n es ,

(c )  P o s s ib le  s t a b i l i s a t i o n  o f b ic y c l ic  e n o la te  an ions 

by means o f  lon g -ran g e  in te r a c t io n s  as  in
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IV . RESULTS

The ke to n es  6 , %, and 47-53, used in  th e  p re s e n t  s tu d y , were 

e i t h e r  p rep ared  by l i t e r a t u r e  methods w ith  some m o d if ic a tio n s  or 

were purchased  and used d i r e c t l y .  The compounds can be d iv id ed  

in to  fo u r  groups: b ic y c lo [2 . 2 . l ]  ketones 6 and 7 , b ic y c lo [3 . 2 . l ]

k e tones and b ic y c lo [2 . 2 . 2]  ketones jO and and

c y c lic  ketones ^  and 51-

ctr dr

io i l

i2 i l

19
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P re p a ra tio n  o f th e  b io y c lo [2 .2 .l]h e p t-5 -e n -2 -o n e  (? )  was 

accom plished by an Oppenauer o x id a tio n  o f th e  b ic y c lo [2 .2 . l ] h e p t -  

5 -e n -2 -o l  fo llo w in g  th e  p rocedure  o f  G r is to l  and Freeman.

The p re p a ra tio n  o f th e  [ 3 .2 .1 ]  r in g  system  was somewhat more 

e la b o ra te . The s a tu ra te d  an a lo g , b ic y c lo [3 .2 . l]o c ta n -3 -o n e  (4 ? ) ,  

was sy n th e s ize d  by th e  method o f Kraus^-^ and o th e rs^ ^  a s  shown in  

Scheme I .  The b ic y c lo [3 .2 . l]o c t-6 -e n -3 -o n e  ( % ) ,  was sy n th e s ize d

: GBrp

Br

o •Br
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by an alm ost analogous method, as i l l u s t r a t e d  in  Scheme I I ,  a 

p rocedure f i r s t  re p o r te d  by Lebel and Liesem er.^'^  This compound 

was somewhat d i f f i c u l t  to  p u r ify  and was f i n a l ly  o b tain ed  pure by 

su b lim a tio n  fo llow ed by s i l i c a  g e l  column chrom atography and 

subsequent r e c r y s ta l l i z a t i o n  from pen tane . The p re p a ra tio n  o f  th e

Scheme I I

cu
Br 

jZ

B r.

Li
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6 , 7-t>enzobicyclo[[3 -2 . l ] o c t - 6-en~3-one ( ^ )  was accom plished by 

th e  method o f  Lansbury and Nienhouse,^® as  shown in  Scheme I I I .  

The f in a l  m ix tu re  o f  p ro d u cts  can be r e a d i ly  se p a ra te d  by column 

chrom atography on alum ina.

Scheme I I I

60

tH.=C-GH_Cl
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The b lc y c lo [2 .2 .2 ]  system s, ^  and were p rep ared  accord ing

,39 Wto  th e  methods o f Mine and Mislow, 

Scheme IV

as shown in  Scheme IV. The

o+ OH2 =CHOA= / a Z y K  IL

62

i l

^  " a c tiv e "
\  MÏÏÔ7“

NaOH
CĤ OH

O H

62

Pd/C

io

i n i t i a l  D ie ls -A ld e r r e a c t io n  was re p o r te d  by Hine w hile Mislow 

extended t h i s  by o x id a tio n  to  th e  k e to n es . A ll o f  th e  aforem en­

t io n e d  compounds gave in f r a r e d  ( i r ) ,  nmr and m eltin g  p o in ts  as
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re p o r te d  in  th e  l i t e r a t u r e .

The r a t e s  o f  hydrogen-deuteriurn exchange were de term ined  by 

a  well-known nmr in te g r a t io n  m e t h o d . T h e  r a t i o  o f  th e  a re a  

o f  th e  re a c t in g  a lp h a  hydrogen s i t e  to  t h a t  o f  a se p a ra te d  u n re a c t­

in g , u n a c tiv a te d  p o s i t io n  p ro v id es  a  m easure o f  th e  e x te n t  o f 

exchange o cc u rr in g  between hydrogen and deuteriu in  in  th e  m olecule. 

By ta k in g  su c ce ss iv e  in te g r a t io n s  a t  tim ed in te r v a l s  th e  r a t e  o f 

d isap p ea ran ce  o f th e  a lp h a  hydrogens can be fo llow ed . The 

exchange re a c t io n  can a ls o  be fo llow ed by in te g r a t in g  th e  in c r e a s ­

in g  HOD s ig n a l .  This i s  a ls o  v a lid ^ ^  where u n eq u iv a len t p ro to n s  

a re  exchanging in  th e  same m olecule s in c e  t h e i r  r a t e  d i f f e re n c e s  

were q u i te  la rg e  and i t  was p o s s ib le  to  s e p a ra te  th e  two r a t e s .

The in c re a se  in  th e  HOD s ig n a l  was used when o v e rlap  o f s ig n a ls  

o f  o th e r  p ro to n s  in  a  p a r t i c u l a r  m olecule made i t  d i f f i c u l t  to  

d eterm ine accu rate ly  th e  d e c re a s in g  r a t i o  by observing th e  

d ec re a se  in  th e  s ig n a l  o f  th e  a lp h a  hydrogens. In  some in s ta n c e s  

b oth  methods were used and th e re  was good agreem ent between 

th e  two.

The peaks used as  an i n te r n a l  s ta n d a rd  fo r  th e  b ic y c l ic  

system s were e i t h e r  th e  dow nfield  a b so rp tio n s  in  th o se  compounds 

c o n ta in in g  unsaturated f u n c tio n s  o r th e  bridgehead  protons which 

a ls o  were s u f f i c i e n t l y  s e p a ra te d  from th e  rem ainder o f  a b so rp tio n  

in  th e  m olecule . In  th e  c y c lic  system s th e  t - b u ty l  group was a 

conven ien t re fe re n c e  in  th e  case  o f  t - b u ty l  cyclohexanone; in  

cyclohexanone th e  rem ain ing  s ix  p ro to n  a b so rp tio n s  could  be 

se p a ra te d  from th e  exchangeable a lp h a  hydrogens.
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D ata were t r e a te d  by th e  method o f  l e a s t  sq u ares  u s in g  a  Wang 

c a lc u la to r .  Observed p s e u d o - f ir s t  o rd er r a t e  c o n s ta n ts  were 

o b ta in ed  from a p lo t  o f lo g  (a -x )  v s . tim e. D iv isio n  o f  th e  f i r s t  

o rd er r a t e  c o n s ta n ts  by th e  base c o n c e n tra tio n  gave th e  second 

o rd e r  r a t e  c o n s ta n ts .  The tem p era tu re  o f  th e  nmr probe was r e ­

corded , 37° -  1° , b e fo re  each run and was e s s e n t ia l ly  in v a r ia n t .  

R e ac tan ts  were th erm o sta te d  f o r  abou t 30 m inutes p r io r  to  th e  

b eg inn ing  o f  each ru n . They were then  mixed and im m ediately p u t 

in to  th e  nmr probe. The tim e was reco rd ed  upon m ixing and th e  

run  was begun.

R eac tio n s  were fo llow ed fo r  a t  l e a s t  two h a l f - l i v e s  and were 

e s s e n t ia l ly  l in e a r  th roughou t t h i s  p e rio d . The d a ta  o b tain ed  

a re  reco rd ed  in  Table 1. A r e p r e s e n ta t iv e  graph , w ith  a  computer 

p lo t te d  l e a s t  sq u a res  l i n e ,  i s  shown f o r  a  number o f  compounds.
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Table 1

Second Order Rate C on stan ts  o f  NaOD 

C atalyzed  Deuterium Exchange in  DMSG-d^/D^O 
a t  3 7 . 0° + 1 . 0° , in  l ,m o I^ , s e c “^

Exo Endo Exo/Endo

6
9 .3  X 10"^ 0.21 X 10"^ 43

z
4 .3  X 10"^

ZZ

103. X 10"^ (v ery  slow )^ la rg e

120. X 10"^ 0 .33  X 10"^ 218

133. X 10"^ 1 .3  X 10"^ 103
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Table 1 ( c e n t .)

Exo Endo Exo/Endo

io

120. X 10"^ same one

31. X 10"^ same one

0

0 36. X 10"^

110. X 10"^
p f

20. X 10 5 .5

average o f 2-4 t r i a l s  (± 10^)
o b ta in ed  by d iv id in g  th e  observed  f i r s t  o rd e r  r a t e  
c o n s ta n ts  by base  c o n c e n tra t io n  
c o r re c te d  f o r  s t a t i s t i c a l  f a c to r s
s o lu b i l i t y  problem s a t  base c o n c e n tra t io n s  necessa ry  
f o r  th e  exchange o f  th ese  hydrogens p rec lu d ed  th e  
a c c u ra te  d e te rm in a tio n  o f  t h i s  r a t e .  I t  i s  a t  l e a s t  
a s  slow as  th e  endo r a t e  o f

e . a x ia l
f .  e q u a to r ia l

b.

d.

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



CD
Z
Z

.5-

TIME (SEC X 10̂ 1

F igure  1. T yp ical f i r s t  o rd er p lo t  o f  th e  base  c a ta ly z e d  exo 
hydrogen-deuterium  exchange in  b ic y c lo [3 . 2 . l ] o c t a n - 3-one (4 ? ) ,

I X 10“^, [NaOD] = 1 .2  X 10"^ M.
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e x o
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F igure 2. T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  exo 
hydrogen-deuterium  exchange in  b ic y c le r 3 . 2 . l l o c t - 6- e n - 3-one (4 8 ),

k . = 2 .48  ± .08 X 10"^, [NaOD] = 1 .1  x 1 0 '^  M.
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F igure  3, T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  endo 
hydrogen-deuterium  exchange in  b icy c lo |"3 . 2 . l l o c t - 6-e n -3-one (4 8 ),

k = 1.13 ± .07 X 10“^ , [NaOD] = 2.1 x 10"^ M.
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F igure  4 . T yp ical f i r s t  o rd e r  p lo t  o f  th e  base c a ta ly z e d  exo 
hydrogen-deuterium  exchange in  6 , 7-b en z o b ic y c lo [3 . 2 . l ] o c t - 6-e n -  
3-one (È 9), ^  = 1 .90  ± .08 x 10“^ , [NaOD] = 6 .9  x 10~^ M.
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F ig u re  5 ' T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  endo 
hydrogen-deuterium  exchange in  6 , 7-b en z o b ic y c lo [3 . 2 , l ] o c t - 6-en -  
3-one ( ^ ) ,  = 1 .93  ± .10 X lO "^, [NaOD] = 7 .4  x 10“^ M.
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F ig u re  6 , T yp ical f i r s t  o rd e r  p lo t  o f  th e  base c a ta ly z e d  
hydrogen-deuterium  exchange in  b ic y c lo [2 . 2 . 2]o c ta n -2-one ( 50)t

kobs = ± .05 X 10"^, [NaOD] = 9 .1  x 10"^ M.

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



y-p

CD
z
z

LU
cr
X

TIME (SEC X 10*

F ig u re  7. T yp ical f i r s t  o rd er p lo t  o f  th e  base c a ta ly z e d  
hydrogen-deuterium  exchange in  b ic y c lo [2 . 2 . 2]oct-_$-en-2-one ( 5l ) ,

k = 3 .5 6  ± .09 X 10~^, [NaOD] = 9 .7  X 10"^ M.
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F igure  8 . T yp ical f i r s t  o rd e r  p lo t  o f  th e  base  c a ta ly z e d  exo 
hydrogen-deuterium  exchange in  b ic y c lo [2 . 2 . l ]h e p ta n - 2-one ( é ) ,

k = 4 .2 0  ± .02 X 10"^, [NaOD] = 4 .1  x 10“^ M.
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F ig u re  9 . T yp ical f i r s t  o rd er p lo t  o f  th e  hase  c a ta ly z e d  endo 
hydrogen-deuterium  exchange in  h ic y c lo [2 . 2 . l ]h e p ta n - 2-one ( ë ) ,

k = 2 .2 5  ± .15 X 10"^, [NaOD] = 1 .1  X lO"^ M.
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F igure 10. l y p ic a l  f i r s t  o rd e r  p lo t  o f  th e  base c a ta ly z e d  exo 
hydrogen-deuterium  exchange in  b ic y c lo [2 . 2 . l ] h e p t - 5-e n -2-one (%),

kobs = 9 .21  ± .4?  X 10“^ , [NaOD] = 2 .1  x lO"^ M.
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V. DISCUSSION

A number o f  f a c to r s  a re  in vo lved  in  th e  d i f f e re n c e s  in  r a t e s  

o f  hydrogen-deuterium  exchange observed in  b ic y c l ic  k e to n es . These 

a re  r e l a te d  to  th e  ease  o f fo rm ation  o f th e  carban ion  and r e s u l t i n g  

e n o la te .  In  th e  accep ted  theory^^  f o r  th e  base c a ta ly ze d  halogén­

a t io n  o f  ke to n es , th e  r a t e  and p ro d u ct de te rm in in g  s te p  o f  th e  

r e a c t io n  i s  th e  base c a ta ly ze d  fo rm ation  o f  th e  e n o la te  an io n . This 

re a c t io n  i s  follow ed by a ra p id  n a lo g en a tio n  o f th e  e n o la te  an ion . 

The same mechanism i s  co n sid e red  to  be v a lid  fo r  th e  base c a ta ly z e d  

d e u te ra tio n  o f k e to n e s^ ’*’ (see  H is to r ic a l  p. 2 ) .

The r e s u l t s  p re se n ted  in  th e  p rev io u s  s e c t io n  in d ic a te  t h a t  

th e re  a re  th re e  m ajor f a c to rs  a f fe c t in g  th e  b a se -c a ta ly z e d  hydro­

gen-deuterium  exchange o f  b ic y c lic  k e to n es . These a re  (a )  r in g  

s t r a in ,  (b) s te r e o e le c tr o n ic  c o n tro l ,  and (c )  hom oconjugative 

e f f e c ts .

The f i r s t  p a r t  o f  th e  d isc u ss io n  w i l l  examine th e  e f f e c t  o f 

th e  f i r s t  two f a c to r s  w hile th e  second p a r t  o f  th e  d isc u s s io n  w i l l  

d e a l w ith  th e  e f f e c t  o f  th e  th i r d  f a c to r  in  th e  base c a ta ly ze d  

H-D exchange o f b ic y c l ic  ketones.

A. The E f fe c t  o f  Ring S tra in  and S te re o e le c t ro n ic  
C on tro l on th e  Base C ata lyzed  Hydrogen-Deuteriurn 
Exchange o f  C e r ta in  C yclic  and B ic y c lic  Ketones.

The f i r s t  o b se rv a tio n  which can be made from Table 1 i s  t h a t  

th e  r a t e s  o f  H-D exchange o f th e  b ic y c lo [ 2 .2 . l ]  system  a re  much
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slow er than  th o se  o f th e  [ 3 . 2 . l ]  o r [ 2 .2 .2 ]  system s. I f  t -b u ty l  

cyclohexanone i s  taken  as a s ta n d a rd  i t  becomes obvious t h a t  the

[ 2 . 2 . 1]  system s a re  slow r a th e r  than  th e  o th e r  two be ing  f a s t .

This i s  due to  s t r a in  in  th e  [ 2 .2 .1 ]  system .

The d i f f e re n c e s  in  the  geometry caused by v a r ia t io n s  in  r in g  

s iz e  and d i f f e r in g  bond angles in  b ic y c l ic  ke tones w i l l  lea d  to  

e n o la te  s ta b i l i z a t i o n  o r d e s ta b i l i z a t io n .  This w i l l  th en  c o n t r i ­

bute  to  speeding  up or slow ing down th e  rate o f hydrogen-deuterium  

exchange.

The v a r ia t io n s  in  r in g  s iz e  between th e  b i c y c lo [2 .2 . l ]  r in g  

system and th e  o th e r  two system s s tu d ie d , th e  [ 2 .2 .2 ]  and th e

[ 3 . 2 . 1]  a re  q u ite  pronounced. The [ 2 .2 .1 ]  b ic y c l ic  system i s  a 

se v e re ly  s tr a in e d  system^'^ in  com parison w ith  th e  o th e r  two. The 

in te r n a l  bond an g les  a re  c o n s tr ic te d  to  l e s s  than  th e  109° ang le  

p re fe r re d  by a t e t r a h e d r a l  carbon. The in tro d u c tio n  o f a 120° 

sp^ bonded carbon o f th e  carbony l in to  t h i s  system adds to  the  

in te r n a l  s t r a in  o f  th e  m olecule. I t  has been suggested^° th a t  

t h i s  d ec rease  in  i n te r n a l  an g les  would enhance th e  s c h a ra c te r

o f  th e  e x te rn a l  o r b i t a l s  and would then  le a d  to  in c re a se d  a c id i ty  

o f  th e  a lp h a  hydrogens. However, o th e r  resu lts^ ^  do in d ic a te  

t h a t  th e  in c re a se d  s t r a in  in  th e  fo rm ation  o f th e  e n o la te  i s  a 

more im p o rtan t f a c to r .

In  both  th e  [ 3 . 2 . I ]  and [ 2 .2 .2 ]  b ic y c l ic  system s th e  a lp h a  

hydrogens a re  p o s it io n e d  on a s ix  membered r in g .  As such they  

a re  l e s s  s u b je c t  to  i n te r n a l  r in g  s t r a in .  The [ 2 .2 .2 ]  b ic y c l ic

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



4 0

to  e x cess iv e  s t r a in  d u rin g  e n o la te  fo rm atio n . While models do 

in d ic a te  t h a t  th e  [ 3 . 2 . I ]  system i s  a s l i g h t l y  more r ig i d  s t r u c ­

tu re ,  i t  i s  a c tu a l ly  no more than  a b rid g ed  cyclohexanone, As such 

i t  i s  locked  in to  th e  c h a ir  conform ation  and has bond an g les  

e s s e n t ia l ly  i d e n t i c a l  to  th o se  o f th e  c h a ir  cyclohexanone.^^

This system would a ls o  n o t exp erien ce  any excess s t r a in  upon 

fo rm atio n  o f  th e  c a rb a n io n -e n e la te  an ion  system .

I t  th e re fo re  becomes a p p a ren t t h a t  th e  slow er r a t e  observed 

w ith  th e  b ic y c lo [ 2 . 2 . l ] h e p ta n - 2-one ( 6) and i t s  u n sa tu ra te d  an a lo g , 

b ic y c lo [ 2 . 2 . l ] h e p t - 5-e n -2-one (? )  i s  due to  i n te r n a l  r in g  s t r a in .  

T his i n te r n a l  s t r a in  cau ses  d i f f i c u l ty  in  th e  fo rm atio n  o f th e  

e n o la te  an ion  and th e re fo re  slows dovm th e  r a t e  o f  hydrogen- 

deuterium  exchange r e l a t i v e  to  th e  l e s s  s tr a in e d  b ic y c l ic  system s. 

This s u b s ta n t ia te s  e a r l i e r  data^"^ s t r e s s in g  th e  im portance o f th e  

ease  o f  e n o la te  fo rm atio n . As can be seen in  Table 1, th e  r a t e s  

o f  H-D exchange in  th e  [ 2 .2 .2 ]  and [ 3 . 2 . I ]  b ic y c l ic  system s a re  

q u i te  c lo se  to  each o th e r  and a ls o  to  th e  c y c lic  compounds, cy c lo ­

hexanone and t - b u ty l  cyclohexanone. This i s  to  be expected  s in c e  

th ey  a l l  in c o rp o ra te  a  r e l a t i v e ly  s t r a in  f re e  s ix  membered r in g .

A second o b se rv a tio n , as  shown in  Table 2, i s  t h a t  th e  ex o / 

endo r a t e  i s  n o t th e  same in  th e  [ 2 . 2 . 1] ,  [ 2 . 2 . 2] ,  and [ 3 . 2 . l ]  

system s. In s te a d , th e  fo llo w in g  t re n d  i s  observed . The [ 3 .2 .1 ]
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exo/endo p re fe ren c e  i s  g r e a te r  th an  th e  [ 2 . 2 . 1]  and th e re  i s  no 

p re fe ren c e  in  e i t h e r  th e  s a tu ra te d  o r u n sa tu ra te d  b ic y c lo [2 . 2 , 2] 

k e to n es .

As observed by T i d w e l l , t h e r e  i s  a  su r p r is in g ly  la rg e  p re ­

fe re n c e  f o r  exo exchange in  th e  b ic y c lo [2 . 2 . l ]  s a tu ra te d  and 

u n sa tu ra te d  system s. Our r e s u l t s  confirm ed T id w e ll 's  o b se rv a tio n s  

w ith  th e s e  k eto n es . However, w ith  th e  [ 3 .2 .1 ]  and [ 2 .2 .2 ]  b ic y c l ic  

system s, even more s u rp r i s in g  r e s u l t s  were found. In  th e  b ic y c lo -

[ 3 . 2 . 1]  system  a preference fo r  exo exchange was found which was 

even g r e a te r  than  th a t  found in  th e  [ 2 .2 .1 ]  system . This m ight 

n o t have been expected s in c e  an in sp e c tio n  o f models o f  th ese  

system s seems to  in d ic a te  a g r e a te r  s t e r i c  p re fe ren c e  fo r  th e  

exo face  o f  th e  [ 2 . 2 . 1]  system  than  th a t  seen fo r  th e  [ 3 . 2 . 1]  system .

Table 2 

Exo/Endo Rate R a tio s

very  la rg e

218
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The f in d in g  o f only one r a t e  fo r  rem oval o f  both  hydrogens 

in  th e  b ic y c lo [2 .2 .2 ]o c t-5 -e n -2 -o n e  ( ^ )  was very  s u rp r is in g .

Here models show a d i s t i n c t  s t e r i c  p re fe re n c e  f o r  th e  face brid g ed  

by th e  v in y lic  group vs. th e  s a tu ra te d  b r id g e . This ketone has 

a ls o  been shown to  d isc r im in a te  between fac e s  re g a rd in g  endo / 

exo a t t a c k s  d u rin g  NaBH  ̂ r e d u c tio n  o f b ic y c lo [2 .2 . 2 ] o c t - j - e n -

2-one ( ^ ) . The o b se rv a tio n  o f one r a t e  f o r  b ic y c lo [2 .2 .2 ] -  

oc tan -2 -o n e  (jO) was expected  s in c e  t h i s  m olecule has a p lan e  o f 

symmetry through C ,̂ C ,̂ C ,̂ and w ith  id e n t i c a l  a lp h a  hydro­

gens (F ig . 11 ).

These r e s u l t s  can be b e s t  r a t i o n a l i z e d  on th e  b a s is  o f  th e  

th eo ry  o f s te r e o e le c tr o n ic  c o n tro l .  The p r in c ip le  o f  s te r e o e le c -  

t ro n ic  c o n tro l  in  e n o liz a t io n -k e to n iz a t io n  r e a c t io n s  was f i r s t  

proposed by Corey and Sneon-^^ in  1956. They s tu d ie d  th e  s te r e o ­

ch em istry  o f  e n o liz a tio n  o f 3 -ac e to x y -c h o le s ta n -7 -o n e  to  th e

3 -a c e to x y -c h o le s t -6 -e n -? -o l  and o f th e  k eto n iza tio n  o f  t h i s  enol 

us in g  a deuterium  t r a c e r .  This s te r o id a l  system c o n ta in s  a

cyclohexanone r in g  fro zen  in  th e  c h a ir  conform ation .

They observed th a t  th e  a x ia l  hydrogen a t was l o s t  1 .2  

tim es a s  f a s t  as th e  e q u a to r ia l  hydrogen upon hydrogen bromide 

c a ta ly z e d  e n o liz a t io n  in  ch loroform  s o lu t io n .  For th e  reverse
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F igure 11, Model showing th e  an g le  o f  
exo and endo hydrogens in  r e l a t i o n  to  

th e  carbony l in  b ic y c lo [2 . 2 . 2 ]o c ta n -2 -o n e  ( 50) ■
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r e a c t io n ,  k e to n iz a tio n , an a x ia l  hydrogen was g a ined  1 ,5  tim es 

f a s t e r  th an  an e q u a to r ia l  one. These a x ia l  and e q u a to r ia l  r a t e s ,  

being  in  reaso n ab ly  good agreem ent, le d  Corey to  s ta t e  t h a t  

d e s p ite  s t e r i c  i n te r f e r e n c e  in  th e  a x ia l  p o s it io n ,  a x ia l  a t t a c k  

was more p re fe ra b le  than  e q u a to r ia l  a t t a c k .  C o rrec tio n  fo r  th e  

s t e r i c  f a c to r  gave th e  r e s u l t  t h a t  th e  s te r e o e le c tr o n ic  f a c to r  

fav o rs  a x ia l  a t t a c k  by a f a c to r  o f  about 12.

On th e  b a s is  o f  th ese  and e a r l i e r  b rom ina tion  experim ents,-^^ 

th ey  proposed t h a t  th e  o r ie n t in g  in f lu e n c e  re s p o n s ib le  fo r  th e  

s te reo ch em ica l p re fe re n c e  was s te r e o e le c t r o n ic  in  n a tu re . Of 

th e  two carbon-hydrogen bonds a lp h a  to  th e  carb o n y l fu n c tio n , i t  

xs th e  a x ia l  bond which i s  c lo s e s t  to  being  p e rp e n d ic u la r  to  th e  

carbon-oxygen double bond and b e s t  s i tu a te d  fo r  o v e rlap  w ith  the  

IT o r b i t a l s  o f  th e  ex o cy clic  double bond.

a x ia l  in te r a c t io n  e q u a to r ia l  i n te r a c t io n
(bonding) (non-bonding)

These id e a s  have su b seq u en tly  le d  to  th e  p r in c ip le  o f  maximum 

o v erlap  o f  r e a c t in g  o r b i t a l s . B y  t h i s  p r in c ip le ,  a rea g e n t 

a t ta c k s  an u n sa tu ra te d  fu n c tio n  in  such a  way as  to  g ive  maximum 

p o s s ib le  o v e rlap  between th e  r e a c t in g  o r b i t a l  o f  th e  rea g e n t and 

th e  o r b i t a l  o f  th e  u n sa tu ra te d  fu n c tio n . S ince th e  e le c t ro n
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d e n s ity  o f  a IT bond i s  g r e a t e s t  p e rp e n d ic u la r  to  th e  p lan e  o f  th e  

sp^ atoms in v o lv ed  in  th e  bond, th e  r e a c ta n t  must approach th e  

r e a c t io n  c e n te r  from t h i s  d i r e c t io n .  According to  th e  p r in c ip le  

o f  m icroscop ic  r e v e r s ib i l i ty ,- ^ ^  i f  th e  re a c t io n  i s  rev e rse d , th e  

r e a c ta n t  w i l l  lea v e  in  th e  same d i r e c t io n .  Toromanoff-^ has 

s tr e s s e d  th a t th e  s te r e o e le c tro n ic  p r in c ip le  o f  p e rp e n d ic u la r  

a t t a c k  i s  a  v ery  g e n e ra l one and can be a p p lie d  to  a v a r ie ty  o f  

u n sa tu ra te d  groups: carb o n y l fu n c tio n s , o le f in ic  and e n o lic

double bonds, ^ -u n s a tu r a te d  carbony l fu n c tio n s , a l l y l i c  

s t r u c tu r e s ,  e tc .

In  a  sim ple  c h a ir  cyclohexanone (F ig . 1 2 ), th e  p r in c ip le  o f 

p e rp e n d ic u la r  a t t a c k  and d e p a rtu re  p r e d ic ts  t h a t  th e  a x ia l  p o s i ­

t io n  w i l l  be fav o red . I t  i s  th e  a x ia l  p o s i t io n  which most 

c lo s e ly  approaches t h i s  p e rp e n d ic u la r ity  in  th e  e n o liz a t io n -  

k e to n iz a tio n  p ro ce ss . E n o liz a t io n  o f  th e  carbonyl fu n c tio n  

r e q u ir e s  a  hydrogen a t  C-2 to  assume a p o s i t io n  p e rp e n d ic u la r  to  

th e  p lan e  o f  th e  carbonyl fu n c tio n . A study  o f bond an g le s  shows 

t h a t  th e  a x ia l  hydrogen a t  C-2 can assume t h i s  p o s i t io n  w ith  much 

l e s s  o v e ra l l  d i s to r t i o n  in  th e  m olecule th an  th e  e q u a to r ia l  hydro-

Ha
Ha

, c ^ 0

H,'e

gen. The eno l o r e n o la te  io n  i s  th e re fo re  formed p r e f e r e n t ia l ly
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F igure  12, Model showing th e  angle  
o f  a x ia l  and e q u a to r ia l  hydrogens in  r e l a t i o n  
to  th e  carbony l in  t - b u ty l  cyclohexanone (53)■
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by lo s s  o f  th e  a x ia l  hydrogen. In  th e  rev e rse  p ro ce ss  (fo rm a tio n  

o f  th e  k e to n e ), th e  p ro to n  becomes a tta c h e d  to  C-2 o f th e  e n o la te  

in  such a  way t h a t  i t  f i n a l l y  occupies an a x ia l  p o s i t io n ,

A d d itio n a l evidence su p p o rtin g  s te r e o e le c tr o n ic  c o n tro l  in  

rem oval o f  an a x ia l  v s . an e q u a to r ia l  hydrogen comes from th e  

r e c e n t  work o f Caine and h is  coworkers-^-^. In  a  s tu d y  o f th e  

s te re o ch e m is try  o f  m éth y la tio n  o f  th e  lith iu m  e n o la te  o f  2-m eth y l-

4 - t - b u ty l  cyclohexanone, th ey  determ ined  th e  com position  o f  th e  

e n o la te s  formed from th e  c i s  and t r a n s  isom ers. They found th a t  

under c o n d it io n s  o f  k in e t ic  c o n tro l  th e  c is  isom er which has

0"Li + O 'L i

^  86^ 14^

two a x ia l  hydrogens gave a m ix tu re  o f  th e  two p o s s ib le  e n o la te s .  

There was about a 6 :1 p re fe ren c e  fo r  p ro to n  rem oval from th e  l e s s  

s u b s t i tu te d  a lp h a  carbon. This would be expected  s in c e  th e  

a lp h a  m ethyl s u b s t i tu e n t  would d e s ta b il iz e  th e  c a rb an io n  forma­

t io n .  When th e  t ra n s  isom er 6^ was used in  which th e re  i s  only 

one a v a ila b le  a x ia l  hydrogen, only one e n o la te  was formed. As
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n oted  by th e  a u th o rs ,  t h i s  would ap p ear to  be a  m a n ife s ta tio n  o f  

a s te r e o e le c tr o n ic  p re fe re n c e  f o r  a x ia l  hydrogen rem oval.

With th e s e  o b se rv a tio n s  in  mind, we proceeded to  ap p ly  th e  

th eo ry  o f  s te r e o e le c tr o n ic  c o n tro l  to  th e  p re s e n t  r e s u l t s .  The 

f in d in g  th a t  th e re  a re  two d i s t i n c t  r a t e s  o f  H-D exchange in  a 

sim ple cyclohexanone Imown to  be fro z e n  in  th e  c h a ir  confo rm ation , 

as in  t - b u ty l  cyclohexanone, confirm s th e  im portance o f s te r e o ­

e le c t ro n ic  c o n tro l  in  p ro to n  rem oval. t -B u ty l  cyclohexanone 

should be an i d e a l  s u b s tr a te  on which to  d eterm ine hydrogen-  

deuterium  exchange r a t e s .  This system should  have minimum s t e r i c  

i n te r fe r e n c e  and th e re  should  be no q u e s tio n  abou t co n fo rm atio n al 

changes, a s  th e  e q u a to r ia l  t - b u ty l  p o s i t io n  i s  w ell e s ta b l is h e d .

The f in d in g  thab th e re  a re  two d i s t i n c t  r a t e s  o f  hydrogen-  

deuterium  exchange in  t - b u ty l  cyclohexanone i s  n o t s u rp r is in g .

This would have been p re d ic te d  by C o rey 's  ste r e o e le c tro n ic  

c o n c e p t . H o w e v e r ,  as no ted  e a r l i e r ,  Corey p re d ic te d  a  p o s s ib le  

r a t e  preference o f up to  12 f o r  a x ia l  a t t a c k .  Although t h i s  was 

no t t o t a l l y  r e a l iz e d ,  th e  r a t e  p re fe re n c e  o f  5*5 found f o r  th e  

deuterium -hydrogen exchange a t  th e  a x ia l  p o s i t io n  in  t - b u ty l  

cyclohexanone approaches C o rey 's  maximum p re d ic t io n .  A d d itio n a l
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evidence f o r  s te r e o e le c tr o n ic  c o n tro l  in  th e  p r e f e r e n t ia l  removal 

o f  an a x ia l  hydrogen, which had been p o s tu la te d  e a r l i e r , w a s  

o b ta in ed  by i s o l a t i o n  o f  a d id e u te ra te d  p ro d u ct en rich ed  more 

th an  th re e  to  one in  th e  exo p o s it io n .  The i d e n t i f i c a t io n  o f th e  

a x ia l  hydrogens in  t - b u ty l  cyclohexanone was r e a d i ly  accom plished 

by th e  use o f  a  s h i f t  re a g e n t .  I t  has been reported"^^ t h a t  th e  

use o f  benzene as a s o lv e n t  fo r  nmr s tu d ie s  en ab le s  d i f f e r e n t i a ­

t io n  o f  a x ia l  and e q u a to r ia l  hydrogens in  s te r o id a l  and o th e r  

cyclohexanones. However, we were n o t ab le  to  s a t i s f a c to r i l y  

d i f f e r e n t i a t e  them by t h i s  method. In s te a d , th e  r e s o lv in g  a g en t, 

2 ,2 ,4 ,4 - te tra m e th y lh e p ta n -3 , j -d io n e  Europium ( l l ) ,  very  ad eq u ate ly  

s e p a ra te d  th e  a lp h a  hydrogen a b so rp tio n s  from th e  rem ainder o f  

th e  m olecule and a ls o  d i s t i n c t l y  se p a ra te d  th e  a x ia l  and equa­

t o r i a l  hydrogens as  shown in  th e  nmr s p e c tra  (F ig . 13a). A 

sample o f  s e le c t i v e ly  d e u te ra te d  t - b u ty l  cyclohexanone was p re ­

pared  by a llo w in g  a m ix tu re  o f  t - b u ty l  cyclohexanone in  DMSO 

w ith  4 .2x10 NaOD/DgO to  r e a c t  a t  room tem p era tu re  fo r  f iv e  

m inu tes. A f te r  ra p id  i s o l a t i o n  and d ry in g , an nmr spectrum  tak en  

w ith  th e  s h i f t  r e a g e n t ,  2 ,2 ,4 ,4 - te tra m e th y lh e p ta n -3 , 3 -d ione  Euro­

pium ( l l ) ,  showed th a t  th e  a x ia l  hydrogen had been p r e f e r e n t ia l ly  

exchanged by abou t th re e  to  one. F u r th e r  s u b s ta n t ia t io n  o f t h i s  

was no ted  in  a s im ila r  experim ent c a r r ie d  out in  d ioxane. With 

t h i s  so lv e n t  system  a p re fe ren c e  f o r  a x ia l  exchange was found to  

be g r e a te r  th an  3 :1- This i s  stro n g ly  in d ic a t iv e  o f  s te r e o e le c ­

t ro n ic  c o n tro l  fav o r in g  th a t  p o s i t io n  which can most e a s i ly  come
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t - b u ty l

(a )

F igure  13 , Nmr s p e c tr a  (a )  t - b u ty l  cyclohexanone ( ^ )  in  CGlr 
w ith  s h i f t  r e a g e n t  ; (b ) a f t e r  30 min in  NaOD/D^O-dioxane,
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in to  c o n ju g a tio n  w ith  th e  tt o r b i t a l s  o f  th e  carbon-oxygen double 

bond. The rem oval o f  two hydrogens from t - b u ty l  cyclohexanone 

fo llow ed by a  slow er removal o f  th e  rem ain ing  two hydrogens i s  in  

d i r e c t  c o n tr a s t  to  t h a t  o f  cyclohexanone. The H-D exchange o f 

cyclohexanone was fo llow ed l in e a r ly  w ith  no a p p re c ia b le  change 

in  s lo p e  u n t i l  more than  3*5 hydrogens were removed.

The r e s u l t s  o b tain ed  fo r  th e  hydrogen-deuterium  exchange 

r a t e s  w ith  b ic y c l ic  systems s tro n g ly  in d ic a te  t h a t  s te r e o e le c ­

t ro n ic  c o n tro l  may a ls o  be re s p o n s ib le  fo r  th e  exo/endo r a t e  

p re fe re n c e s  noted in  b ic y c l ic  k e to n es . A s tudy  o f  D re id in g  models 

shows th a t  th e  angle o f th e  a lp h a  hydrogen to  th e  p lan e  o f  th e  

carbony l d i f f e r s  g r e a t ly  from one b ic y c l ic  system  to  th e  n e x t.

Table 3

Angle o f  Alpha Hydrogen to  Carbonyl Group

117113

a . ax .ia l
b . e q u a to r ia l

As can be seen from Table 3, th e  a n g le s  o f  th e  a lp h a  hydrogens 

a re  equal in  bo th  o f  th e  b ic y c lo [2 .2 .2 ]  k e tones (F ig . 11 and l 4 ) . 

The b i c y c lo [ 3 .2 . l ]  ketones a re  d i f f e r e n t ,  however. With t h i s
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Figure 14. Model showing the angle o f  
exo and endo hydrogens in  r e la t io n  to  the 

carbonyl in  b ic y c lo [2 ,2 ,2 ]o c t-5 -e n -2 -o n e  ( 5 l ) .
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Figure 13, Model showing the angle o f  
exo and endo hydrogens in  r e la t io n  to  the 

carbonyl in  b ic y c lo [3 .2 , l ]o c t-6 -e n -3 -o n e  (4 8 ),
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system th e  s ix  membered r in g  i s  a b ridged  c h a ir  r a th e r  th an  a 

skew o r tw is t  a s  in  th e  [ 2 .2 .2 ]  system . This cau ses  a  la rg e  

d if f e re n c e  in  th e  an g le s  o f  th e  exo ( l l 3°)  and endo ( 7°) hydrogens 

(F ig . 15) in  r e la t io n s h ip  to  th e  carbony l. According to  th e  

p r in c ip le  o f  s te r e o e le c tr o n ic  c o n tro l ,  t h a t  bond which can most 

e a s i ly  come in to  c o n ju g a tio n  w ith  th e  carbonyl i s  p r e fe r re d .

As th e  equa l a n g le s  show (F ig . 1 4 ) , th e  b ic y c lo [2 .2 .2 ]o c t -5 -e n -  

2-one (_^) should  th e re fo re  n o t show any s te r e o e le c tr o n ic  p re fe ren c e  

fo r  exo v s . endo hydrogen-deuterium  exchange. As shown in  th e  

graph (F ig . 7 ) th e  r a t e  o f  exchange was l in e a r  f o r  more th an  1 .5  

p ro to n s  removed. In  o rd er to  a t t a in  th e  e n o la te - l ik e  t r a n s i t i o n  

s t a t e  th e  carbon-hydrogen bond must r o ta t e  27^ w ith  e i t h e r  th e  

endo o r exo hydrogen in  th e  [ 2 .2 .2 ]  system . This in d ic a te s  t h a t  

both  a lp h a  hydrogens can a t t a i n  tM s  geometry w ith  th e  same 

f a c i l i t y  and th e re fo re  s te r e o e le c t r o n ic a l ly  one should  n o t be 

p r e fe ra b le  over th e  o th e r .  The o b se rv a tio n  o f one r a t e  o f  exchange 

f o r  both hydrogens would appear to  in d ic a te  th a t  s te r e o e le c t r o n ic  

c o n tro l  i s  govern ing  th e  ra te  o f removal o f  th e se  hydrogens s in c e  

s t e r i c a l l y  th ey  should  be d i s t i n c t ly  d i f f e r e n t .  With th e  b ic y c lo -  

[ 2 . 2 . 2]o c ta n - 2-one (5 0 ) the angles o f th e  alpha hydrogens a re  

a ls o  eq u a l, However, in  t h i s  symmetric m olecule th e  r a t e s  o f  

a lp h a  hydrogen-deuterium  exchange would be expected  to  be equal 

s in c e  th e  environm ents o f  th e  two p ro to n s a re  i d e n t i c a l .  Although 

th e  r e s u l t s  a re  c o n s is te n t ,  h ere  i t  i s  n o t p o s s ib le  to  t e l l  i f  

s te r e o e le c tr o n ic  c o n tro l  i s  o p e ra tiv e  or n o t a s  th e  same r e s u l t s  

should  be o b tain ed  in  e i t h e r  case .
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The b l c y c lo [ 3 .2 . l ]  system s p re s e n t  an I n te r e s t in g  example o f  

s te r e o e le c tr o n ic  c o n tro l .  As n o ted  in  Table 3 » th e  exo hydrogen 

o f  bicyclo[^3 ' 2 . l ] o c t - 6- e n -3-one ( ^ )  has an an g le  o f  abou t 113° 

w ith  th e  p lan e  o f  th e  c a rb o n y l. The endo hydrogen, in  c o n tr a s t ,  

forms only a 7° angle (F ig . 15 ). This would a llo w  th e  ejco hydro­

gen to  o v e rlap  much more r e a d i ly  th an  th e  endo hydrogen which i s  

alm ost p a r a l le l  to  th e  carbon-oxygen double bond. I t  has been 

s ta te d  by Zimmerman-^® th a t  where s te r e o e le c t r o n ic  f a c to r s  a re  

o p e ra t iv e , " th e  s te r e o e le c t r o n ic  d r iv in g  fo rc e  w i l l  e i t h e r  coop­

e ra te  w ith  o r oppose th e  d r iv in g  fo rc e  due to  s t e r i c  h indrance  

to  a p p ro a c h ." The n e t  s te re o ch e m ic a l outcome w i l l  th en  depend, 

o f  c o u rse , on th e  m agnitude o f  th e  s t e r i c  e f f e c ts  r e l a t i v e  to  th e  

s te r e o e le c tr o n ic  d r iv in g  fo rc e . For a l l  th re e  [ 3 .2 .1 ]  compounds, 

a  very  la rg e  exo/endo hydrogen-deuterium exchange p re fe ren c e  was 

found. In  a l l  o f  th ese  c a se s ,  th e  an gles c le a r ly  show t h a t  th e  

exo hydrogen has th e  p re fe r re d  o r ie n ta t io n . In  a d d it io n ,  s t e r i c  

e f f e c t s  would l ik e l y  fav o r th e  œço p o s it io n  although models do not 

in d ic a te  as g r e a t  a  p re fe re n c e  f o r  exo a t t a c k  as  i s  seen w ith  th e

[ 2 . 2 . 1]  system . I t  th u s  ap p ears  t h a t  th e  large  exo/endo r a t e  

p re fe ren c e  f o r  H-D exchange no ted  in  b i c y c lo [ 3 .2 . l ]  k e tones i s  an 

i n te r e s t in g  example o f  c o o p e ra tio n  between s t e r i c  d r iv in g  fo rc e s  

and s te r e o e le c tr o n ic  d r iv in g  fo rc e s . Rcom th e  r a t e s  o b tain ed  

w ith  th e  [ 2 . 2 . 2]  and [ 3 . 2 . 1]  system s , i t  i s  in d ic a te d  th a t  th e  

s te r e o e le c tr o n ic  d riv in g  fo rc e  i s  a  s ig n i f ic a n t  f a c to r  in  th ese  

system s. In  summary, where th e  a n g le s  a re  th e  same, equal r a t e s
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a re  o b ta in ed . Where th e  an g les  show a d i s t i n c t  p re fe ren c e  fo r  

exo exchange, a much f a s t e r  r a t e  fo r  exo exchange i s  fcu n d ,

An a l t e r n a t iv e  argument based only on s t e r i c  e f f e c ts  m ight 

be m entioned. I t  has been suggested-^® th a t  th e  o r b i t a l s  o f 

b ic y c lo [2 .2 .2 ]o c t-5 -e n -2 -o n e  ( ^ )  e x e rc ise  an a p p re c ia b le  s t e r i c  

e f f e c t  on th e  endo p o s i t io n .  This m ight th en  f o r tu i t o u s ly  cause 

equal exo and endo exchange r a t e s .  This argiunent, however, can 

n o t be ex tended to  th e  [ 3 .2 .1 ]  system . I f  t h i s  same s t e r i c  e f f e c t  

was o p e ra t iv e  h e re , one would a ls o  expect about equal exo-endo 

r a t e s ,  r a th e r  than  th e  v ery  la rg e  exo p re fe ren c e  which was found.

Although s tro n g  evidence fo r  s te r e o e le c tr o n ic  c o n tro l  i s  

found in  th e  r e l a t i v e ly  s t r a in  f re e  [ 2 . 2 . 2]  and [ 3 . 2 . I ]  system s 

where th e  form ation o f  th e  e n o la te s  a re  n o t h in d ered , th e  same 

ev idence i s  n o t as  c o n c lu s iv e  in  th e  stra in ed  b ic y c lo [2 .2 . l ]  

system . A stu d y  o f  th e  models shows th a t  th e  exo and endo bond 

an g le s  a re  abou t th e  same (F ig . I 6 ). However, th e  r e s u l t s  which 

were o b ta in ed  in  th e  p re s e n t  stu d y  ag ree  w ith  those p rev io u s ly  

re p o r te d  by T idw ell and in d ic a te  a  d i s t i n c t  p re fe ren c e  f o r  exo 

hydrogen-deuterium  exchange. There a re  two s u b s ta n t ia l  rea so n s , 

however, why t h i s  r e s u l t  i s  n o t unexpected . F i r s t ,  th e  s te r ic  

p re fe re n c e  f o r  exo a t t a c k  in  th e  b i c y c lo [ 2 .2 . l ]  system i s  w ell 

d o c u m e n t e d .S e c o n d ly ,  and perhaps most im p o rta n tly , as  p re ­

v io u s ly  in d ic a te d ,  th e  s t r a in  in tro d u c ed  in  form ing th e  e n o la te  

an ion  i s  q u i te  pronounced. As such, th e  elem ent o f  s te r e o e le c ­

tro n ic  c o n tro l ,  which i s  a s s o c ia te d  w ith  th e  fo rm ation  o f  an 

e n o la te  an io n , would a ls o  be g r e a t ly  h in d ered . In  th e  face  o f
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Figure 16 . Model showing the angle o f  
exo and endo hydrogens in  r e la t io n  to  the 

carbonyl in  b ic y o lo [2 . 2 . l]h ep tan -2-on e ( 6 ) .

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



58

t h i s  i t  i s  n o t s u rp r is in g  th a t  th e  s t e r i c  d r iv in g  fo rc e  i s  more 

dom inant than  s te r e o e le c tr o n ic  c o n tro l .  A d d it io n a lly , th e  slow er 

r a t e  o f  exchange found in  th e  b ic y c lo [2 . 2 . l ]  ketones would enhance 

any s t e r i c  p re fe ren c e  fo r  th e  exo s id e  o f  th e  m olecule. This i s  an 

example o f  th e  s e l e c t i v i t y  p r in c ip le ^ ^  which s ta t e s  t h a t  th e  

s low er a re a c t io n  becomes, th e  more s e le c t iv e  i t  becomes. Ob­

v io u s ly , th e n ,a  f a s t e r  re a c t io n  becomes l e s s  s e le c t iv e .

A nother example o f  d im in ished  s e le c t iv i t y  i s  seen when com­

p a rin g  th e  H-D exchange r a t e s  which were o b ta in ed  in  DMSO-d^-D^O 

w ith  th o se  p re v io u s ly  re p o r te d  by T i d w e l l . T h e  so lv e n t which he 

employed i s  th e  l e s s  p o la r ,  more weakly s o lv a t in g  dioxane-D^O 

system . This system w il l  not g ive base c a ta ly z e d  H-D exchange 

r a t e s  as f a s t  as one would g e t  w ith  DMSO-D^O. This r a t e  enhance­

ment i s  c h a r a c te r i s t i c  o f th e  p o la r  a p ro t ic  so lv e n t ,  d im ethyl 

s u l f o x i d e . T h e  r e s u l ta n t  lo s s  in  s e le c t iv i t y  i s  borne out by 

th e  dec reased  exo/endo p re fe ren c e  which was o b tain ed  w ith  the  

b ic y c lo [2 .2 . l]h e p ta n -2 -o n e  ( 6) in  DMSO-d^-D^O.

A nother i n te r e s t in g  o b se rv a tio n  can be made by comparing th e  

r a t e  o f  H-D exchange o f th e  endo hydrogen o f th e  b i c y c lo [ 2 .2 . l ] -  

h e p ta n -2-one ( 6 ) w ith  th e  endo r a t e s  o b tain ed  w ith  th e  th re e  

b ic y c lo [3 .2 .1 ]  k e to n es . As can be seen from Table 1, th e  r a t e s  

o f  th e  endo hydrogens in  th e  [ 3 . 2 . I ]  system a re  only s l i g h t l y  

f a s t e r  than  th o se  o f th e  [ 2 .2 .1 ]  system. This i s  n u i te  d i f f e r e n t  

from th e  exo r a t e s  where, a s  s ta te d  e a r l i e r , t h e  [ 2 . 2 . l ]  r a t e s  

a re  much slow er. This f a c t  can once again be ex p la in ed  by means 

o f  s te r e o e le c tr o n ic  c o n tro l .  From Table 3 i t  can be seen th a t
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th e  endo a lp h a  hydrogens in  th e  [ 3 . 2 . 1]  system a re  much more 

p o o rly  d isp o sed  fo r  c o n ju g a tio n  than  any o f  th e  o th e r  hydrogens 

which were s tu d ie d . I t  i s  p robab le  t h a t  th e  r a t e  o f  th ese  endo 

hydrogens i s  alm ost as slow as th e  more s tr a in e d  [ 2 . 2 . 1]  endo 

hydrogen because o f  t h e i r  n e a rly  p a r a l l e l  d i s p o s i t io n  to  th e  

ca rb o n y l. Although th e  s t r a in  in  forming th e  [ 2 . 2 . l ]  e n o la te  

an ion  i s  g rea t, th e  ang le  o f  th e  endo hydrogen i s  much c lo s e r  to  

th e  p re fe r re d  90° c o n fig u ra tio n  (5^ ° )  than  th e  [ 3 . 2 . I ]  endo 

hydrogens ( ? ° ) .  As such, t h i s  [ 2 . 2 . l ]  endo carbon-hydrogen bond 

can tak e  p a r t  in  p -  tt ov erlap  much more r e a d i ly  and more e a s i ly  

a ch iev e  th e  p e rp e n d ic u la r  c o n fig u ra t io n  n ecessa ry  f o r  e n o la te  

fo rm atio n . This in c re a se d  s te reo ch em ica l p re fe ren c e  a p p a re n tly  

makes up f o r  th e  added s t r a in  and acco u n ts  fo r  alm ost equal r a t e s .

A q u e s tio n  which might be asked i s  why th e  e q u a to r ia l  hydro­

gens o f  t - b u ty l  cyclohexanone a re  n o t a s  slow to  exchange as th e  

comparable [ 3 . 2 . I ]  endo hydrogens, This i s  p robab ly  due to  two 

m ajor d i f f e re n c e s  in  th ese  system s. The b ic y c l ic  system has a 

g r e a te r  s t e r i c  h indrance f o r  th e  endo p o s it io n  and i s  a ls o  a more 

r i g i d  m olecule . This in c re a se d  r i g i d i t y  w i l l  make th e  la rg e  

defo rm ation  necessary fo r  th e  endo hydrogen to  be removed more 

d i f f i c u l t  and w i l l  a d d it io n a lly  slow i t s  r a t e  o f  H-D exchange. 

Although th e se  reaso n s  a re  perhaps n o t t o t a l l y  s a t is fy in g ,  u l t i ­

m ately  th e  answers l i e  in  th e  in h e re n t  d i f f e re n c e s  between c y c lic  

and b ic y c l ic  system s.

R ecen tly , th e  im portance o f s te r e o e le c tr o n ic  c o n tro l ,  

a lth o u g h  w idely accep ted , has come under a t t a c k .  Fishman^^ has
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sug g ested  th a t  th e  s t e r i c  and s te r e o e le c tr o n ic  c o n tro l  f a c to rs  

a re  q u i te  o f te n  in  c o n f l i c t  vrith each o th e r  and i t  can be d i f f i c u l t  

to  a s se s s  th e  c o n tr ib u tio n  made by each one. Bordwell and h is  

cow orkers^  p u b lish ed  a  r e p o r t  in  I 968 d ea lin g  w ith  th e  base 

c a ta ly z e d  hydrogen-deuterium  exchange r a t e s  o f  cyclohexanone and 

some 4 ,4 -d i s u b s t i t u t e d  cyclohexanones. His r e s u l t s ,  c a r r ie d  out 

in  m ethano l-0 -d  a t  25° w ith  sodium m ethoxide as  th e  b a s ic  c a ta ly s t  

were a s  shoim in  Table 4 .

Table 4

Base C ata lyzed  Hydrogen-Deuterium Exchange R ates ^  
o f  4 ,4 -D is u b s t i tu te d  Cyclohexanones, k in  M“1 se c ”^.

r e l . r a t e

1.05  X 10'

3 .4  X 1 0 " ^

'CH,
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The r e s u l t s  appear to  show th a t  s u b s ti tu e n ts  in  th e  4 - a x la l  

p o s i t io n  do n o t slow down th e  r a t e  o f  p ro to n  a b s tr a c t io n  a t  th e  

2 p o s it io n  when compared w ith  th e  u n s u b s ti tu te d  cyclohexanone as 

m ight be expected  i f  th e re  i s  a s t e r i c  e f f e c t  h in d e r in g  th e  rem oval 

o f  th e  a x ia l  hydrogen. Bordwell*^** claim ed th a t  th e  f a i l u r e  o f  

e i t h e r  a  4 - a x ia l  phenyl o r 4 - a x ia l  m ethyl group to  r e t a r d  th e  

r a t e  o f  rem oval o f  a p o rto n  from th e  G-2 p o s it io n  " c a s ts  doubt 

on th e  im portance o f s te r e o e le c tr o n ic  c o n tr o l ."

In  view o f th e  p re s e n t  r e s u l t s  which in d ic a te  t h a t  th e re  a re  

two d i s t i n c t  r a t e s  o f p ro to n  removal in  a locked  c h a ir  cyclohex­

anone, i t  would appear t h a t  B o rd w e ll's  r e s u l t s  should  be r e e v a l ­

u a ted . There a re  two o th e r  p o ss ib le  e x p la n a tio n s  which would 

acco’jn t  fo r  only one r a t e  o f exchange f o r  a l l  fo u r  a lp h a  hydrogens. 

F i r s t ,  i t  i s  d i s t i n c t ly  p o s s ib le  t h a t  a l l  four hydrogens a re  

e q u iv a le n t as a r e s u l t  o f  th e  la rg e  4 - a x ia l  s u b s t i tu e n t  having 

fo rced  th e  cyclohexanone in to  th e  f l e x ib le  or tw is t  form.

This would cause a lo s s  o f d i s t in c t io n  between a x ia l  and e q u a to r ia l  

hydrogens w ith  th e  r e s u l t  t h a t  only one r a t e  o f  H-D exchange would 

be observed . The second p o s s ib i l i ty ,  one which ap p ears  e s p e c ia l ly  

l ik e ly  fo r  th e  4-m ethyl-4phenylcyclohexanone, i s  t h a t  th e  a x ia l  

m ethyl group has re ta rd e d  th e  r a t e  o f  a x ia l  hydrogen exchange.

This r e ta rd a t io n ,  caused by th e  w ell known 1 ,3 -d ia x ia l  in te r a c t io n ,^ ^  

could have slowed th e  r a t e  o f  a x ia l  exchange to  a  r a t e  now compar­

ab le  to  t h a t  o f  th e  e q u a to r ia l  exchange and th u s  only one r a t e  i s  

observed.

R ecen tly , c o n s id e rab le  work has been done on th e  s te r e o ­

R eprodu ced  with p erm ission  of th e copyright owner. Further reproduction prohibited without perm ission .



ch em istry  o f  a llc y la tlo n  and p ro to n a tio n  o f  e n o la te  an io n s . House, 

T e f e r t i l l e r  and Olmstead^"^ have re p o r te d  th e  r e s u l t s  o f  t h e i r  

in v e s t ig a t io n s  o f  th e  a lk y la t io n s  o f  th e  l i th iu m  e n o la te  o f  t - b u ty l  

cyclohexanone. They found th a t  approx im ate ly  equal amounts o f 

a x ia l  and e q u a to r ia l  a lk y la t io n  p ro d u cts  were o b ta in ed . From t h i s  

th ey  concluded th a t  " th e re  i s  no in h e re n t  f a c to r  which s tro n g ly  

fav o rs  th e  a lk y la t io n  o f a cyclohexanone e n o la te  an ion  from t h a t  

d i r e c t io n  which w il l  form a  p ro d u ct w ith  an a x ia l  a llcyl s u b s t i ­

tu e n t .  " House and h is  group have th e re fo re  concluded th a t  th e  

t r a n s i t i o n  s ta t e  fo r  a lk y la t io n  o f th e  e n o la te  must resem ble th e

T ' - *  j >r—̂  .

geometry o f  th e  p la n a r  e n o la te  io n  more th an  th a t  o f  th e  more 

p ro d u c t- lik e  p r e - c h a ir  o r tw is t  bo a t a s  has been supposed. Models 

show th a t  th e re  a re  v ery  l i t t l e  s t e r i c  d i f f e re n c e s  which would 

fav o r a t t a c k  from e i th e r  s id e  so i f  th e  t r a n s i t i o n  s t a t e  does 

resem ble th e  s ta r t i n g  e n o la te  an ion  more th an  th e  p ro d u c ts , th e
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energy d i f f e re n c e  between th e  two t r a n s i t i o n  s ta t e s  would be sm all.

I t  must be p o in te d  out t h a t  H ouse's assum ptions r e s t  on th e  

supposed e n o la te - l ik e  t r a n s i t i o n  s t a t e .  I f  th e  t r a n s i t i o n  s ta t e  

i s  more p ro d u c t- lik e  th en  th e  s t e r i c  r e s t r i c t i o n s  imposed by an 

incom ing a x ia l  m ethyl group in  th e  c h a i r - l i k e  t r a n s i t i o n  s ta t e  

cou ld  in f lu e n c e  th e  p ro d u ct d i s t r ib u t io n  to  th e  more thermodynam­

i c a l l y  favored  e q u a to r ia l  a lk y la t io n  p ro d u ct. I t  m ight th en  be 

s a id  t h a t  th e  reaso n  more th an  5^% a x ia l  a llc y la tio n  d id  occur was 

due to  s te r e o e le c tr o n ic  preference to  a x ia l  a tt a c k .  The f a c t  t h a t  

House and h is  group o b tain ed  l e s s  a x ia l  a lk y la t io n  w ith  th e  more 

bulky  t r i - e t h y l  oxonium ion  than w ith  e th y l  io d id e  would su p p o rt 

t h i s  argum ent.

Indeed , House, in  th e  p re v io u s ly  m entioned a r t i c l e ,  a ls o  

showed th a t  d euteration  o f  th e  eno l e th e r  o f  t - b u ty l  cyclohexanone

0E+

in  an a c id ic  medium le d  to  g r e a te r  th an  90% incorp oration  o f  th e  

deu terium  in  th e  a x ia l  p o s i t io n .  He a ls o  found th a t  quenching 

th e  l i t h i i m  eno la te  o f  t - b u ty l  cyclohexanone w ith  d e u te ra te d  

aqueous a c e t ic  a c id  r e s u l te d  in  70% deu terium  in  th e  a x ia l
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p o s it io n  and deuterium  in  th e  e q u a to r ia l  p o s i t io n .  These 

two r e s u l t s  would appear to  in d ic a te  some form o f  ste reo ch em ica l

O D

70  ̂ 30^

p re fe ren c e  fo r  a x ia l  a t t a c k .  House, on th e  o th e r  hand, ex p la in ed  

th ese  o b se rv a tio n s  by malting th e  c rude assum ption th a t  about 

o n e -h a lf  o f  th e  e n o la te  d e u te ra te d  on oxygen and th e  o th e r  h a l f  

d e u te ra te d  on carbon. S ince i t  was obvious, he s a id ,  t h a t  0 

d e u te ra tio n  y ie ld e d  e x c lu s iv e ly  a x ia l  p ro d u ct, he f e l t  t h a t  th e  

C d e u te ra tio n  must be o c c u rr in g  from both  d i r e c t io n s  to  account 

f o r  th e  30% e q u a to r ia l  deuterium  which he o b ta in ed .
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B. The Effect of Homoconjugation and Antiaromaticity 
on the Base Catalyzed Hydrogen-Deuterium Exchange 
of Bicyclic Ketones.

In the previous section the effect of stereoelectronic control 

and ring stress has been discussed. Next, the effect of long range 

interactions on the base-catalyzed H-D exchange of bicyclic ketones 

will be considered.

As mentioned previously (Historical p. l6), 2,4-diphenylbi- 

cyclo[3.2.l]oct-6-en-3-one did not homoconjugate. This is, no 

doubt, due to the stability of the carbanion formed in this system. 

Not only is the anion stabilized by the carbonyl group but also 

by the phenyl ring. It was felt that the unsubstituted ketone 

bicyclo[3.2.l]oct-6-en-3-one (48) would have a much larger ten­

dency for homoconjugation since now the anion would be stabilized 

only by the carbonyl group.

Table 5

Relative Rates of Unsaturated vs. Saturated 
Exo Exchange in Bicyclic Ketones

d r
^̂ unsat 'd 
^sat'd

A  5 1.1 .25
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A com parison o f  th e  r a t e s  o f  b ic y c lo [3 .2 .l ]o c t -6 -e n -3 -o n e  (48) 

w ith b ic y c lo [3 .2 . l]o c ta n -3 -o n e  ( ^ )  in d ic a te s  t h a t  th e re  i s  no 

hom oconjugation o f  th e  carbony l s ta b i l i z e d  carban ion  in  t h i s  

system . The s l i g h t  r a t e  in c re a se  i s  t h a t  which would be expected  

on p u re ly  in d u c tiv e  grounds, ^

A d d itio n a l ev idence a g a in s t  hom oconjugation o c c u rr in g  in  th e  

e n o la te  an io n  ^  o f  b ic y c lo [3 . 2 . l ]o c t-6 -e n -3 -o n e  was found s p e c tro ­

s c o p ic a lly .  An nmr spectrum  o f  th e  an ion  o f t h i s  ke tone , o b tain ed  

w ith  li th iu m  d iis o p ro p y l  amide as th e  base in  THF, showed an 

a b so rp tio n  p a t te rn  v e ry  c lo se  to  t h a t  which would be p re d ic te d  fo r  

th e  e n o la te  an ion  As can be seen in  j 4 ,  2^  and th e  v in y lic

nmr a b so rp tio n s  a re  v ery  s im i la r  in  th e se  th re e  c lo s e ly  r e l a te d

5.60  3.63  5.8(

32

systems. If homoconjugation with delocalization of charge to the 

vinylic double bond had occurred the nmr would have shown a greater 

upfield shift for the vinylic hydrogens, e s p e c ia lly  Ĥ . It thus 

appears quite certain from both kinetic and spectroscopic measure­

ments that long range stabilization of the anion was not occurring. 

Next, the possibility of antihomoaromaticity was considered.
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I t  has been suggested  by T idw ell^  t h a t  a  p o s s ib le  reaso n  fo r  th e  

b ic y c lo [2 .2 ,l ]h e p t-5 -e n -2 -o n e  (? )  exchanging slower than  i t s  

s a tu ra te d  an a lo g , b ic y c lo [2 .2 . l]h e p ta n -2 -o n e  (6 ), was due to  a n t i -  

hom oarom aticity  in  th e  e n o la te  an ion

6?

I t  was f e l t  t h a t  a  com parison o f  th e  r a t e s  o f  th e  [ 3 .2 .1 ]  

system s w ith  th o se  o f th e  [ 2 .2 ,2 ]  system s would be an id e a l  way 

to  t e s t  T id w e ll ' s h yp oth esis. As can be seen  in  ^6 , th e  [ 3 .2 .1 ]  

e n o la te  an ion  would n o t be a b le  to  ex tend  th e  c o n ju g a tio n  in  a

s im ila r  manner to  th e  a n tia ro m a tic  sp e c ie s .  However, in  th e  

b ic y c lo [2 .2 .2 ]  system s, which l ik e  th e  [ 2 .2 .1 ]  ke to n es  a re  ab le  

to  ex tend  th e  c o n ju g a tio n  to  th e  b isan tihom oarom atic  sp ec ie s , an 

a d d it io n a l  f a c to r  i s  in v o lv ed . The b ic y c lo [2 .2 .2 ]o c t-5 -e n -3 -  

one ( ^ )  would in tro d u c e  co m p ara tiv e ly  l i t t l e  s t r a in  upon forma­

t io n  o f th e  e n o la te  an io n .

When th e  r a t e s  o f  H-D exchange o f  th e  b ic y c lo [2 .2 .2 ]o c t-5 -e n -
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2-one ( ^ )  a re  compared w ith  i t s  s a tu ra te d  an a lo g , th e  h ic y c lo -

[ 2 . 2 . 2]o c ta n -2-one ( ^ ) ,  a very  i n te r e s t in g  r e s u l t  was o b tain ed .

As can be seen  in  Table 5, th e  u n sa tu ra te d  ketone i s  about fo u r  

tim es slow er th an  th e  s a tu ra te d  ketone when comparing H-D exchange 

a t  th e  a lp h a  p o s i t io n .

This somewhat unusual r e s u l t  (a s  in  th e  [ 3 . 2 . I ]  system , 

sim ple  in d u c tiv e  e f f e c t s  would in c re a se  th e  r a t e  o f H-D exchange 

in  th e  unsatu rated  ketone) becomes more e n lig h te n in g  when compared 

w ith  our' r e s u l t s  on th e  [ 2 . 2 . l ]  ke to n es , k u n s a t 'd /k  s a t 'd  = 0 .^ 5 , 

and th o se  re p o r te d  e a r l i e r  by T idw ell. I t  appears t h a t  n o t only 

does th e  b ic y c lo [2 . 2 . l ] h e p t - 3-@n-2-one (? )  exchange slow er th an  th e  

b ic y c lo [2 . 2 . l ] h e p ta n - 2-one ( 6) , b u t a ls o  th e  b ic y c lo [2 . 2 . 2]oct-_$- 

en -2 -one exchanges slow er th an  i t s  s a tu r a te d  ana log . I t

can be seen  t h a t  t h i s  d ec rease  in  r a t e  i s  alm ost tw ice  as  p ro ­

nounced in  th e  [ 2 . 2 . 2]  r in g  system .

I t  th u s  seems th a t  th e  p ro p o sa l made by Tidwell"^ concern ing  

d e s ta b i l i z a t io n  by a b is-an tih o m o aro m atic  e n o la te  an ion  i s  d e f in ­

i t e l y  confirm ed. As th e  [ ] . 2 . l ]  system a p tly  shows, where t h i s  

d e s ta b i l i z a t io n  i s  n o t p o s s ib le ,  th e  r a t e s  o f  H-D exchange a re  

s l i g h t l y  f a s t e r  w ith  th e  ke tones c o n ta in in g  th e  v in y lic  b rid g e . 

However, w ith  th e  ke tones which can form th e  b is-hom ocyclobu tad iene
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ty p e  s t r u c tu r e ,  an e x a c tly  o p p o s ite  r e s u l t  was found.

The f in d in g  t h a t  even more d e s ta b i l i z a t io n  i s  o c c u rr in g  in  

th e  much l e s s  s tr a in e d  [ 2 . 2 . 2]  r in g  system i s  j u s t  what would be 

expected . The fo rm ation  o f th e  e n o la te  an ion  i s  much l e s s  s tr a in e d  

and th e  a tta in m e n t o f  a  fav o ra b le  o r b i t a l  geometry f o r  in te r a c tio n  

i s  much more l ik e ly .  I t  i s  th e re fo re  b eliev ed  t h a t  th e  e x is te n c e  

o f  an "a n tia ro m a tic "  b ishom ocyclobutadiene type  s t r u c tu r e  i s  most 

l ik e l y  re s p o n s ib le  fo r  th e  observed  r a t e  d e c e le ra t io n  in  th e  

u n sa tu ra te d  [ 2 . 2 . 2]  and [ 2 . 2 . l ]  b ic y c l ic  ke to n es .
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V I. EXPERIMENTAL

G eneral

A ll m eltin g  p o in ts  were taken  on a  Thomas Hoover ap p a ra tu s  

in  open c a p i l la r y  tu b es  and a re  u n c o rre c te d .

I r  s p e c tr a  f o r  th e  compounds were reco rd ed  on a Beckman

IR-8 sp ectro p h o to m ete r .

Nmr s p e c tr a  were reco rd ed  on a V arian A sso c ia te s  Model A-60 

sp e c tro m e ter. A ll chem ical s h i f t s  a re  re p o r te d  in  ppm r e l a t i v e

to  te t r a m e th y ls i la n e  and a l l  co u p lin g  c o n s ta n ts  a re  in  h e rtz  (H z).

Nmr d a ta  a re  reco rd ed  in  th e  o rd e r: chem ical s h i f t ,  m u l t ip l ic i ty

(where s = s in g le t ,  d = doub let, t = t r i p l e t ,  q = q u a rte t, and m = m u ltip le t) , 

in te g r a t io n ,  co u p lin g  c o n s ta n t ,  in te r p r e t a t i o n .  Samples were run 

in  o rd in a ry  5 mm nmr tu b es .

Gas chrom atography was perform ed on a V arian Aerograph,

S e r ie s  2700 gas chrom atograph equipped w ith  a  th erm al c o n d u c tiv ity  

d e te c to r  and 5 f t  x l / 4  in  SE-30 ( s i l ic o n e  gum ru b b er)  columns.

The c a r r i e r  gas was helium .

Unless o th erw ise  n o ted , th e  s t a r t i n g  m a te r ia ls  were used 

as  o b ta in ed .

B. P re p a ra tio n  o f S ta r t in g  M a te r ia ls

1. P re p a ra tio n  o f  3 ,4 -d ib ro m o b ic y c lo r3 « 2 .l ']o c ta -2 ,6-d ie n e  ( 56) .

A s lu r r y  o f n o rbornad iene  (92 g, 1 .0  m ole), po tassium  t -b u to x -  

70
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id e  ( lO l g, 0 .90 mole) in  350 ml o f  dry pentane was p repared . The 

s lu r r y  was s t i r r e d  and kep t a t  -15° to  -20° under Np. To t h i s  a 

m ix tu re  o f  bromoform (253 g, 1 mole) in  I 50 ml o f  pentane was added 

dropw ise . I t  i s  im p o rtan t to  add very  slow ly ( a d d it io n  tim e, 3 

h o u rs) . A fte r  a d d it io n  was com pleted, 300 ml o f  w ater was slow ly 

added. The w ater l a y e r  was se p a ra te d  and e x tra c te d  w ith  pen tane. 

The o rg an ic  la y e r s  were combined and d r ie d  over MgSO .̂ E vaporation  

o f  th e  so lv e n t  fo llow ed by vacuum d i s t i l l a t i o n  gave 89 .5  g (38^ 

y ie ld )  o f  a m ix tu re  o f  dibromo isom ers 5 6 . The b o i lin g  p o in t  (bp)

was 62- 63° a t  0 .005 mm ( l i t .^ ^  bp 77° a t O.05 mm); n^^D 1.5935  

(lit.^^  n̂ D̂ 1.596^ )̂.

2. P re p a ra tio n  o f  3 -b ro m o b ic y c lo r3 .2 .l lo c ta -2 ,6 -d ie n e  (5 7 ) .

A m ix tu re  o f  iso m eric  d ib ro m o b icy c lo o ctad ien es  ( I I 5 . I  g ) , 

p rep a red  a s  d e sc r ib ed  above, was added dropw ise under to  a 

s t i r r e d  re f lu x in g  s lu r r y  o f  LiAlH^ ( I 6 . 5O g) in  I 5OO ml o f dry 

e th e r .  This was allow ed to  r e f lu x  fo r  13 hours. The work up 

p rocedure was done as in  F ie se r  and F ie se r^ ^  ( fo r  n g o f  LiAlH^,

w ith  200 ml o f  e th e r .  The e th e r  washings were added to  th e  

o r ig in a l  e th e r  la y e r  and d r ie d  over MgSÔ .̂ E vaporation  o f  th e  

e th e r  under reduced  p re s s u re  fo llow ed by vacuum d i s t i l l a t i o n  gave

56 .8  g (71% y ie ld )  o f  monobromide The bp was 51-58° a t  3 mm

( l i t .^ ^  bp 63° a t  5 mm). n̂ -̂ D 1.5^40 ( l i t .^ ^  n^^D 1 .5453).
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3, P re p a ra tio n  o f 3 ,7 ,8 - tr lb ro m o b ic y c lo r3 .2 . l lo c t-2 -o n e  (5 8 ) .

A s o lu t io n  o f Br^ ( 6I .O  g, 0.382 mole) in  70 ml o f  001^ was 

added dropw ise to  a  s t i r r e d  s o lu t io n  o f  monobromide ^  (70 .0  g, 

0 .378 mole) in  300 ml e th e r  kep t a t  -10° to  -13°. The a d d it io n  

tim e was ap prox im ately  2 h r . An a d d it io n a l  300 ml o f  e th e r  was 

added, th e  e th e r  s o lu t io n  was washed w ith  aqueous NaHSO  ̂ to  remove 

excess brom ine, then  washed w ith  w ater and d r ie d  over MgSO .̂ Evap­

o ra t io n  o f th e  e th e r  fo llow ed by a d d it io n  o f pentane gave $ 4 .0 g 

( 72^  y ie ld )  o f  3 , 7 , 8- tr ib ro m o b ic y c lo [3 . 2 . l ] o c t - 2-ene  ( j 8 ) as w hite 

c r y s t a l s ;  mp 97- 99° ( l i t . ^ ^  mp 100- 101° ) .

4 . P re p a ra tio n  o f a n ti -8 -b ro m o tr ic y c lo r3 .2 .1 .0 ^ '"^ lo c ta n -3 -o n e  ( 5 9 ) •

3 ,7 ,8 -T rib ro m o b icy c lo [3 . 2 . l ] o c t - 2-ene ( ^ )  (65 g) was q u ick ly  

added to  a coo led , s t i r r e d  s o lu t io n  o f 60 ml o f  w ater, 84 ml o f 

c o n c en tra te d  H^SO .̂, and 120 ml o f  95^ e th a n o l. This was s t i r r e d  

and wanned on a w ater b a th  to  50° and allow ed to  r e a c t  fo r  

66 h r. The re a c t io n  m ix tu re  was th en  poured in to  ic e  w ater and 

e x tr a c te d  w ith e th e r .  The w ater la y er  was s a tu ra te d  w ith  NaCl 

and an a d d it io n a l  e x tr a c tio n  was done. The e x tr a c ts  were combined 

and d r ie d  over MgSO, .̂ E vaporation  o f  th e  s o lv e n t  fo llow ed by 

r e f r ig e r a t i o n  gave 20 g (53^ y ie ld )  o f crude t r i c y c l i c  monobromb 

ketone which was f u r th e r  p u r i f ie d  by column chrom atography 

on s i l i c a  g e l.  E lu tio n  w ith  1 :1  e th e r-p e tro le u m  e th e r  (bp 3O- 

60°) gave, a f t e r  evaporation and co o lin g , w hite c r y sta ls  o f 

a n ti -8 -b ro m o tr ic y c lo [3 .2 .1 .0 ^ ’ '^]octan -3 -one ( ^ )  w ith  mp 54-^6°

R eprodu ced  with p erm ission  of the copyright owner. Further reproduction prohibited without perm ission .



73
a f t e r  r e c r y s t a l l i z a t i o n  from e th e r-p e n ta n e  ( l i t . m p  .

5. P re p a ra tio n  o f b icy c lo F 3 .2 . l lo c t -6 -e n -3 -o n e  ( 4 8 ) .

A m ix tu re  o f  monobromoketone ^  {7-5 g, 0.037 mole) in  100 ml 

o f  e th e r  was slow ly  added to  a s o lu t io n  o f l i th iu m  m etal ( l . ] 0  g,

0.187 mole) in  I 5OO ml o f l iq u id  NH^. A d d ition  tim e was a p p ro x i­

m ately  1 h r  and 15 min. The r e a c t io n  m ix tu re  was s t i r r e d  f o r  an 

a d d it io n a l  hour. The r e a c t io n  was th en  quenched by a d d it io n  o f 

s o l id  NH^Gl fo llow ed by m oist e th e r  and w a te r. The ammonia was 

allow ed to  ev ap o ra te  and th e  p ro d u ct was e x tr a c te d  w ith  e th e r .  The 

e th e r  la y e r  was washed w ith  w ater and d r ie d  over MgSO^. C are fu l 

d i s t i l l a t i o n  o f  th e  e th e r  fo llow ed by th e  a d d it io n  o f a la rg e  volume 

(400 ml) o f  pentane, c r y s t a l l i z e d  out a  sm all amount o f  im p u rity  

which was f i l t e r e d  and d isc a rd e d . C are fu l d i s t i l l a t i o n  o f  th e  

pen tane fo llow ed  by c o o lin g  gave a w liite s o l id .  S ublim ation  a t  60° 

and 20 mm gave 2 .5  g o f b ic y c lo [3 .2 .l ]o c t -6 -e n -3 -o n e  ( ^ ) ,  (5%^ 

y i e ld ) .  Ketone ^  was f u r th e r  p u r i f ie d  by r e c r y s t a l l i z a t i o n  from 

pen tane ; mp 100-102° ( l i t . m p  9 9 -1 0 0 .5 °) . This ketone s t i l l  

co n ta in ed  an nmr d e te c ta b le  im p u rity  which was u l tim a te ly  removed 

by s i l i c a  g e l  column chromatography. E lu tio n  w ith  e th e r-p e tro le u m  

e th e r  1 :4  fo llow ed  by s h o r t  column d i s t i l l a t i o n  o f  th e  s o lv e n t  and 

co o lin g  gave w hite dry  c r y s t a l s  ; mp 102 .5 -103°. The nmr spectrum  

(CC1̂ I_) showed: 1 .7 5  -  2 .0  ppm (complex p a t te rn ,  2H, C g), 2.30  ppm 

(d , 4H, Cg, C^), 2 .88  ppm ( s ,  2H, C^, C^), 6.02 ppm (narrow  m u lt i ­

p l e t ,  2H, Cg, Cy). The nmr spectrum  w ith  added s h i f t  rea g e n t 

( 0.125 g o f 2 ,2 ,4 ,4 - te tr a m e th y lh e p ta n e -3 ,5 -d io n e  Europium I I  complex
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( R esolve-A l ) in  0 .50 ml CGl^ w ith  0.05  g ketone showed!

4 .0  ppm (complex p a t te rn ,  IH, Gg-Hb), 4 .58  ppm (d , IH, J=10.0  Hz, 

Gg, Ha), 5 .0  ppm ( s ,  2H, G^, G^), 8 .1 5  Ppm ( s ,  2H, G^, C^), 9 .12 

ppm (d o u b le t o f  d o u b le ts , 2H, ^=3.5 Hz, ^=17.5 Hz, G^, G^,

exo) , 9 .82  ppm (d , 2H, J=17.5  Hz, G^, Ĝ ,̂ endo) . See F igure  17a 

and 17d.

6. P re p a ra tio n  o f  3 ,4 -d ib ro m o b icy c lo r3 .2 . l lo c t -2 - e n e  ( 5 4 ) .

A s lu r r y  o f  norbom ene (40 g, 0.425 mole) w ith  potassium  

t -b u to x id e  (55 g, O.5O mole) in  400 ml o f  dry pentane was p rep a red . 

To t l i i s  s t i r r e d  m ix ta re , which was m ain tained  a t  25-28° w ith  an 

ic e  b a th , was added dropwise under N^, a s o lu t io n  o f bromoform 

( I 8O g, 0.71 mole) in  50 ml o f  pen tane . A dd ition  tim e was 2 h r . 

This was s t i r r e d  f o r  an a d d it io n a l  1 .5  h r  a t  room tem p era tu re . 

G arefu l a d d it io n  o f 50O ml o f w ater was follow ed by se p a ra tio n  o f 

th e  hydrocarbon la y e r  which was washed w ith  w ater and d r ie d  over 

MgSÔ j_. E vaporation  o f th e  s o lv e n t  follow ed by vacuum d i s t i l l a t i o n  

a t  approx im ate ly  0 .01  mm bp 80-90° gave 25.8  g ( 23^  y ie ld )

3 ,4 -d ib ro m o b ic y c lo [3 . 2 . l ]o c t -2 - e n e  (54) ( l i t . b p  80° a t  0 .2  mm).

7 . P re p a ra tio n  o f  3-b rom obicyclo r3 .2 . l lo c t -2 - e n e  ( 5 5 ) .

To a  s t i r r e d  r e f lu x in g  s lu r r y  o f  LiAlH^ (10 .7  g) in  500 ml 

o f  d ry  e th e r  under was added dropw ise 25.8  g o f 3 ,4 -d ib rom o- 

b ic y c lo [3 . 2 . l ]o c t -2 - e n e  ( j 4 ) . This was re f lu x e d  overnight. The 

u su a l workup and vacu'um d i s t i l l a t i o n  gave 12.35 g (68^ y ie ld )  

bp 52° a t  2 .75  mm. The i r  spectrum  was id e n t i c a l  to  t h a t
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"2 ,4
endo «

6,7

(4 ) «1 ,5

F igure  17. Nmr s p e c tr a  (a )  b ic y c lo [3 . 2 . l ]o c t-6 -e n -3 -o n e  ( ^ )  
in  CCI.; (h) 0 .05  g 48 in  0 .50  ml CGI. w ith  O.O5O g s h i f t  

g en t ; (c )  w ith  0.10  g s h i f t  re a g e n t  ; (d ) w ith  0.125  S 
s h i f t  rea g e n t .

re a g e n t  >
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re p o r te d  in  th e  l i t e r a t u r e  .

8. P re p a ra tio n  o f  b ic y c lo r3 .2 .l lo c ta n -3 -o n e  ( 4 ? ) .

To a coo led  ( l - 5 ° )  r a p id ly  s t i r r e d  s o lu t io n  o f  60 ml o f  

c o n c en tra te d  was added dropw ise 3 -b rom obicyc lo [3 . 2. l ] o c t -

2-ene ( ( 1 2 . 3 5  g, 0.066 m ole). The f la s k  was kep t in  an ic e  

b a th  and s t i r r e d  f o r  an a d d it io n a l  30 min. The r e a c t io n  m ix tu re  

was th en  added to  ic e  w ater and e x tr a c te d  in to  e th e r .  The e th e r  

l a y e r  was washed f i r s t  w ith  aqueous s a tu ra te d  NaHCO ,̂ th en  w ith  

w ater and d r ie d  over MgSO .̂ E v aporation  o f th e  e th e r  a ffo rd e d  

10 g o f  crude ketone The ketone was p u r i f ie d  by th e  procedure

o f  K r a u s ,w h e r e b y  th e  sem icarbazone was p rep a red  and then  steam 

d i s t i l l e d .  Vacuiun su b lim a tio n  o f  th e  p ro d u ct a t  20 mm a t  70° 

gave 1 .7  g o f  b ic y c lo [3 .2 .l ]o c ta n -3 -o n e  , mp 138-142°, ( l i t .  

mp 144-145°). The nmr spectrum  (CGl^) showed: 1 .4  -  2 .1  ppm

(complex p a t te rn ,  6H, G^, G^, C g), 2 .27  ppm (m, 4H, G ^), 2 .52

ppm (broad  s in g l e t ,  2H, C^, G^). In  DMSO-d^ the spectrum  showed: 

0 .9  -  2 .1  ppm (complex p a t te rn ,  6H, G^, G^, G, ,̂ G^), 2 .1  -  2 .7  Ppm 

(complex p a t te rn ,  6H, Gg, G , Gg).

9. P re p a ra tio n  o f  in d en y l G rignard  reagent oO.

Indene (5 8 .1  g, 0 .5  mole) was added dropw ise to  a  s t i r r e d  

r e f lu x in g  s o lu t io n  o f e th y l  magnesium bromide (p rep a red  from 12 .2  g 

o f  Mg and 5 4 .5  g o f  e th y l  bromide) in  200 ml o f  THF. T his was 

r e f lu x e d  f o r  30 min. The warm in d en y l G rignard  6̂  was q u ick ly  

t ra n s fe r e d  by sy rin g e  under in to  an a d d it io n  fu n n el and added
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dropw ise to  a  co ld  (-10  to  - 15°) s t i r r e d  s o lu t io n  o f 2 , 3- d ic h lo ro -  

propene (5 5 '5  g, 0 .5  mole) in  60 ml o f  THF. A fte r  th e  a d d it io n  was 

com pleted, th e  r e a c t io n  m ix tu re  was s t i r r e d  a t  - 10° f o r  an a d d i­

t io n a l  30 min. The a d d it io n  o f  100 ml o f s a tu ra te d  NĤ ^Gl and then  

50 ml o f  w ater gave two la y e r s .  The la y e r s  were se p a ra te d  and th e  

w ater la y e r  and re s id u e  were washed w ith  THF. This was added to  

th e  o rg an ic  l a y e r  and d r ie d  over MgSO, .̂ E vaporation  o f  th e  so lv e n t 

and vacuum d i s t i l l a t i o n  o f 0 .2  mm gave 3 3 .6  g o f  1- ( 2- c h io r o a l ly l ) -  

indene ( & ) ,  bp 65-72°. The i r  was i d e n t i c a l  to  t h a t  r e p o r te d .

10. P re p a ra tio n  o f 6 ,7 -b e n z o b ic y G lo r3 .2 .llo c t-6 -e n -3 -o n e  (4 9 ) .

To 900 ml o f  s t i r r e d  re f lu x in g  97% form ic a c id  was added 

15 .3  g o f  l - ( 2 -c h lo ro a l ly l ) in d e n e  ( ^ l )  dropw ise. This m ix tu re  

was re f lu x e d  fo r  an a d d it io n a l  hour. The re a c t io n  was coo led  

and one l i t e r  o f  ic e  w ater was added and th e  p ro d u ct e x tra c te d  

in to  e th e r .  This was washed w ith  aqueous s a tu r a te d  HaHCO  ̂

s o lu t io n .  The s o lu t io n  was th en  washed w ith  w ater and d r ie d  

over MgSO^. E vaporation  l e f t  a  brown o i l  which was chrom ato­

graphed on an alum ina column. E lu tio n  w ith  low b o i l in g  petro leum  

e th e r  r e a d i ly  removed a  b y -p ro d u ct, th e  3- c h lo r o - 5 , 6-b en zo b icy c lo -

[ 3 .2 . l ] o c t - 2 - e n e .  Follow ing rem oval o f  t h i s  compound, f u r th e r  

e lu t io n  w ith  15^  e th e r-p e tro le u m  e th e r  a ffo rd e d  a  w hite s o l id .

This was r e c r y s ta l l i z e d  from warm petro leum  e th e r  to  y ie ld  5*0 g 

o f  6 , 7-b en z o b ic y c lo [3 . 2 . l ] o c t - 6-e n -3-one ( ^ )  mp 67- 69° ( l i t . ^ ^ ’ 

6 4 -6 6 °). The nmr spectrum  (CGl^) showed: 1 .98  -  2 .28  ppm

(complex p a t te rn ,  2H, G g), 2 .44  ppm, (d , 4H, Gg, G,^), 3 .3 6  ppm
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benzo

F ig u re  13, Nmr s p e c tr a  (a )  6 ,7 -b en z o b ic y c lo [3 , 2 , l ] -  
o c t-6 -en -3 -o n e  ( ^ )  ( 0 ,023 s )  i n  CClr ( 0 ,2 5  ml) w ith  

s h i f t  r e a g e n t  (0 ,5 0  g ) ; (b) D ideu teroke tone  ^  (0 ,025  g) 
in  GGl^ ( 0 .25  ml) w ith  s h i f t  r e a g e n t  ( 0 ,50  g ) .
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(m, 2H, G^, C^), 7 .10  ppm ( s ,  4H, benzo). In  DMSO-d^ th e  nmr 

spectrum  showed: 2 .6  ppm ( s ,  2H, Cg), 2.40 ppm (m, 2H, Ĉ , Ĝ ,
endo). 2 .75  ppm (d, 2H, G^, G^, exo), 3 .40  ppm (m, 2H, G^, G^), 

7 .17  ppm (m, 4H, benzo). The nmr spectrum  w ith  s h i f t  rea g e n t 

( 0 .25  ml GGl̂  ̂ + 0 .50  g R esolve-A l + 0 .025 g ketone) showed:

3.06 ppm (m, IH, Gg-H^), 3-70 ppm (d, IH, J=ll Hz, Gg-Ha), 4.35 
ppm ( s ,  2H, G^, G^), 6.42 ppm (m, 2H, benzo), 7.22  ppm (m, 2H, 

b e n z o ) , '8 .78  ppm (d o u b le t o f  d o u b le ts ,  2H, g= 3.5 Hz, G^, G^,

exo) , 9 .40  ppm (d , 2H, J= 17.5  Hz, G^, G^, endo) . See F igure  18a.

11. P re p a ra tio n  o f b icy c lo F 2 .2 . l lh e p t-5 -e n -2 -o n e  (7 ) .

p-Benzoquinone (5 0 .5  g, 0.468 mole) and b ic y c lo [2 .2 . l ] o c t - 5 -  

e n -2 -o l  ( 10 .0  g, 0.0910 mole) were d iss o lv e d  in  I 3OO ml o f  benzene. 

F ollow ing rem oval o f  400 ml o f  benzene by d i s t i l l a t i o n  from t h i s  

m ix tu re , th e  s o lu tio n  was allow ed to  co o l and aluminum t-b u to x id e  

(17 .3  g, 0.07  mole) in  I 50 ml o f  benzene was added w ith  s t i r r i n g  

over th e  co u rse  o f  one hour. Tliis m ix tu re  was s t i r r e d  a t  room 

tem p era tu re  fo r  e ig h t  days. The s o lu t io n  was washed w ith 

NaOH u n t i l  i t  was c le a r ,  fo llow ed  by washings w ith  s a l t  s o lu t io n  

and w ater and th en  d r ie d  over MgSO, .̂ The benzene was removed by 

d i s t i l l a t i o n  and f u r th e r  vacuum d i s t i l L a t io n  gave 4 .0  g o f  b ic y c lo -

[ 2 . 2 . l ]h e p t - 5 -en -2-one (%) bp 85° a t  25 mm ( l i t . ^  bp 95- 97° a t

93 mm). The nmr spectrum  (DMSO-dg) showed : 1 .92  ppm (m, 2H, G^),

2 .08  ppm (complex p a t te rn ,  2H, Gg), 2 .88  ppm (m, IH, G^), 3 .19 ppm 

(m, IH, Ĝ ), 6.12 ppm (m, IH, Ĝ ), 6.58 ppm (m, IH, Gg).
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12. P re p a ra tio n  o f  b ic? /rc lo r2 .2 .2 lo c t-5 -en -2 -o l ( 63) .

Gyclohexadiene (25 g, 0.312 mole) and v in y l  a c e ta te  (3 3 -6 g, 

0 .38  mole) w ith  a  p in ch  o f hydroquinone were h ea ted  a t  180° fo r  

f iv e  days in  a s ta in le s s  s te e l  r e a c to r ,  f r a c t i o n a l  d i s t i l l a t i o n  

a ffo rd e d  l 4 . 0 g o f  b ic y c lo [2 . 2 . 2] o c t - 5-e n -2- y l  a c e ta te  ( 62) 

bp 81-82° a t  5 mm ( l i t . ^ °  bp 90- 91° a t  9 mm) n^^D I . 502O ( l i t .^ ^  

n -̂^D 1 . 5020) . The a c e ta te  ^  was s a p o n if ie d  by r e f lu x in g  fo r  

2 h r  w ith  60 ml o f  m ethanol and 40 ml o f  15^ NaOH. S e p a ra tio n  o f 

th e  two la y e r s  which formed, fo llow ed  by e th e r  e x tr a c tio n  o f th e  

w ater la y e r  to  g e t  a d d it io n a l  p ro d u ct and th en  d i s t i l l a t i o n  o f 

th e  e th e r  gave a w hite s o l id .  R e c r y s ta l l i z a t io n  from petro leum  

e th e r  gave 3 .3  g mp l 6l - l 65° ( l i t . ^ ^  mp 167- 169° ) .

1 3 . P re p a ra tio n o f "a c tiv e "  MnÔ .

MnSO^ '̂HgO ( 0 .5  mole) in  I 50 ml o f  w ater and 11? ml o f  kOfo 

NaOH were slow ly added s im u ltan eo u sly  to  a  ho t s t i r r e d  s o lu t io n  

o f  KMnÔî  (96 g) in  6OO ml o f w a te r. The MnÔ  p r e c ip i ta te d  as  a 

f in e  broim s o lid .  The s t i r r i n g  was co n tin u ed  fo r  1 h r. S o lid  

MnOg was c o lle c te d  by f i l t r a t i o n  and re p e a te d ly  washed and c e n t r i ­

fuged u n t i l  th e  washings were n e a r ly  c o lo r le s s .  The s o l id  was

d r ie d  in  an oven ( llO ° )  and ground to  a  f in e  powder b e fo re  use 

( y ie ld  6? g ) .

14. P re p a ra tio n  o f b icy c lo F 2 .2 .2 ')o c t-5 -e n -2 -o n e  ( 5 1 ) .

B ic y c lo [2 .2 .2 ]o c t -5 -e n -2 -o l  ( 63) ( l.O  g) in  30 ml o f  CH^Glg
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m ixtu re  was s t i r r e d  a t  room tem p era tu re  fo r  22 h r, Steam d i s t i l ­

l a t i o n  o f  th e  brown s lu r r y  gave two la y e r s .  A fte r  s e p a ra tin g  th e  

org an ic  la y e r s  and washing th e  NaCl s a tu ra te d  w ater la y e r  w ith  

GH,)Clg, th e  o rg an ic  l a y e r s  were combined and d r ie d  over MgSO .̂ 

D i s t i l l a t i o n  o f th e  so lv e n t  th rough a s h o r t  column fo llow ed  by 

su b lim a tio n  o f th e  re s id u e  gave 0 .^5  g o f b ic y c lo [2 . 2 . 2] o c t - 5-  

en-2-one ( j l )  mp 92-9^° ( l i t . ^ ^  mp 91 .5-93°)*  The nmr spectrum  

(CDGl^) showed: 1 .2  -  2 .0  ppm (complex p attern , 6H, G ,̂ G g),

2 . 0 4  ppm (d , 2H, G^), 3 .08  ppm (m, 2H, G^, G^), 6 .36  ppm (m,

2 H , G ^ , G ^ ) .

15. P re p a ra tio n  o f  b io y c lo r2 .2 .2 lo o tan -2 -o n e  ( 5 0 )»

Atm ospheric p re s su re  hydrogenation  over 10^ Pd/G was c a r r ie d  

out on b ic y c lo [2 .2 .2 ]o c t-5 -e n -2 -o n e  (_5l) (O .6O g) in  100 ml o f  

e th a n o l. A f te r  th e  a b so rp tio n  had stopped , th e  so lv e n t  was 

d i s t i l l e d  o f f  and th e  re s id u e  sublim ed. This su b lim a tio n  p ro d u ct 

had a broad m eltin g  range and the  p ro d u ct was f u r th e r  p u r i f ie d  by 

s i l i c a  g e l  column chromatography. E lu tio n  w ith  e th e r-p e tro le u m  

e th e r  1 :5  gave pure b ic y c lo [2 . 2 . 2 ]o c tan -2 -o n e  (jO ) mp 1 7 4 .5 -1 ?6° 

( l i t . '^ ^  mp 175.5-177" 5°) « The nmr spectrum  (GDGlg) showed: 2 .26

ppm ( s ,  4H, G^, Gg, Gj^), 1 .7  ppm ( s ,  8H, G^, Gg, G^, Gg).

16 . P re p a ra tio n  o f  t - b u ty l  cyclohexanone d e u te ra te d  s e le c t i v e ly  
in  th e  a x ia l  p o s i t io n .

To a  s o lu t io n  o f  t - b u ty l  cyclohexanone ( 0.50 g) in  12 ml o f
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d im ethyl su lfo x id e  (DMSO) was added ^ ml o f  0.0042 M NaOD/D^O 

s o lu t io n .  A f te r  f iv e  m inutes th e  s o lu t io n  was n e u tr a l iz e d  w ith  a 

few drops o f  HCl and q u ick ly  poured in to  200 ml o f  aqueous s a tu r ­

a te d  NaCl s o lu t io n  which p r e c ip i t a te d  th e  ketone im m ediately . 

F i l t r a t i o n  and a i r  drying gave th e  a x ia l  d id e u te ra te d  ke tone .

Nmr a n a ly s is  w ith th e  use o f  th e  s h i f t  rea g e n t R esolve-A l showed 

th a t  th e  rem ain ing  p ro to n s  were abou t 73% e q u a to r ia l  and 23%> a x ia l .

When d e u te ra tio n  was perform ed in  d ioxane f o r  30 min w ith  a 

h ig h e r  base c o n c e n tra t io n  (0 .0^2  M NaOD/D^O) th e  nmr showed 

o f  th e  rem ain ing  p ro to n s  were in  th e  e q u a to r ia l  p o s i t io n  

and only  l6%o rem ain ing  in  th e  a x ia l  p o s i t io n .  The nmr spectrum  

( 0 .50  ml CGl̂ j_ w ith  0 .10 g s h i f t  r e a g e n t  and O.O5 g ke tone) showed: 

0.32 ppm ( s ,  9H, t -b u ty l ) ,  2 .77  ppm (complex p attern , 5H, G ,̂ Ĝ ,̂ 

Cg), 7 .66  ppm ( s ,  2H, Gg, Gg, e q u a to r ia l ) .  See F igure  13b.

17 . Exo d e u te ra t io n  o f 6 , T -benzobicycloF3 .2 . l l o c t - 6-e n - 3-one ( 4 9 ) .

6 ,7 -B en zo b icy c lo [3 ‘2 .l]o c t-6 -e n -3 -o n e  ( ^ )  ( 0 .50 g) in  12 ml 

o f  d ioxane was a llow ed to  r e a c t  w ith  4 ml o f  0 .10 M NaOD/DgO 

f o r  1 h r  a t  room tem p e ra tu re . The u su a l workup fo llow ed by nmr 

showed s l i g h t l y  more th an  two a lp h a  hydrogens had exchanged. The 

use o f  s h i f t  r e a g e n t  showed e s s e n t ia l ly  a l l  o f  th e  exo hydrogens 

removed w ith  1 .6  p ro to n s  rem ain ing  in  th e  endo p o s i t io n .  The 

spectrum  (0 .2 5  ml GGl^ w ith  O.50 g s h i f t  reagent and 0 .025 g 

ketone) showed: 3 .38  ppm (m, IH, Gg -Hb), 4 .1 0  ppm, (d , IH, J=

11 Hz, Gg-Ha), 4 .6 3  ppm ( s ,  2H, G^, G^), 6 .50  ppm (m, 2H, benzo).
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7.40  ppm (m, 2H, benzo), ejco has d isa p p e a re d , 10.50 ppm

( s ,  2H, Gg, C^, endo). See F igure  18b.

18. P re p a ra tio n  o f  NaOD s o lu t io n .

Na ( 0.23  g) was weighed out in  hexane. This was q u ick ly  d r ie d  

and, under a atm osphere, was c a re f u lly  added in  p o r tio n s  to  

25 ml o f  DgO. The r e s u l ta n t  NaOD was th en  s ta n d a rd iz e d  by t i t r a ­

t io n  ag a in st s ta n d a rd  HGl. This NaOD s to c k  s o lu t io n  was then  used

19 . P re p a ra tio n  o f b ic y c lp r3 .2 . l lo c t -6 -e n -3 -o n e  an io n  (5̂ 1- ) .

The base used f o r  th e  p re p a ra tio n  o f th e  anion was lith iu m  

d iis o p ro p y l amide, Di-N(CH(CPy)g)g. I t  was p rep a red  from n -b u ty l -  

l i th iu m  and d iiso p ro p y l  amine, n -B u ty ll ith iu m  ( l2 .7  ml, 0.022  

mole) a s  a  1 .6  M s o lu t io n  in  hexane was sy rin g ed  under Ng in to  a

3-neck  f la s k .  This was s t i r r e d  and cooled  to  1 -5 ° in  an ic e  

b a th . D iiso p ro p y l amine (4 .2 5  ml, 0.033 mole) was added slow ly .

The flow  o f  Ng gas was in c re a se d  and th e  s o lu t io n  was allow ed to  

come to  room tem p era tu re . As th e  s o lv e n t  evap o ra ted  th e  s o lu t io n  

became very  v isc o u s . THF (2 ml) was added to  th e  f la s k  and th e  

flow  o f Ng continued u n t i l  t h i s  had a ls o  ev ap o ra ted . When th e  

l ith iu m  d iis o p ro p y l amide was as  d ry  as  p o s s ib le  1 .5  ml o f  THF 

was added and th en  a  s o lu t io n  o f  b ic y c lo [3 . 2 . l]o c t -6 -e n -3 -o n e  (W ) 

( 0 .25  g, 0 .02  mole) in  0 .5  ml THF was slow ly  added by syringe
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was removed by sy rin g e  and p laced  in to  a capped nmr tu b e . The 

spectriun in  THF showed th a t th e  v in y lic  hydrogens, and 

had become u n e q u iv a le n t. However, th e  s im i l a r i t y  between th e  

spectrum  o f th e  e n o la te  anion ^  and some model system s, 2  ̂ and 21 , 

in d ic a te d  th a t  charge d e lo c a l iz a t io n  in to  th e  v in y lic  b rid g e  

had n o t o ccu rred .

G. K in e tic  P rocedure

The r e a c ta n t s  were th e rm o sta ted  in  a  c o n s ta n t tem p era tu re  b a th  

a t  th e  tem p era tu re  o f  th e  nmr probe, 37-0° t  0 .2 °  fo r  a minimum o f 

20 min b e fo re  m ixing. The two s o lu t io n s ,  ketone in  DMSO-d^ and 

NaOD/DgO, were th en  p ip e t te d  in to  a v i a l ,  q u ick ly  mixed and p u t 

in to  th e  nmr p robe. The approxim ate tim e f o r  t h i s  was 15 sec. The 

tim e r  was begun d u rin g  m ixing and su c ce ss iv e  in te g r a t io n s  were 

im m ediately  tak en  and th e  tim es noted. The amount o f  hydrogen 

removed was determ ined  by th e  r a t i o  o f  th e  d es ig n a ted  a lp h a  hydro­

gens to  some in te r n a l  s ta n d a rd  in  th e  m olecule. This i n te r n a l  

s ta n d a rd  was an unexchangeable p ro to n  or p ro to n s , u s u a lly  th e  

v in y lic  o r benzo hydrogens in  th e  u n sa tu ra te d  system s, o r th e  

bridgehead  hydrogens in  th e  s a tu r a te d  system . In  some c ases  th e  

r a t e  was fo llow ed  by ob serv in g  th e  in c re a se  in  th e  HOD s ig n a l .

This i s  v a l id  even when th e re  a re  two ra te s  i f  th e  r a t e s  a re  

s u f f i c i e n t l y  d i f f e r e n t  from each o th e r .  As th e  exo/endo r a t e  

r a t i o s  were q u i te  la r g e ,  t h i s  d id  n o t p re s e n t  a  problem . Where
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b o th  methods were used th e re  was good agreem ent between them.

In  th e  c y c lic  system s, th e  t - b u ty l  group was a conven ien t 

s ta n d a rd  fo r  th e  t - b u ty l  cyclohexanone w hile in  th e  cyclohexanone 

i t s e l f  th e  fo u r  e q u iv a le n t  a lp h a  hydrogens were s u f f i c i e n t ly  

se p a ra te d  from th e  rem ain ing  s ix  hydrogens to  a llo w  f o r  a c cu ra te  

d e te rm in a tio n  o f  th e  r a t e .

The c o n d it io n s  o f  th e  r e a c t io n s  were such th a t  f i r s t  o rd er 

k in e t ic s  in  base were m ain tain ed . An excess o f ketone was main­

ta in e d  ( lO : l )  and s u f f i c i e n t  D^O was used to  ensure r a p id  d e u te r ­

a t io n .  The d a ta  were t r e a te d  in  a l e a s t  squ ares  a n a ly s is  on a 

Wang c a lc u la to r  program f o r  lo g  H removed vs. tim e. The second 

o rd e r  ra te  c o n s ta n ts  were o b tain ed  by d iv id in g  th e  pseudo f i r s t  

o rd e r  r a t e  c o n s ta n ts  by th e  base c o n c e n tra t io n , k^ = k^^^ /  [ b ] .

The f i n a l  concentration s were determ ined  by assuming an 

a d d i t i v i t y  o f  m ixing. Mixing experim ents showed only a  very  

sm all volume change even w ith  much l a r g e r  amounts (lO m l).

In  a  t y p ic a l  ru n , 0 .045 g o f  b ic y c lo [3 . 2 . l ] o c t - 6-e n -3-one (48) 

in  0 .4  ml o f  DMSO-d^ was mixed w ith  0 .25  ml o f  NaOO/DgO. The 

f i n a l  base c o n c e n tra t io n  a f t e r  m ixing was 5 .0  x 10 ^ M.

D. D eterm ina tion  o f th e  Chemical S h i f t  o f Exo and Endo Hydrogens

In  th e  sp ectra  o f th e  b ic y c lo [3 . 2 . l ]  ketones th e  i d e n t i f i ­

c a tio n  o f th e  exo and endo p ro to n s  was accom plished , u l tim a te ly ,  

by th e  use o f  a  s h i f t  re a g e n t .  The nmr spectrum  o f 6 ,7 -b en zo - 

[ 3 . 2 . l ] o c t - 6-e n -3-one ( ^ )  in  CGl̂  ̂ o r ch loroform  d id  n o t d i f f e r -
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e n t l a te  between th e  exo and endo hydrogens. This so lv e n t  showed an 

a p p a ren t d o u b le t a t  2 .30  ppm which in te g r a te d  fo r  fo u r  p o rto n s . 

However, in  DMSO-d^ th e re  was s u f f i c i e n t  d i f f e r e n t ia t io n  between 

them. There was a p a i r  o f  d o u b le ts  c e n te red  a t  2 .73  PPm which 

in te g r a te d  f o r  two hydrogens and a  broad s in g l e t  a t  2 .42  ppm which 

a ls o  in te g r a te d  fo r  two hydrogens. The dow nfield  p a i r  o f  d o u b le ts  

was a ss ig n e d  to  th e  exo hydrogens on th e  b a s is  o f  two f a c t s ,  

f i r s t ,  th e  chem ical s h i f t  o f  exo hydrogens i s  w ell known to  occur 

dow nfield  from endo hydrogens. Secondly, an exam ination  o f

D re id ing  models o f  th e  b i c y c lo [ 3 .2 . l ]  system in  a  s l i g h t l y  f l a t ­

ten ed  c h a ir  conformation^^ shows th a t  th e  hydrogen on o r 

should  be coupled  to  th e  exo hydrogen on G  ̂ o r G  ̂ w ith  a  co up ling  

c o n s ta n t  o f  abou t 3-^4 Hz (d ih e d ra l  ang le  30°) w hile th e  endo 

hydrogen has a  d ih e d ra l  an g le  o f  approximately 90° r e s u l t i n g  in  

no co u p lin g . A s im ila r  assignm ent was made in  th e  b ic y c lo [ 3 .2 . l ] -  

o c t-6 -en -3 -o n e  ( ^ ) .

F u r th e r ,  even more co nv inc ing  evidence was p rov ided  by a  

stu d y  u t i l i z i n g  th e  s h i f t  rea g e n t ,  2 ,2 ,4 ,4 - te tra m e th y lh e p ta n e -

3 ,5 -d io n e  Europium I I  complex.

xE u ŸGH_ 0" '0 GH_
I 5 II “  II I 3

GĤ  — G — G — G — G — G — GĤ

GĤ  ^ GĤ

When 6 ,7 -b e n z o b ic y c lo [3 .2 .l]o c t-6 -e n -3 -o n e  ( ^ )  (0 .025  g) in  

0 .25  ml o f  GGlj  ̂ and 0 .050 g o f s h i f t  rea g e n t were used, th e  nmr
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spectrum  (F ig . 18a) showed a  s h i f t  o f  th e  fo u r  a lp h a  hydrogens 

dow nfield  from th e  rem ainder o f  th e  m olecule and a ls o  c le a r ly  

se p a ra te d  th e  two exo and two endo hydrogens. The assignm ent 

was made as  b e fo re  w ith th e  p a ir  o f  d o u b le ts  (now c le a r ly  seen) 

a ssig n ed  to  th e  exo hydrogens, w hile th e  d o u b le t showing th e  la rg e  

gem inal co u p lin g  was a ssig n ed  to  th e  endo hydrogens. în e  endo 

hydrogen, as  can be seen , i s  now f u r th e r  dow nfield  which i s  as 

expected  when compared w ith  th e  analogous t - b u ty l  cyclohexanone.

When th e  d id e u te ra te d  ketone spectrum  (F ig , 18b) was taken  

w ith  s h i f t  reagent i t  was c le a r ly  seen t h a t  th e  exo hydrogens had 

been e s s e n t ia l ly  t o t a l l y  d e u te ra te d  and th e  endo d o u b le t had 

c o lla p se d  to  a  s in g l e t  a s  expected .

The nmr spectrum  o f t - b u ty l  cyclohexanone (O .05O g) w ith

0.10 g o f  s h i f t  reagent in  O.5O ml o f  GCl̂  ̂ showed a s e p a ra tio n  o f 

peaks in to  th re e  groups (F ig . 13 a). The u p f ie ld  peak (9H) t - b u ty l  

a t  0 .32 ppm, a  s e t  o f  peaks (_$H) around 2 .7  ppm and a m u lt ip le t  

(2H) a t  6 .64  ppm and a d o u b le t (ZH) around 7 .66  ppm. The down­

f i e l d  d o u b le t was assigned  to  th e  e q u a to r ia l  hydrogens (as  

r e c e n t ly  a ls o  shown w ith  an y tte rb iu m  s h i f t  reagent^^) w hile th e  

more h ig h ly  coupled  u p f ie ld  m u lt ip le t  was assig n ed  to  th e  a x ia l  

hydrogens. These h ig h ly  coupled a x ia l  hydrogens have both  gem inal 

and d i a x i a l  c o u p lin g  as  w ell as l e s s e r  long range co u p lin g s . The 

appearance o f th e  dow nfield  d o u b le t in  F ig u res  18a and 13a shows 

th e  s im i l a r i t y  o f  th e  e q u a to r ia l  cyclohexanone hydrogens w ith  th e  

endo b i c y c lo [ 3 .2 . l ]  hydrogens. This c le a r ly  s u b s ta n t ia te s  th e
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assignm ent o f  th e  exo and endo hydrogens in  th e  b ic y c lo [3 .2 . l ]  

ketone system s.

As seen in  th e  spectrum  o f th e  d id e u te ra te d  t - b u ty l  c y c lo -  

hexanone th e  a x ia l  hydrogens a re  g r e a t ly  d im in ished  w hile th e  

e q u a to r ia l  d o u b le t has c o lla p se d  to  a  s in g l e t  (F ig . 13b). The 

in te g r a t io n  over th e se  s ig n a ls  showed about 5 tim es as many 

hydrogens in  th e  e q u a to r ia l  p o s i t io n  as  in  th e  a x ia l  p o s it io n  

acco u n tin g  fo r  a t o t a l  exchange o f abou t 2 .5  hydrogens
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V I I . SUMMARY

The r a t e s  o f th e  b a se -c a ta ly z e d  hydrogen-deuterium  exchange 

o f  th re e  ty p es  o f  b ic y c l ic  ke to n es , namely th e  [ 3 . 2 . I ] ,  [ 2 . 2 . 2] ,

[ 2 . 2 . 1 ] ,  and those o f  two model c y c lic  k e to n es , i . e . ,  cyclohexanone 

and t - b u ty l  cyclohexanone have been de term ined  by means o f an 

nmr method. Exam ination o f th e  d a ta  le d  to  th e  fo llo w in g  co n c lu -

(a )  The r in g  s t r a in  in h e re n t  in  c e r t a in  b ic y c l ic  ke tones 

such as b ic y c lo [2 .2 .l ]h e p ta n -2 -o n e  and b i c y c lo [ 2 .2 . l ] -  

h ep t-5 -en -2 -o n e  p rev e n ts  f u ^  c o n ju g a tio n  o f th e  neg­

a t iv e  charge and th e  carb o n y l group, th u s  g r e a t ly  

r e ta rd in g  th e  r a t e s  o f  hydrogen-deuterium  exchange

in  th ese  system s.

(b ) The s te r e o s e le c t iv e  hydrogen-deuterium  exchange ex h i­

b i te d  by some o f th e  b ic y c l ic  and c y c lic  ketones 

s tu d ie d  can be ex p la in ed  by th e  th eo ry  o f s te r e o -  

e le c t ro n ic  c o n tro l ,  f i r s t  in tro d u c ed  by Corey.

(c )  The e x te n t  o f  hom oconjugative s t a b i l i z a t i o n  in  e n o l­

a te  an io n s appears to  be n e g l ig ib le .  On th e  o th e r  

hand, weak antihom oarom atic d e s ta b i l i z a t io n  e f f e c ts  

a re  e v id e n t .
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