
. )

[Rcprinted lroo the Journel of the Amcriceo Cbemicel Society,90,639 (196t).1
Copyright 1968 by tbe Aocricao Cbemicel Society rod reprintcd by permitsion of tbc copyright orocr.

Hindered Rotation in Substituted
Paracyclophanes

George M. Whitesides, Beverly A. Pawson, and Arthur C. Cope



Hindercd Rotat ion in Subst i tuted Paracvclonhuucs'

George NI .  Whi tes ides,  Bever lv  A.  Pawson, , ro  and Ar thur  C.  Cope: r ,
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. \bst ract :  The r i t tes  and act ivat ion pa l i lmeters  descr ib ing the in terconvers ion of  enanr ionrers  o l '  l5 -orat r icyc lo-
[ u .2 .2 .1 i ; ] pen tadeca - -1 .6 .10 ,12 .13 -pen t l t ene - l l . l 3 - r / . :  ( 3 )  ( 8 ,  :  l l . l  - r  0 .3  kca l imo l ,  . . 1  :  l 0 t . j i : 0  3  sec - r ) ,  b i cyc lo -
[ 8 . 2 . 2 ] t e t r a d e c a . l 0 , l 2 . l 3 - t r i e n e . . l , 7 . d i o n e - 3 . 3 . 5 . 5 . 6 . 6 . 8 ' 8 . l l , l 3 . c / , o ( 4 ) ( E , : 9 . 3
sec - t ) ,  t r uns -b i cyc lo [8 .2 .2 ] t e t radecu -5 .10 .12 .13 - te t raene -4 .7 -d ione -3 ,3 ,8 .8 .11 .13 -c l , ;  ( 5 )  (E ' ,  :  l l . 2  *  0 .5  kca l imo l ,
. 1  -  l 0 r : r  r - r ) : ' sec - r ) .  und  l r a r r . r - b t cy ' c l o [8 . J .2 ] t e t radecu - -5 .10 .12 .13 - te t ruene -3 ,3 .5 .6 .8 ,8 .1 l . l 3 - r4  Q)  (E "  :  13 .4  -
0 .7  kca l 'mt )1 ,  .^ l  :  l0 r : r? : r r  ;  sec- r )  h : . tve been measured us i r rg  nmr spcct roscop.v .  These datar  prov ide an ins t ruc-
t i ve  exump le  o l '  t he  i n t l ue r t ce  o f  s t r uc tun r l  v ' a ru r t i on  on  t he  ra tes  o t 'med ium- r i ng  con l i r rma t ron i t l  i somer i za t i on
i t nd  i t  p r i t c t r c l l l  check  on  t l r c  p rec i s i on  o l ' k i ne t i c  l r nu l - vs i s  o l ' sp in - cou l t l e r l  nmr  spec t r i r .

T h .  c o n f o r n u t t i o n a l  u n a l y s i s  o t '  m c c l i u n r - r i n g  c v c l o -
I  u l k a n e s  h u s  c o n t r i b u t e c l  e x t e n s i v c  a r n d  u s c [ u l  i n -

fo rmat ion  Lo  the  s tudy  o f '  the  in f lucnce o f '  nonbondcc l
in te rac t ions  ur rc l  b t tnc l -ang lc  de fbr r l l t ions  on  the
p r o p e r t i e s  o t -  o r g a n i c  n r o l e c u l e s . ' r  O i  t h e  a v i r i l a b l c
spec t roscop ic  techn iques .  nuc leur  n tagnet ic  reson i incc
has  proved to  be  the  bes t  su i ted  tb r  the  d i rec t  e ranr ina-
t i o n  o f  t h e  c o n f i r r n t a t i o n s  o f  t h i s  c l a s s  o f  c o m p o r r n d s
in  so lu t ion .  The n ln r  spec t ra  o f  these rna ter ia ls  a re

( l )  T h i s  r e s e l r c h  \ ! ' a s  s u p p o r t e d  b y  t h e  N a t i o n a l  s c i c n c c  F o u n o . r r l o n
( G P  2 0 1 8 )  a n d  t h e  A r n r y  R c s c a r c h  O t t i c c  l D u r h i t m )  ( D A - A R O ( D ) - l t -
l l . l - G - . 1 0 4  l r r d  D A - A  R O (  D ) - 3 1 -  I  l - l - 4 3 5 ) .  C a l c u l a r i o r r s  w c r e  c a r r i c d
o u t  i n  p i r r t  i r t  t h c  M a s s a c h u s e r t s  I n s t i t u t c  o f  T c c h r r o l o g y  C o m p u u r r i o r r
Ccntc r .  Cambr idgc .  t l l uss .

( l )  ( a )  N a t i o n a I  I r r s r i t u t c s  o t '  H c a l t h  P r e d o c r o r a l  F e l l o r v ,  l 9 6 i - 1 9 6 6 :
( b )  d e c e a s e d  J u n c  4 .  1 9 6 6 .

( 3 )  F o r  r c c c t l t  e x a m p l e s  a n d  r c f e r c n c c s  s c c  ( a )  J .  B .  H c n d r i c k s o n . . / .
. 4 n r e r .  C ' h e n r .  S o c . .  8 6 . . 1 8 5 . 1  ( 1 9 6 4 ) ;  ( b )  K .  B .  W i b e r g ,  i b i d . ,  E 7 , l 0 i 0
( 1 9 6 - s ) ;  ( c )  M .  S a u n d e r s ,  T e r r u h e d r o n  2 3 ,  l l 0 5  ( 1 9 6 7 ) ;  ( d )  N l .  B i x o n .
H.  Dekkcr ,  J .  D .  Dun i tz ,  H .  Escr ,  S .  L i fson ,  C.  Mossc lmau.  J .  S icher .
and ! I .  Svoboda,  Chem.  Cot r t r t t t t t r . ,  360  (1967) ,  and re t t rences  there in :
(c )  A .  C.  Copc,  M.  M.  Ml r r in .  and M.  A .  l v lc l (e rvey ,  Quar t .  Ret .
( L o r t d o r r ) ,  2 0 .  l l 9  ( 1 9 6 6 ) ;  ( f )  J .  S i c h c r ,  P r o g r .  S t e r e o c l t e n t . .  3 .  : 0 1
(  1 9 6 2 ) :  ( g )  l l l .  H l r u r c k .  " C o u t b r m a t i o r r  T h c o r y , "  A c l d c r r r i c  P r e  s s
I r tc . ,  Nerv  Y t - r rk .  N .  Y . ,  1965,  p  164 l I ;  ( t r )  J .  Dr r lc ,  . l r tgaw.  ( ' l tan t .  I t t t ( : rn .
I : c l .  E t ts l . ,5 .  100( )  (  1960) .

u s u a l l y  v e r y  c o n r p l i c a t e d ,  a n d  i n  r n a n y  i n s t a n c e s  i t  h a s
been nrore  conven ien t  to  inves t iga te  the  s imp ler  spec-
t r a  o t '  a p p r o p r i a t e l v  s u b s t i t u t e d  m e d i u m - r i n g  c o l ' n -
p o u n c l s  t h u n  t h c  n t o r e  c o r n p l e x  s p e c t r a  o f  t h e i r  u n -
s u b s t i t u t e c l  p i . r r e n t s .  I n  c o n s e q u e n c e .  a  n u m b e r  ( ) t
rcccn t  inves t ig l r t i ( )ns  huv 'e  re l ied  in  par t  on  nmr  mei . r -
s u r e m e n t s  o t ' t h c  r a t e s  o f  i n t e r c o n v e r s i o n  b e t w e e n  c o n -
fo rmcrs  o f '  subs t i tu tec l  cyc l i c  hvdrocarbons  to  p rov idc
deta i led  in fo rnra t ion  concern ing  no t  on ly  the  s t ruc tu res
of these nrater ia ls thenrselves.  but also by inference in-
fo rmat ion  concern ing  the  s t rL lc tu res  o f  the i r  unsub-
s t i tu ted  ana logs . { ' ;  The in te rpre ta t ion  o f  these s tud ics
has  been compl ica ted  by  d i l l i cu l t ies  in  i so la t ing  thc
effects of  the subst i tuents on the rates,  and by uncer-
ta in tv  concern ing  the  ex ten t  to  wh ich  the  subs t i tuenrs
are  capab le  o f  in f luenc ing  the  geomet ry  o f  the  con-

(4 )  Fo r  exa rnp les ,  sec  (a )  J .  E .  Andc rson ,  Quur t .  Rec .  (Londor r ) ,  2 ( ) .
416  (1965) :  F .  A .  L .  Anr ' r  and  M.  S t .  Jacques .  J .  An te r .  Chem.  Soc . .
88 .  2586  (1966) ;  ( c )S .  L .  Spassov ,  D .  L .  Gr i f f i t h ,  E .  S .  G lazc r .
l ( .  Nagara j l n ,  and  J .  D .  Robcr rs ,  i b id . ,89 ,88  (1967) ;  (d )  J .  D .  Robcr rs .
Cl tetr t .  Br i t . ,  2,  -s19 I  196(r) .

(5 )  G .  B insch  ; . r r r r l  J .  D .  Robcr t s .  J .  , ' l t t t a r .  Char t r .  . \ ' oc . .  E7 .  5 l - s7
(  I  965 ) .

l l ' l t i tc ' .snfut ,  l ' t t r r ' . t , ,n.  Cot t t '  i  l l i ru lcr t t l  l i l t tLt t i r t t t  i t t  . \u l t . t t i t t t tcd Puructcktnl t t t t t t ' . t
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F i g u r e  J .  A r r h e n i t r . s  p l o t s  l b r  c o m p o u n d s  3  ( C ) . 4  ( l ) . 5  ( V ) .  a n d
7  (  ) .  F i l l ed  po rn ts  re l ' e r  to  mcasuremcn ts  tb r  a l i pha t i c  p ro to r l s :
ru r r t i  l l cd  l )o in ts  to  mcas l l remcn ts  l b r  a romar i c  p ro tons .

Arrhc 'n iL rs  p l t - r ts  a re  shown in  F igure  - { .  In  contpounds
4 . 5 ,  a n c l  7  t h e  p o i n t s  c o r - r ' c S p t ) f l d i n g  t o  r a t e s  c a l c u l a t e d
I ' rom the  a l iphat ic  s i -ena ls  t 'e l l  on  the  same s t ra igh t
l ines  rs  those der ived  l ' rom the  aromat ic  reg ion .  The
act i \a t ion  p i l rameters  repor ted  in  Tab le  I l  a re  based
( ) n  n  l e a s t - s q L r a r e s  a n a l v s i s  ( ) t ' t h e  A r r h e n i u s  e q u i . r t i ( ) n
I 'o r  u l l  t l t ' t l te  u r  u i l l tb le  no i r - r tS  t ' r ) r '  e i . rch  conr  D( )und.

l ) iscussion

I n  o r c l e r  t o  i n t c r p r c t  t h c  c l a t a  i n  T u b l c  l l .  i t  i s  f i r s t
necessarv  t0  t l c f ine  l i l r  euch con lpour rd  thc  na ture  o f  thc
c o n f b r m u t i o n u l  c h u n g c s  w h i c h  a r e  i n f l u e n c i n g  t h c
s p e c t n r .  E x l n t i n a t i o n  o t '  r n o l e c u l a r  n r ( ) d e l s  i n d i c a t e s
tha t  thc  on ly  rcasonab le  c ( )n f  o rmat ions  t 'o r  the  cyc lo -
p h a n e s  e x a n l i n e d  i n  t h i s  w o r k  a r e  t h o s e  a n a l o g o u s  t o
l ;  t h a t  i s .  c o n t i r r n r i r t i o n s  i n  w h i c h  t h e  t o u r  b r i d g i n g
i . r t ( )ms C, , -C,  rouqh ly  de f ine  u  p lane para l le l  to  the  p lanc
o t ' t h e  b e n z e n e  r i n g .  T h e  l c n g t h  o f  t h e  b r i d g i n g  c h a i n  i n
t h e s e  c o m p o u n d s  i s  s u f l i c i e n t l v  s h o r t  t h a t  m o r e  c o m -
p i i c a t e d  c o n f o r m a t i o n s ,  i n v o l v i n g  f o l d i n g  o t '  t h e  c h a i n .
need no t  be  cons idered.  ln  cont 'o rnra t ions  s imi la r  to  1
t h e  t w o  p r o t o n s  o f  e u c h  b e n z y l i c  o r  a l l y l i c  m e t h y l e n e
group are  expec ted  (and observed)  to  be  magnet ica l l y
n o n e q u i v a l e n t  b y  v i r t u e  o l '  t h e i r  d i s t i n c t  g e o m c t r i e s
re la t i ve  to  the  unsatura ted  groups  in  the  molecu les .
On ly  conv 'e rs ion  o f  one enant iomer  in to  the  o ther  b .v
ro ta t ion  o [  the  br idg ing  carbon cha in  th rough the  loop
of  the  r ing  ( la  *  lb )  can  comple te lv  average the  en-
v i r o n m e n t s  o i  t h e s e  m e t h y l e n i c  p r o t o n s . ;  H e n c e .
examinat ion  o f  the  shapes o f  the  n le thy lene resonances
in  the  tempera ture  reg ion  in  wh ich  these l ines  undergo
exchange broaden ing  permi ts  a  de terminat ion  o f  the
ra te  o f  in te rconvers ion  o f  enant iomers .

The two aromat ic  p ro tons  are  a lso  nragnet ica l l v '
nonequ iva len t  in  each enant iomer .  However .  averag-
i n g  o f  t h e  n o n e q u i v a l e n c e  o f  t h e s e  p r o t o n s  c a n  i n
pr inc ip le  occur  by  e i ther  o t '  two processes :  in te rcon-
v ' e r s i o n  o I  e n a n t i o m e r s  o r  r o t a t i o n  o f  t h e  p h e n y l  g r o u p
i t s e l i  t h r o u g h  t h e  l o o p  o f  t h e  b r i c i g i n g  c h a i n  ( 8 a  =
8 b ) .

A  compar ison o t '  the  ra tes  o t '  in te rchange o l  the
pheny l  and nre thy lene pro tons  shou ld  permi t  a  de ter -
n r ina t ion  o f  the  ra te  o f  ro ta t ion  o t '  the  phenv l  g roup
through the  loop o f  the  r ing  re la t i re  to  the  ra te  o t '
t h e  c o r r e s p o n c l i n g  r o t a t i o n  o f ' t h e  b r i d g i n g  a l k y l  c h a i n .

=t' ='&'
The observa t ion  tha t  thc  ra tes  ob t t ined  f ronr  indc-

pendent  l ine-shape rneasurements  o f  the  a l iphat ic  anr i
a ron la t i c  reg ions  o f  the  spec t ra  o f  compounds 4 .  5 .
a n d  7  t ' a l l  o n  t h e  s a m e  s t r a i g h t  l i n e  ( F i g u r e  4 )  i n d i c a t c s
immedia te ly  tha t  the  ra tc  o t '  ro ta t ion  o f  the  phenr  I
g roup is  s low compared t t l  thc  cor respond ing  ro r l t i . r r r
f o r  t h e  a l i p h a t i c  p a r t  o f  t h e s e  c o m p o u n d s .  l f  t h c
rurtes of  the two processes had been cornparable.  then
t h e  p h e n y l  p r o t o n s  w o u l d  h a v e  a p p e a r e d  t o  b e  c \ -
c h a n g i n g  m o r e  r a p i c l l y  t h a n  t h e i r  a l i p h a t i c  c o u n t e r p i r r t s .
because bo th  t ! 'pes  o l '  con t -o rnra t ic lna l  in te rconrc rs i , r r r
can  cont r ib r , r te  to  the  l ine  shapes to r  the  phenv l  hyc l ro -
g e n s .  b u t  o n l v  i n t e r c o n l e r s i o n  t l t ' e n a n t i o m e r s  q s p  e t ) r ' r -
t r i b u t e  t o  t h e  b r o a d e n i n g  o f  t h e  a l i p h a t i c  r e s o n a n c e s .

T h e  c o n c l u s i o n  t h a t  t h e  p h c ' n y l  g r o u p  o f  c o n r p o u n r l '
4 . 5 .  a n d  7  e t l e c t i r e l v  d o c s  n ( ) t  r o t a t e  c a n  p l a u s i b l y  b c
ex tendcd to  the  benzer re- f 'u ran  d imer  3 .  fo r  wh ich  n , r
independent  measurenrent  t r f -  thc  ra te  o [  in te rchange
o l '  the  nre thy lenc  pro tons  w i . rs  car r ied  ou t .  Thus ,  t l r c
r e l a t i v c  r i r t e s  g i v e n  i n  T a b l e  I I  r r c  t a k e n  t o  b e  t h e  r c l r r -
t i r c  r i r t c s  t o r  t h e  i n t e r c o n v e r s i o n  o t ' e n a n t i o n r e r s  l r ) r '
c u c h  o l '  t h e  c o m p o u n c l s  c x u n r i n c c i .

Thc  re l ; . r t i re  ru r tes  repor tcd  in  T lb le  I I  a re  d i f l i c r r i t  t , r
ra t iona l i ze  in  te rms o t '  the  de ta i led  s t ruc tu res  o t '  t l re
con lp ( ) r rnds  inv r l l lec [  and suggest  tha t  no  s ing lc  s t rue  -

tu ru l  p : i rameter  i s  o t '  p redonr inant  impor tance rn
d e t e r m i n i n g  t h e  c a s e  w i t h  w h i c h  t h e s e  i n t e r c o n ! ' e r s i o r r s
t a k c  p l a c e .  T h e  m o s t  o b v i o u s  s t r u c t u r a l  r e q u i r e m c r r t
i n  t h e  h i g h - e n e r g y  i n t e r m e d i a t c  c o n f o r m a t i o n s  i n v o l r  c t i
i n  t h e  i n t c ' r c o n v ' e r s i o n  o t '  e n a n t i o r n e r s  i s  t h a t  o f  n r i r r  r -
r n i z i n g  t h e  n o n b o n d e d  r e p u l s i o n s  b e t w e e n  t h e  a r o n r i i t ; , :
r i n g  a n d  t h e  a t o m s  d i r c c t l y  o p p o s e d  t o  i t .  T l t c . e
in te rac t ions  are  su fhc ien t ly '  un t 'uvorab le  to  d is to r t  t i r c
a r o r r a t i c  m o i e t , v  f r o m  p l a n l r i t v  i n  s t r u c t u r a l l y  r e l l r t e  , l
c o m p o u n d s . ' b i l  a n d  w i l l  u n c l o u b t e d l y  b e  m o r e  L l n -
f  r . r v o r a b l c  w h e n  t h e  b r i d g i n g  e r o u p  i s  r o t a t e d  S o  t h u t  t t .
hv 'd rogcn a toms are  d i rec tcd  toward  the  r ing .  Thc
s t ra in  in t roduced in  ro ta t ing  the  a lky l  cha in  cou l r t
p laus ib ly  be  par t ia l l y  re l ie re . l  by  spread ing  the  C-C- ( '
bond ang les  a t  Cr ,  C1,  C; .  anc i  C l .  The ten fo id  r l t r
inc rease observed on  rep lac ing  the  a l l y l i c  n te thy  lenc
g r o u p s  o t '  7  w i t h  k e t o n e  g r o u p s  ( 5 ) ,  w i t h  t h e  a t t e n d a n t
i n c r e a s e  i n  t h e  C ,  a n d  C ;  b o n d  a n g l e s .  i s  i n  q u i l l i t a t i r c
asreement  w i th  the  idea tha t  ang le  s t ra in  a t  these i l ton t :
mav have an  impor tan t  in f luence on  the  ra tes  o t '  t i t c
in te rconvers ions .  However .  i t  i s  c lear  tha t  t r thc r
s t ruc tu r ; . r l  tea tures  are  a t  leas t  us  impor tan t  in  de  te  r -
r n i n i n g  t h e  r a t c s  a s  u n g l e  s t r l t i n .  F o r  e x a m p l e .  s r i t -
lu ra t ion  o t ' the  do t rb lc  b t tnd  t t l -  5  inc reases  the  ra te  [ - r - r  ,L
t 'ac to r  t ) t '  :0 .  Apparent l l ' .  the  inc reased bu ik  o l '  th - '
cen t r i t l  n rc thy lenc  groups  ln  . l  t s  compensated  br  . r r r
i n c r e a s c  i n  t h e  l l e x i b i l i t y  o t '  t h e  c h a i n .  E v e n  s h o r t e  n  t r t  u
the  length  t ' r f  the  br idg ing  cha in  (7  -  3 )  does  Dot  pc ' l '  i r '
i n c r e a s e  t h e  b a r r i e r  t o  r o t L t t i o n . t ;  I n  s h o r t ,  a l t h o u g i r

l.
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( l , l )  B .  H .  S m i t h .  " B r i d g c d  A r o n r a t i c  C o m p o u n d s . "  A c a d c m i c  P r : . .

I n c . ,  N u r  Y o r k .  N .  Y . .  1 9 6 1 ,  p  l 9 l  f t ' .

Journt t l  t t l  the.- lmer icun Cl temicul  S,rc ie1y |  90 ' - l  Jonuury - l l ,  l ( ) />,9
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i t  is  possible to rat ional ize the relat iv 'e rates of  Table I I
after the tbct, it would have been diff icult to predict
them beforehand. Relat ively srnal l  changes in struc-
ture c lear ly produce signi f icant changes in the rates
o f  con format iona l  in te rconvers ion .

The col inear i ty of  the rate plots f rom the analysis
o f  the  aromat ic  and a l iphat ic  reg ions  serves  another
usefu l  purpose.  t t  pernr i t s  an  enrp i r i ca l  compar ison
of thc accur i tcy oI  k i r ret ic i rn i t ly 's is of  a spin-coupled

[ (u)  n (p *  r ) ' ,  (p

(p *  r ) ' ) l r
-  r , )1 ,
0
0

* r)', (p - r)') x
(p' - r2)lr

- c Y a - @ - r ) t l r

0
0

AB-type spectrum with that  of  an uncoupled AB spec-
t rum.  r6  Wi th  the  ready  ava i lab i l i t y  o f  computers
and z rssoc ia ted  curve  p lo t te rs  k ine t ic  ana lys is  o f  sp in -
coup led  AB spec t r i r  has  become commonplace.  How-
c! 'er ,  the observed l ine-shape changes in the intermediate
exchange region in th is type of  spectrum are more com-
p l i ca ted  than those in  i rn  uncoup led  svs tem,  and i t  i s
no t  c lear  whether  l ine-shape ana lys is  in  these two types
of spin systems can in pract ice be carr ied out wi th
comparab le  accurncy .  In  the  prcsent  example ,  the
fac t  tha t  the  spec t ra  o f  the  aromat ic  reg ions  (approx-
imate ly  uncoup led  spec t re )  and the  a l iphat ic  reg ions
(coup led  spec t ra )  o f  compounds 4 .  5 ,  and 7  are  s imu l -
taneous lv  in f luenced by  the  same conformat iona l
p rocesses  prov ides  an  oppor tun i ty  to  compare  the
resu l ts  o f  independent  k ine t ic  ana lys is  o f  the  two types
of spectra.  This comparison is unlbrtunately less c lear-
cuL than i t  rn igh t  idea l l y  be ,  because the  iso top ic  im-
pur i t ies  in  the  aromat ic  reg ions  o f  these compounds
cornp l i ca te  the i r  l ine  shapes apprec iab ly .  Nonethe less ,
the two types of  analyses do lead to very s imi lar  resul ts
as  ev inced by  the  agreement  ob ta ined f rom the  two
spect ra l  re*g ions  a t  the  comnlon  tempcra tures  examined
(F igure  . l ) .17  Moreover ,  the  c lose  s imi la r i t y  be tween
the  va lues  o f  I  ob ta ined fb r  these compounds and the
high correlat ion coel l ic ients for  the corresponding
Arrhenius plots indicate that  these data are at  least
in te rna l l y  cons is ten t  and suggest  tha t  k ine t ic  ana lyses
of  l ine  shapes in  coup led  spec t ra  a re  o f  comparab le
accuracy  to  those o f  uncoup led  spec t ra .

Exper imenta l  Sec t ion '3

) {mr  spect ra  were taken of  approx imate ly '  l0 [  so lu t ions
carbon disulf ide. Theoreticai spectra were calculated using

(  l 5 )  I n  3 ,  t h e  o x y g c n  a t o m  r a t h e r  t h a n  t h c  C H : C H  g r o u p  i s  a l m o s t
cer ta in ly  thc  par t  o t ' the  fu ran  moie tv  wh ich  ac tua l l y  passes  th rough the
loop o f  the  r ing .  Her rce ,  e l im ina t ion  o t ' the  r ronbonded repu ls ions  be-
n v e e n  t h e  h y d r o g c n  a t o m s  o f  t h e  a l k y l  c h a i n  a n d  t h e  b e n z e n e  r i n g  i s
probab ly  impor tan t  in  exp la in ing  the  re la t i ve ly  low bar r ie r .  Note  a lso
t h a t  i n  t h i s  c o m p o u n d .  t h e  t w o  c o n i b r m a t i o n s  i n v o l v e d  i n  t h e  e q u i l i b r a -
t i o n  a r e  e n a n t i o m c r i c  o n l y  b y  v i r t u c  o t ' t h c  d e u t e r i u m  s u b s t i t u t i o n  o n
t h e  a r o m a t i c  r i r r g .

( 1 6 )  F o r  a  d i s c u s s i o n  o t ' t h c  a c c u r l c v  o t ' t h i s  s i m p l e r  t y p c  o f  k i n c t i c
l n a l y s i s ,  s c c  A .  A l l c r h a n d .  H .  S .  C u t o r v s k y ,  J .  J o n i r s ,  a n d  R .  A .  M c i n z c r .
J .  . 1 m e r .  C ' h e t n . . S o c . .  8 8 .  S l l i - s  (  1 9 6 6 ) :  F .  A .  L .  A r r e t  a n d  A .  J .  R .  B o u r t t ,
ib id . .  89 ,  760 (1961) .

( 1 7 )  I n d c p c n d c r r t  l c u s t - s q u a r c : i  a r u r l y s i s  o I  t h c  d a t a  t ' r o m  t h c  a l i p l t a t i c
and aromat ic  reg ions  o f  5  i r r - rd  7  gavc  va lucs  tb r  6 "  d i f fe r ing  by  appror i -
mar tc ly  0 .5  kca l  'mo l  f rom thosc  g ivcn  in  Tab lc  I [ .  The cor rc la t ion  coet ' -
f i c ien ts  lo r  thc  Ar rhcn ius  p lo ts  rvc rc  approx imatc ly  the  same i ts  those in
t h c  t a  b l c .

( 1 8 )  f v l c l t i n g  p o i n t s  r v e r c  t a k c n  o n  a  l ( o t l c r  h o t  s t a g c :  b o i l i n g  p o i n t s

are  uncor rec ted .  In t ' ra rcd  spcc t ra  wcrc  rccorded on  a  Perk in -E lmcr
\ t o d c t  1 3 7 8  g r a t i n g  s p c c t r o p h o t o m c t c r .  i V l i t s s  s p c c t r a  w c r c  m c a s u r c d

6.1-l

mod i f i ca t i on  o t '  A lexander ' s  equa t ions . t :  Fo r  an  AB sp in  sys rem
wi th  e igen func t ions

,
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The  l i ne -shape  l ' unc t ion  / ( c r )  can  be  shown as  in  eq  I  where  as  usua l r :
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ar :  i (ur  -  co)  *  l /7" : r  and the subscr ipt , t  refers to the observed
l ines in the AB spectrum. Here.  r '  is  the preexchange l i fet ime rn
sec,  c. l& is  the t requency of  the l th observed l ine in radians/sec.
and 7 ' : r  is  the re laxat ion t ime character iz ing that  l ine.  The l ines
are numbered consecut ively in order of  increasing l tequency.  te

Calculat ion of  the aromat ic region of  compounds 4,  5,  and 7
are carr ied out  b,v super imposing an AB spectrum wi th . /  :  ( )

and re lat ive arca 1.8 on an AB spcctrum wi th the same chemical
sh i t i s ,  hav ing  J  +  0  and  re la t i ve  a rea  1 .0 .  Th is  ra t i o  o f  a reas .
der ived l iom the mass spcctra l  analysis o l 'pxvlene-2.5-r l : ,  satrs-
tactor i l ' '  accounts lbr  the mixture ot ' isotopic species present.  No
correct ions were made tbr  isotopic impur i t ies in the al iphat ic  region.

p-Xl ' lene-2.5</ , : .  2.5-Dibromo-pxylene tvas converted in 6- l " l

; - ie ld into 1 l 'xy lene-2.5-dtby the Gr ignard reagent procedure in t rvo
success ive  s tcps . : r  The  nmr  spcc t rum showed  a  ra t i o  o f  benzy l r c
to  a romat i c  p ro tons  o f  2 . - lU  :  l ,  o r  33  " i  i nco rpo ra t ion  o f  deu te r tu rn
(based on two deuter tum atoms pcr molecule ot '  xy lene; .  Calcu-
la t i on  o t ' t hc  deu te r ium con ten l  l ' r om the  mass  spec t rum gave  4 . ( ) ' , ,

d, .29.3l i  r / r ,  and 66.6" i  4 ' .  t ' t

a- Ilromo-2- r ! ' lene-2.5-,/:. a- B romo-4xy lene- 2, 5-rl2 was preparcd

in 69' I l  yre ld by t rcatmcnt o l 'p 'xy lenc-2.5-d '  wi th N-bromosuccr l r -
imrde | t  i n  re t l ux ing  ca rbon  te t rach lo r rde .

N.N,N-Trimethyl-2-methy'lbenzy'lammonium-25-r/z bromide was

ob ta ined  in  93  [  c rude  y ie ld  by  t rea tmen t  o l '  an  e the r  so lu t i o r r  o t

cr-bromo-pxylene-2.5-c l . r  wi th t r imcthylamine.  The product  was

used in the cross-dimer izat ion rv i thout  l 'ur ther pur i f icat ion.

l5-Oxatr icyclo[8.2.2.  I  r '7 ]pentadeca{,6,  10,  12.13-pentaene'  I  l .  I  3-

ct . t  (3 ' t .  The preparat ion and cross-dimer izat ion of  N,N'N-tr i -

methyl-p-methylbenzylammonium-2.5- l !  hydroxide and N,N.N'

t r imethyl-5-methyl l 'ur t 'ury lammonium hydroxide were carr ied out

as previously descr ibed.6 'E The product  (12.7 g,  2O%) had mp

66.5-67.0 ' ( l i t . r "  mp 68-68.5 ' ) .  The deuter ium content .  calculatecl

f rom the mass spectrum. was 3.67;  d ' . .30.2% c/r '  and 66.2f t  4, .2t

Bicyclo[8.2.2]tetradeca-10.12.1]triene-|,7'dione</ro (4). The

benzene-furan dimer 3 (  l0 g)  was t reated as descr ibed previouslyob

with acet ic  acid- l - r / ,  sul fur ic  acrd.  and deuter ium oxide.  Re-

crystall ization of the crude product from 95 9l ethanol afforded

7 .2  g  (6S%)  o f  co lo r lessc rys ta l s .  mp  160- l6 l  "  ( l i t . t b  mp  154-154 .5  ) :

o1 a  H i rach i  Perk in -E lmcr  Modc l  R! {U-6D mass spec t rometer .  Vapor

pherse  chromatograph ic  ana lyses  rvere  per fo rmed on an  F  & M Modc l

720 gas  chromatograph w i th  he l ium as  c l r r ie r  gas  us ing  a  f low ra tc  ( ) t

I  cc , ,sec .  Nmr  spec t ra  were  taken a t  60  MHz on a  Var ian  A '60  spcc-

t romerer ,  equ ipped w i th  a  V-6040 var iab le - tempcra ture  probe and cor r -

t ro l le r .  Sweep rv id ths  were  ca l ib ra ted  us ing  a  Krohn-Hi te  Mode l  4 -s ( )

pushbur ton  osc i l la to r .  Deuter ium-dccoup l ing  exper iments  wcre  car -

i i .d  our  us i r rg  an  NVIR Spec ia l t ies  l lode l  HD-60A decoup ler .  Ca i i -

b rar ion  o f  the  tempcra turc  cont ro l l c r  \ v i l s  i l ccompl ished by  measur ing

peak separa t io r rs  in  a  rnc thano l  o r  e thv lcnc  g lyco l  sample .

{ 1 9 )  T h i s  m e r h o d  i s  n o t  t h e  m o s t  c t i r c i e n t  i n  t e r m s  o f  c o m p u t e r  t t m c

l o r  c a l c u l a t r p g  A B  s p c c i a l  l i n c  s h a p c s ;  h o w c v e r  i n  t h i s  i n s t a n c e  i t  r i t

Cor r l , cn icn t ly  i l to  thc  fo rnr i t t  o t ' i t  p rogr i t rn  l to rmal ly  used fo r  a  So l l l c -

*  h a t  d i t l ' c r c r t t  t v p c  t r t '  c i t l c t t l i t t i o n .  r ' '

( 1 0 )  R ,  l ( u t r o .  . \ t r o t ' o  L - i r n e n t o  S r t p p i . ,  6 .  l 0 6 l  ( 1 9 5 7 ) ;  R .  A .  S a c L ,

, V o l .  P h ) ' s .  l .  t 6 l  ( l 9 5 i l ) .  F o r  e x i t r n p i c s  s c c  G .  M .  W h i t c s i d e s  a n d  J -  S .

F lcmi r rg ,  J .  .1mer .  Chem.  Sr . rc . .  89 .  :855 ( l9 f i7 ) ,  and re t t renccs  therc i r l .

( 2 1 )  L .  1 1 .  p .  W c l d o n  a n d  C .  L .  W i l s o r t '  J '  C h e m '  S o c . '  2 3 5  ( 1 9 4 6 ) '

(22)  K .  B icmann,  " l lass  Spect romct rv -Organ ic  Chemica l  App l ica-

t ions . "  Mccrarv -H i l l  Book  Co. .  I r rc . .  Nerv  York ,  N.  Y . .  1962,  p  223 t l "

Mass  spec t ra  repor tcd  herc  wcre  taken . t t  9 -eV ion iz ing  vo l tage.  A t

t h i s  p o t e n t i a t  t h e  M  -  I  p e a k  w a s  n e g l i g i b l c '

(13)  W.  Qv is t .  . ' l c ta  . | cad .  ' l boensrs  . l la th -  PAls . ,  [8 ,  7  (1952) .

'?'rr,r') (l) (l)
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