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Summary.

Conf orm ational A n a ly sis  by ITuolear Magnetic Resonance Spec tro sco n y .

N uclear m agnetic resonance sp ectroscop y  i s  a powerful and v e r s a t i l e  

sp e c tro sco p ic  technique and n ovel a p p lic a tio n s  are c o n tin u a lly  being  

d ev ised  fo r  i t .  This t h e s is  concerns the a p p lic a tio n  o f "n .m .r,"  spec: 

jtro sco p y  to  the study and d e f in i t io n  o f both the time dependent and 

the time independent three d im en sional geom etries of organic m olecules  

in  s o lu t io n .

The purposes o f th is  t h e s is  are (a ) to  e s t a b l i s h  the concep tual back: 

iground to  both n .m .r . sp ectroscop y  and conform ational a n a ly s is  and 

hence to  r e la t e  the two f i e l d s ,  (b) to  review  in  vary in g  depth the pub: 

s lish e d  r e s u lt s  in  those areas o f chem istry which have been ventured  

upon in  the current research  and (c )  to  p resen t the r e s u lt s  and con clu s:  

:io n s  o f the current s t u d ie s .

To th ese  ends, n .m .r . sp ectroscop y  i s  f i r s t  b r ie f ly  review ed and the 

areas o f major to p ic a l  in t e r e s t  touched upon. As n .m .r . sp ectroscop y  i s  

a p r e c is e ly  m athem atical s u b je c t , the th e o r e t ic a l  a p p lic a tio n s  la te r  

employed are b r ie f ly  o u t lin e d . The thermodynamic c o n s id e ra tio n s  r e le v e n t  

to  conform ational a n a ly s is  are then review ed and th is  i s  fo llo w ed  by 

a d is c u s s io n  o f the a p p lic a t io n  o f n .m .r . sp ectroscop y to d e ta ile d  con: 

ifo rm a tio n a l a n a ly s is .

The current s tu d ie s  in v o lv e  rev iew in g  two d is c r e te  f i e l d s  o f conformat: 

l io n a l  a n a ly s is .  F i r s t ly ,  n .m .r . s tu d ie s  o f conform ations in  medium 

r in g  compounds are review ed in  depth . The r e s u lt s  o f a study o f syn—

3 , 7-d ib r o m o -c is , c i s - c y c lo o c t a - 1, 5-d ien e  are recorded in  which a d e fin :  

s i t iv e  statem ent of the s o lu t io n  conform ation ( in  chloroform ) o f th is  

m olecule i s  p o s s ib le .  The c o n s is te n c y  o f the data  from oth er techniques  

r e la t in g  to  th is  conform ation i s  remarked upon and the s im ila r i t y  to  

the s o l id  s ta te  conform ation determ ined (F .3 . N ilso n , Ph.D. t h e s i s ,  

U n iv e r s ity  o f Glasgow, September 1971) "by an X—ray study i s  deduced.



Secondly , the v a s t  f i e l d  of n .m .r . s tu d ie s  in  conjugated system s i s  

sketched  r e la t iv e ly  b r ie f ly  before the few r e s u lt s  r e la t in g  to arom atic 

system s are d e t a i le d ,  dork on 9~ni^ ro so , and 9“^ormy lj u lo l id in e  r o ta tio n ;  

: a l  b a r r ie r s  fo r  the !9 ’ group are then iDresented. E xten sive  e le c tr o n  

d e lo c a l is a t io n  i s  observed from the n itro g en  atom of the q u in o liz ia in e  

u n it  in  th ese  compounds to  the ?3 * group and th is  i s  comparable to , or 

in  e x ce ss  o f , th a t observed in  p a r a -su b stitu te d  d im e th y la n ilin o s . The 

r o ta t io n a l  b a r r ie r s  fo r  the dimethylarnino fu n c tio n  in  three p a r a -s u b s t i t ; 

:u ted IT, IT-di me thy la n i l in e s  are then rep orted  and a Hammett c o r r e la t io n  

between them i s  su g g ested . In th is  manner, an estim ate  o f the r o ta t io n a l  

b a r r ie r  fo r  the dime thy larnino fu n c tio n  in  IT, TT-dime thy la n i l in e  i t s e l f  i s  

p resen ted . Upon th is  b a s is  and upon r e s u lt s  published  fo r  s tu d ie s  of 

a z ir id in e  in v e r s io n  b a r r ie r s , an e stim a te  of the resonance energy in  

d im eth y la n ilin e  i s  su ggested  at 10 -  -1 k c a l./m p le .

The n ecessa ry  p r a c t ic a l  d e t a i l s  o f th is  work are then o u t lin e d . The im: 

sportance o f computing f a c i l i t i e s  in  th is  work i s  made in  the appendices  

and an o r ig in a l  coding o f a l e a s t  squares method due to  U .S. Uentworth 

(j.C h em .E d ., 1965*42*96) i s  in c lu d ed .

P u blished  papers on t h is  work are then appended.



In tro d u ctio n .

The b a s is  o f the n u clear  m agnetic resonance (n .m .r .)  method i s  

now fa m ilia r  to every  sen io r  undergraduate chem istry s tu d en t, and in :  

jdeed in  many in s ta n c e s , p r a c t ic a l  experience o f  n .m .r . spectrom eters  

i s  an in te g r a l  part o f th e ir  course o f  s tu d ie s .  In t h is  r e s p e c t , n .m .r . 

sp ectroscop y  jo in s  in fr a -r e d  and u lt r a -v io le t -  sp e c tro sco p ie s  in  being  

p resen ted  p r a c t ic a l ly  a t the undergraduate l e v e l .  In ach iev in g  t h i s ,  

co n sid era b le  d isad van tages o f  p r ice  and com plex ity  o f  in strum en tation  

have been overcome. S ig n i f ic a n t ly ,  'b en ch -top ' n .m .r . spectrom eters  

have r e c e n t ly  been announced and i t  i s  on ly  to  be expected  th a t such 

a teach in g  and gen era l purpose to o l  w i l l  soon make i t s  appearance in  

many undergraduate la b o r a to r ie s .  There can be l i t t l e  doubt, consider: 

s in g  the scope o f n .m .r . sp ectro sco p y , th at t h is  move w i l l  on ly  be to  

the s tu d e n t's  advantage.

I t  i s  hoped th a t the power o f the n .m .r . method w i l l  be amply 

dem onstrated in  the work review ed in  th is  t h e s i s .  However, only  a few  

o f  v ery  many a p p lic a t io n s  w i l l  be tr e a ted  in  any d e t a i l .  In n .m .r . 

sp ectroscop y  we have a unique probe in to  many a sp ec ts  o f  m olecular be: 

shaviour and i t  i s  perhaps the alm ost a ll-en com p assin g  a p p lic a t io n s  

o f n .m .r . which i l l u s t r a t e  th is  p o in t so w e l l .  There are few branches 

o f  chem istry where n .m .r . has n ot or cannot be ap p lied  p r o f ita b ly  in  

e lu c id a t in g  the nature and behaviour o f  m atter a t m acroscopic and micro; 

ssc o p ic  l e v e l s .
/ i

In 1924 P a u li' put forward the h y p o th esis  o f  n u clear  sp in  to ex; 

jp la in  some o f  the d e t a i l s  o f h yp erfin e  s tr u c tu r e  observed in  o p t ic a l  

atom ic sp e c tr a . The e x is te n c e  o f nu clear  sp in , though now a commonplace
y2

f a c t ,  has d iv e r se  consequences in  p h y sic a l ch em istry . One such conse; 

squence was f i r s t  d e te c ted  in  gaseous m atter in  the form o f d ir e c te d
Abeams over th ir t y  years ago' when n u clear  m agnetic resonance was f i r s t  

observed. The growth o f n .m .r . as a branch o f  rad io -freq u en cy  sp ectro s;



icopy was g r e a t ly  s tim u la ted  by i t s  dem onstration in  condensed phases

/ 4  / 5 hy P u r c e ll  e t  a l .  and hy Bloch e t  a r . in  1946. In 1950 sev e r a l authors

/ 6 / * 7 in c lu d in g  Thomas' observed a 'chem ical s h i f t 1' between n u c le i  in  var:

/ 8s io u s  m olecular environm ents and in  1951 Packard e t  al'. rep orted  separ:

sa te  l in e s  fo r  v a r io u s ch em ica lly  d if f e r e n t  n u c le i in  the same m olecu le .

When a number o f l iq u id s  were f i r s t  examined by n .m .r . sp ectro sco p y , i t

was found th a t c e r ta in  su b stan ces showed more l i n e s  than were requ ired
/#9

by sim ple co n s id e ra tio n s  o f the number o f n on -eq u iva len t n u cle i'.
,*10 ,*11 , *12 

These 'c o u p lin g 1' e f f e c t s  were la t e r  in terp re ted ' as a r is in g

from in te r a c t io n  between neighbouring n u clea r  s p in s .

The term 'h igh  r e s o lu t io n '  was a p p lied  a t t h is  time to  measure:

im ents which could d is t in g u is h  in d iv id u a l resonance l in e s  a r is in g  from

n u c le i  o f  the same is o to p ic  sp e c ie s  in  the same m olecule^but d if f e r in g

in  m agnetic environm ent. The ob serv a tio n  o f h igh  r e s o lu t io n  sp ectra
/*13

depends to  a grea t e x te n t upon the s tren g th  and q u a lity ' o f the magnet: 

l i e  f i e l d  employed in  the measurement. M agnetic resonance experim ents  

are unique in  sp ectroscop y  in  th a t the energy o f  the p a r t ic u la r  tr a n s it :  

l io n  observed can be made to  vary5sim ply by changing the s tren g th  o f  

the m agnetic f i e l d  in  which the sample i s  s i tu a te d . At the same tim e, 

chem ical s h i f t s  are s e n s i t iv e  to  f i e l d  s tr en g th , the h igh er  the f i e l d  

the la r g e r  the s h i f t  d if fe r e n c e s  become. The f in e  stru c tu re  due to  nuc; 

i l e a r  sp in -sp in  in te r a c t io n s  i s  not f i e l d  dependent and so in c r ea s in g
/*14

f i e l d  s tr en g th s  are on ly  a p a r t ia l  s o lu t io n  to  r e so lu t io n ' problem s.

At the same time as in c r ea s in g  the f i e l d ,  we must m aintain or in crea se  

the m agnetic f i e l d  hom ogeneity to  a llow  us to  sep arate  s ig n a ls  due to
/*15

sm all cou p lin g  constants'. I t  i s  s t i l l  tr u e , however, th a t in c r e a se s  

which can be made in  f i e l d  stren g th  w ithout s a c r i f ic in g  f i e l d  homogenj 

l e i t y  lea d  to  co n sid erab le  advantages in  n .m .r . sp ectroscop y .

The f i r s t  commercial n .m .r . instrum ent anneared in  1953* As t h is,16; 17
was on ly  th ree years a f t e r  the r e a l i s a t io n '  o f the s ig n if ic a n c e  o f

n .m .r . to  p h y s ic a l chem ical s tu d ie s , th is  i s  c le a r  in d ic a t io n  o f  the



p o te n t ia l  gen erated  very  e a r ly  in  the development o f the su b je c t . This 

e a r ly  machine employed a m agnetic f i e l d  e q u iv a len t to  a proton resonance 

frequency o f  30MHz. In the ensuing decade both permanent an d ,to  a great; 

te r  e x ten t e lectrom agn ets were used  to  advance f i e ld s  to  ‘ lOOUHz.1. This 

l a t t e r  f i e l d  ( 2 3 ? 500g a u ss , 2 . 35Hb.m ) i s  commonly employed nowadays in
7 * 1 8

s o p h is t ic a te d  research  instrum ents' even though i t  was f i r s t  employed 

in  1962. This i s ,  however, the l im it  a tta in a b le  by electrom agn ets under 

the n ecessa ry  c o n d it io n s  o f  the n .m .r . experim ent. Permanent magnet de:

: s ig n s , which have the advantage o f  not req u ir in g  a s t a b i l i s e d  power 

supp ly , are c u r re n tly  a v a ila b le  a t 60MHz. and are g e n e r a lly  employed in  

more ro u tin e  work.

I t  has been on instrum ents such as th ese  th at the broad and sub: 

s s t a n t ia l  b a s is  o f  n .m .r . em p ir ica l r e s u lt s  has been e s ta b lis h e d . I t  i s  

not p o s s ib le  here to  provide a survey o f th ese  years o f developm ent.

Such a ta sk  would req u ire  a t the very  le a s t  a sm all monograph to  convey
7*19

a v a l id  im p ression  o f  the r e s u l t s  achieved'. However, as an i l l u s t r a t t

t io n  o f  the r a te  o f  growth during t h is  p er io d , the fo llo w in g  diagram

should s u f f i c e  ( s e e  next p a g e ). 'The drop in  c i t a t io n s  fo r  the two years

up to  1970 "was in  response to a req u est from the s e r ie s  e d ito r  to cur:

j t a i l  r e fe r e n c e s  to those o f  immediate s ig n if ic a n c e .  Yet by 1972, the
/20h

three authors o f 1N uclear M agnetic Resonance Spectrom etry1' d esp a ir:

ted o f th ere  ever b e in g  another such review  due to the im p ra c tic a b il:

s i t y  o f  s e le c t in g  m a ter ia l fo r  in c lu s io n  w ith in  the co n fin es  o f  a s in :

tg le  rev iew . In t h is  l ig h t  i t  i s  in t e r e s t in g  to  quote from the author
/20b

o f  the corresponding rev iew  p u blished  in  1960t

” The ca su a l reader o f  the l i t e r a t u r e  (o r  even the c a r e fu l one) 

might g e t  the im p ression  th a t NMR i s  as g e n e r a lly  a p p lic a b le  a to o l  as 

in fra r e d , u l t r a v i o le t ,  or mass spectrom etry . But t h is  rev iew er b e l ie v e s  

th a t such i s  not y e t  the c a se , and, furtherm ore, th a t i t  i s  u n lik e ly  to  

be a t l e a s t  u n t i l  in t e n s it y  in form ation  can be obtained  more r e l ia b ly  

and in ter p r e te d  w ith more co n fid en ce . Even then i t  i s  not a t a l l  c le a r
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th a t MR t r i l l  he as g e n e r a lly  u s e fu l  as the o th er sp e c tro sco p ic  to o ls  

m entioned. This b e l i e f  stems from the fo llo w in g  co n sid era tio n s*  In the 

a u th o r 's  ex p e r ie n c e , i t  i s  a l l  too frequent th at MR sp ec tra  o f  samples 

to  which the technique ought to  he a p p lic a b le , are o f l i t t l e  use fo r  

the a n a ly t ic a l  problem a t  hand. The most common reason fo r  t h is  i s  th a t  

the sam ples are not s u f f i c i e n t l y ' pure. The im p u r it ie s ,, fo r  example, may 

be sm all amounts o f  param agnetic io n s , oxygen, or sim ply isom ers o f the 

main component. The r e s u lt in g  MR sp ec tra  w i l l  then o fte n  c o n s is t  o f  a 

r e la t iv e l y  sm all number o f  bands in s te a d  o f  a large  number o f sharp  

l in e s  u s u a lly  ob ta in ed  from s u f f i c i e n t ly  pure compounds o f low m olecular  

w eig h t. In such c a se s , a u s e fu l  a n a ly s is  w i l l  s t i l l  be p o s s ib le  i f  i t  

depends on ly  on chem ical s h i f t  in fo rm a tio n . On the o th er  hand, a u s e fu l  

a n a ly s is  may not be p o s s ib le  a t a l l  i f  s p in -sp in  coup ling  in form ation  

i s  a ls o  needed. For exam ple, the band p o s it io n s  and in t e n s i t i e s  expects  

:ed  from two p o stu la te d  s tr u c tu r e s  may not be s u f f i c i e n t ly  d if f e r e n t  to  

a llo w  a d e c is io n  to  be made. Samples prepared by d i s t i l l a t i o n  ra th er  

than by c r y s t a l l i s a t i o n  seem to  be more su b jec t to  the e f f e c t s  o f  impur: 

l i t i e s .  The sp e c tra  o f  compounds o f  h igh er  m olecular w eight tend to  con; 

i s i s t  more o f  bands than o f  sharp l i n e s ,  and may not show s u f f i c i e n t  

d e t a i l  to  be very  u s e f u l .  This i s  the primary reason , fo r  exam ple, fo r  

the l im ite d  a p p l ic a b i l i t y  o f  h igh  r e s o lu t io n  MR to the study o f  the 

s tru c tu re  o f  polym ers. However, MR sp ectroscop y  can be a v ery  rapid  

and pow erful to o l  fo r  the id e n t i f i c a t io n  and study o f  s u ita b le  samples 

o f  r e la t iv e l y  sim ple compounds."

S evera l o f  th ese  o b je c tio n s  were re fu te d  by the author o f  the fol*.
/20c

slow ing rev iew  in  t h is  s e r ie s '  p a r tly  on the b a s is  o f d i f f e r in g  opin: 

s io n s  but more s ig n i f i c a n t ly  on a b a s is  o f  advancement in  technique in  

the in terv en in g  two y e a r s . The work o f the l a s t  decade makes such objec; 

i t io n s  now appear alm ost r id ic u lo u s  and c e r ta in ly  amusing. I t  i s  con: 

sv en ien t, in  the l ig h t  o f th ese  comments, to  remark b r ie f ly  on the many 

advances cu r re n tly  b ein g  made in  n .m .r . sp ectroscop y  and to co n sid er



the major f i e l d s  o f a p p lic a t io n  of th ese  new techniques and p o ss ib le

fu tu re  developm ents.

The advantages o f op eratin g  n .m .r . spectrom eters a t ever  in crea s:

l in g  f i e l d  s tr en g th s  have a ttr a c te d  con sid erab le  a tte n t io n  r e c e n t ly , par:

i t i c u la r ly  w ith  the advent o f commercial superconducting magnet system s

capable o f f i e l d s  e q u iv a len t to  proton ir r a d ia t io n  a t 200 to 300 MHz.

One o f the major advantages of such high f i e ld s  i s  the r e s o lu t io n  o f
/*21

second order e f f e c t s  in  sp e c tr a . The s im p li f ic a t io n  r e s u lt in g  from

the use o f very  high m agnetic f i e l d s  a llow s f a i r l y  ready a n a ly s is  o f the

spectrum fo r  the s p e c tr a l param eters w ithout r e so r t  to  con sid erab le  com:

ip u ter  work, which i s  both time consuming and ex p en siv e .

The a v a i la b i l i t y  of h ig h ly  homogeneous f i e ld s  from superconducting

magnets in  recen t years has opened up large  areas o f chem istry to study

by n .m .r . sp ectro sco p y . Many complex m o lecu les , p a r t ic u la r ly  polymers

o f both sy n th e t ic  and b io lo g ic a l  o r ig in s , are extrem ely  d i f f i c u l t  to

analyse a t ordinary f i e l d  s tr e n g th s . The type o f r e s u lt s  o b ta in a b le ,

even from r e la t iv e l y  sim ple m olecu les, can be d ra m atica lly  s im p lif ie d  as
,22

Johnson's a r t i c l e 7 i l l u s t r a t e s  w e l l .  The s p e c tr a l s im p li f ic a t io n  a tta in :

led  a t 300 MHz. in  very  many in s ta n c e s  r e s u lt s  in  n ea r ly  f i r s t  order

sp ectra  from system s which e x h ib it  extreme second order e f f e c t s  a t 100

MHz. ( f i g s .  1 ,4 -1 0  o f r e f .  2 2 .)

The use o f h igh  f i e l d  system s i s  o f course not r e s t r ic t e d  to protons

a lo n e . S im ila r  advantages apply to o th er n u c le i  and, fu r th e r , in crea sed

s e n s i t i v i t y  can be a tta in e d  through a more favourable Boltzmann d is :

13itr ib u t io n  among sp in  s t a t e s  o f the n u c le i .  In p a r t ic u la r , C s tu d ie s

a t n a tu ra l abundance are g r e a t ly  f a c i l i t a t e d  ( f i g s .  11-15 r e f .  2 2 ) .  The 

1 13a p p lic a tio n  of H and C s tu d ie s  in  b ioch em ica l s tu d ie s  has done much

to  e s t a b l is h  the u t i l i t y  o f n .m .r . in  th is  f i e l d .  The esta b lish m en t of

an 'Enzyme Group' in  Oxford employing n .m .r . sp ectroscop y  i s  in d ic a t iv e

o f the advances being made, as we s h a l l  see below .
/*2 3

B ec c o n sa ll, Curnuck and McIvor/  have review ed e x te n s iv e ly  fu rth er  

a p p lic a tio n s  o f high f i e l d  n .m .r . sp ectroscop y  and the number o f n u c lid es



/*2 4
s tud ied , i s  remarked upon'.

Techniques to  in crea se  the s e n s i t i v i t y  o f the n .m .r . method are o f  

co n sid era b le  im portance, p a r t ic u la r ly  fo r  n u c le i  o th er than hydrogen.

The o ld er  technique commonly employed to accom plish th is  was th a t o f  

em ploying a computer o f  average tr a n s ie n ts  (CAT) to  sum to g e th er  many 

sweeps o f  the spectrum under c o n s id e r a t io n . This approach demands not 

on ly  a co n sid era b le  time fo r  sp e c tr a l accum ulation , but a lso  req u ires  

high  spectrom eter s t a b i l i t y  to  e lim in a te  any d r i f t  over the lon g  aver:

: ag in g  tim es n e c essa ry . The development o f  the F ou rier Transform tech'.
/* 2 5

in ique' has brought- co n sid era b le  advances in  s e n s i t i v i t y .  In e sse n c e ,

the sample whose spectrum i s  b e in g  measured i s  ir r a d ia te d , not w ith

continuous monochromatic but vary in g  r a d ia t io n , but w ith  p u lsed  wide

band polychrom atic r a d ia t io n . Bather than observe an ab sorp tion  o f

r a d ia t io n , the complex em ission  o f the r a d ia t io n  i s  recorded . I f  th is

spectrum i s  then ’fo u r ie r  transform ed’ , then we can d er ive  the normal

ab sorp tion  spectrum o f  the sam ple. The f a c t  th a t the sample can be pul:

:sed  many tim es a minute means th a t the accum ulation tim es fo r  equiv:

s a le n t  s e n s i t i v i t y  are co n sid era b ly  reduced from th ose of ’continuous

wave* sp ectro sco p y . Coupled w ith the fa c t  th a t the spectrom eter on

which such experim ents are c a rr ied  out w i l l  be a so p h is t ic a te d  in stru :

sment w ith  good long term s t a b i l i s a t i o n ,  then we can ach ieve g r e a t ly

enhanced s e n s i t i v i t y  in  eq u iv a len t time p er iod s to  those used  e a r l i e r .

Thus n u c lid e s  o f low inh erant s e n s i t i v i t y  and/or low n a tu ra l abundance

can be examined w ith in  reason ab le  time p e r io d s . One p a r t ic u la r ly  s ig n if ;

1 3 /26 ’ 27t ic a n t nu cleus in  t h i s  r e sp e c t i s  C The n a tu ra l abundance o f

13C i s  about 1$ and in  consequence, we can on ly  observe t h is  m agnetic
12n u c le i  ( in  the presence o f  non-m agnetic C ) w ith  v ery  s e n s i t iv e  in stru :  

xm entation. The low abundance can, in  c e r ta in  r e s p e c ts ,  be advantageous. 

The l ik e lih o o d  o f sp in -sp in  cou p lin g  between such rare n u c lid e s  in  a

13m olecule i s  extrem ely  low due to  the remote chance o f  more than one C 

occu rin g  s u f f i c i e n t ly  c lo se  to g e th er  in  a m olecule to  couple to g e th e r .



13In e sse n c e , th e r e fo r e , C n .m .r . sp ectra  a t n atu ra l abundance are the

11su p erp o s itio n  o f  the resonances o f in d iv id u a l uncoupled C n u c le i  a t

each p o s it io n  in  the m olecu le . (By way o f c o r o lla r y , should we want
13cou p lin g  in form ation , then C enrichment w i l l  be n e c e s s a r y .) At the

-j
same time i t  may be advantageous to  e lim in a te  the m ultitude o f H coup: 

13s l in g s  to  C m  which case the technique o f  wide band decou p lin g  i s

employed.
13Many o th er  n u c le i  than C can b e n e f it  by t h is  approach. The scope

o f  fo u r ie r  transform  tech n iq u es, p a r t ic u la r ly  a t h igh f i e l d s ,  now provid;

ses  us w ith  a v ir t u a l  a r sen a l o f  probes in to  m olecular behaviour.

R ecen tly  a technique which might w e ll be la b e lle d  ’ the poor man’s
,28

superconductor’ has become extrem ely  pop ular. In t h is  technique' advan; 

stage  i s  taken o f the fa c t  th a t a system  complexed to  a param agnetic

ion  w i l l  exp erien ce  s tr o n g ly  a n iso tr o p ic  'secondary' m agnetic f i e l d s .  

In p r a c t ic e , t h is  i s  l ik e  the lo c a l  su p erim p osition  o f a high magnetic 

f i e l d  on the normal a p p lied  f i e l d  o f  the sp ectrom eter . This tech n iq u e, 

em ploying ’s h i f t  r e a g e n ts ' ,  has the d i s t in c t  adavantage o f c o s t  over 

the u se  o f  h igh  'superconductor' e x te r n a l m agnetic f i e ld s  and has a l l  

the advantages o f in crea sed  chem ical s h i f t  d i f fe r e n c e s .  There a re , need: 

s l e s s  to  say , d isa d v a n ta g es . The primary d isadvantage l i e s  in  the fa c t  

th a t the s h i f t s  induced in  the v a r io u s  n u c le i  need not lea v e  the spec: 

:trum in  the n a tu ra l order o f  chem ical s h i f t s  but may move resonances  

about in  a somewhat con fu sin g  fa sh io n . Since the amount and sen se  o f  

the secondary s h i f t  experien ced  depends on the g eo m etrica l r e la t io n  o f  

the n u cleu s in  q u estion  to the param agnetic io n , th ese  s h i f t s  are some: 

stim es re fer re d  to as geom etric s h i f t s .  Recent progress has been made, 

however, in  m athem atically  overcoming the d i f f i c u l t i e s  o f tr a c in g  the 

movement o f  chem ical s h i f t s  in  the spectrum by app lying o b serv a tio n s  

a t varying  co n cen tra tio n s o f  s h i f t  rea g en t. Here, though, another prob: 

:lem  can a r i s e .  Many s h i f t  rea gen ts and the corresponding complexes 

are not very  so lu b le  and i t  may be d i f f i c u l t  to  obta in  one good spectrum  

a t one co n cen tra tio n  w ithout a requirem ent fo r  ten  or more d if f e r in g



c o n c en tr a tio n s . Some com pleting reagents are b e t te r  in  th is  resp ec t

than o th e r s . I t  i s  a ls o  f a i r  to  remark th a t not a l l  in t e r e s t in g  mole:

tc u le s  can he com pleted in  an attem pt to  u n ravel th e ir  s h i f t  and coupli

s in g  p a t te r n s . Furthermore, the use o f such reagen ts under co n d it io n s

where we seek  accu rate param eters fo r  the uncom pleted m olecule i s  c le a r :

s ly  not a p p lic a b le .

One o f  the most s ig n i f ic a n t  advances in  n .m .r . techn iq u e, and one

which was in i t i a t e d  e a r ly  in  the development o f n .m .r . g e n e r a lly , i s

th a t o f  n u clear  m agnetic m u ltip le  reson an ce. In t h is  tech n iq u e, t r a n s it :

s io n s  between energy le v e l s  o f a n u clear  sp in  system  are measured in

the presence o f  two or more ir r a d ia t in g  f i e l d s .  Depending upon the par:

s t ic u la r  approach s e le c te d , such experim ents can be used to  un ravel

complex sp ectra  by v a r io u s  tech n iq u es in c lu d in g  ’sp in  d eco u p lin g ’ , the

use o f  the second ir r a d ia t io n  a t vary in g  powers to  ach ieve ’s e le c t iv e
/*30

sp in  d eco u p lin g ’ , ’sp in  t i c k l i n g ’ and ’Overhauser e f f e c t s '^  A fu rth er

v a r ia t io n  o f  double resonance technique i s  provided by InterlTuclear
/*31

Double Resonance (IEDOR) experim ents' which provide a means o f  d e tec t:

s in g  hidden reso n a n ces . With such techn iq ues we can a ccu ra te ly  map the

n u clear  t r a n s it io n s  observed in  an n .m .r . spectrum and provide d e ta ile d

inform ation  on the m olecule in  q u estio n .

The most prominent f i e l d s  o f n .m .r . a p p lic a t io n  cu rren tly  in  vogue

make wide use o f  the advances in  in stru m en ta l technique rep resen ted  by

fo u r ie r  transform  sp ectroscop y  in  h igh  m agnetic f i e l d s .  A g rea t d ea l o f
/20h

in t e r e s t  in  ’b io c h e m ic a ls ’ has been s tim u la ted  r ec e n tly ' p a r t ic u la r ly
/*32,

in  the realm o f  m acrom olecules. Conform ational s tu d ie s  on p ro te in s '
*33

have been rep orted  r e c e n t ly  and such papers are in d ic a t iv e  o f  the 

prom ising r o le  n .m .r . sp ectroscop y  w i l l  have to  p lay  in  the near fu tu re  

in  the advance ment o f b ioch em ica l s tu d ie s .  The e x is te n c e  o f a group o f  

workers under Richards in  Oxford sponsored to  study enzmyes by n .m .r . 

sp ectroscop y  i s  c le a r  in d ic a t io n  o f  the importance o f  t h is  f i e l d .  The 

immediate a p p lic a tio n  o f fo u r ie r  transform  instrum ents to  n a tu ra l abun:



13sdance C n .m .r . s tu d ie s  i s  a lso  o f g rea t prom ise, fo r  the whole realm

o f organic chem istry l i e s  open to a fr e sh  and h o p efu lly  e n lig h te n in g  in:

: v e s t ig a t io n  o f  carbon sk e le to n  reson an ces. Conformational s tu d ie s  in

p a r t ic u la r  may be exp ected , to  b e n e f it  from t h is  new approach. Again

a p p lic a t io n  o f t h is  technique to  b ioch em ica ls  i s  o f g rea t s ig n i f i c a n c e .

13In p a ss in g , the ra th er  su c c in c t  review  o f  C fo u r ie r  transform  n .m .r .
/3 4

s tu d ie s  in  ’Annual R eports, 1971 should  be m entioned. The v e r s a t i le  

13: i t y  o f C s tu d ie s  i s  w e ll i l lu s t r a t e d  h e r e .

W hilst p rogress in  numerous o th er  branches o f  n .m .r . s tu d ie s  has
/20h

a ls o  been made in  the l a s t  few  years' , any d is c u s s io n  o f  them i s  w e ll  

beyond the scope o f  t h is  in tro d u c tio n  and a ls o  t h is  t h e s i s .  I t  i s  hoped 

th a t some id ea  o f the scope o f n .m .r . s tu d ie s  o u tlin e d  in  t h is  th e s is  

can be ob ta in ed  from the s p e c i a l i s t  rev iew s which appear in  la t e r  p a rts  

o f  t h is  work.
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T h eo re tica l Methods in  ITuclear Magnetic Resonance S D ectro sco w ,
I I— i I » '■ ■ I ■"■■■ ■ w un .-ii „■■■■ - —Hi ■ ■ ww . .  ii . . ipi I p ■».!■! ■ ■»» -»■ . i . . — m0k.

In tr o d u ctio n ,

Spectroscopy can be d efin ed  as the study o f the in te r a c t io n s  be:

I tween m atter and e lec tro m a g n etic  r a d ia t io n , a process in  which energy  

i s  absorbed or em itted  according to  the Bohr frequency co n d itio n

E « v h .

where E i s  the energy d if fe r e n c e , norm ally q u an tised , 

between the i n i t i a l  and f i n a l  s t a te s  o f the matter* 

where h i s  P lan ck 's  con stan t and

where V i s  the frequency o f the e lectrom agn etic  rad ia tion *

The v a r io u s branches o f sp ectroscop y  are d e lin e a te d  by the nature o f  

the energy tr a n s it io n s  involved^as d i f f e r in g  techniques are required  

fo r  the gen era tio n  and d e te c t io n  o f r a d ia tio n s  o f  the w id ely  d if f e r in g  

freq u en c ies  encountered in  the e lec tro m a g n etic  spectrum. With the wide 

scope o f sp e c tro sco p ic  methods a v a ila b le , and they are too commonplace 

to  req u ire d e t a i l in g  h ere , sp ectroscop y  can be considered^on b a lan ce, 

the most pow erful to o l  the chem ist p o sse s se s  fo r  the in v e s t ig a t io n  of 

m olecular s tru c tu re  and m olecular p r o c e sse s .

No sp e c tro sco p ic  technique has been embraced so ra p id ly  and enthus*. 

l i a s t i c a l l y  as n u clear  m agnetic resonance (n .m .r .)  sp ectro sco p y . I t s  

va lu e as a means o f m onitoring chem ical r e a c t io n s , o f c h a r a c te r is in g  

new compounds, and o f e lu c id a t in g  the s tru c tu re  o f m olecu les i s  un su r; 

jp assed . I t  i s  o f very  g rea t importance in  p rovid ing  in form ation  about 

the d e ta ile d  magnetic in te r a c t io n s  th a t occur w ith in  and between mole: 

t c u le s .  C onsequently, the in form ation  d er iv a b le  from such s tu d ie s  about 

the d e ta ile d  nature o f m olecu les and m olecular in te r a c t io n s  i s  immense.

A ll forms o f sp ectroscop y  g ive  sp ectra  which may be d escr ib ed  in  

terms o f frequency, in t e n s it y  and shape o f sp e c tr a l l in e s  or bands.

These observable parameters depend on the m olecular parameters of the



system  and i t  i s  the r e la t io n  between the observable param eters and

the m olecular param eters th a t i s  the occupation  of the. p r a c t is in g  sp ec:

: t r o s c o p is t .I n  the n .m .r . experim ent, the m olecular param eters o f in t e r :  

: e s t  are the sh ie ld in g  co n sta n ts  o f v a r io u s n u c le i ,  the cou p lin g  con st:  

la n ts  between v a r io u s n u c le i  and the l i f e t im e s  o f the v a r iou s energy  

s t a t e s .  The means o f r e la t in g  s p e c tr a l ob servab les to  th ese param eters, 

and the r e la t io n  o f th ese  m olecular param eters to  fu rth er  d e t a i l s  o f  

m olecular s tru c tu re  and in te r a c t io n  have demanded^in many sp ectro sco p ic  

tech n iq u es, the a p p lic a t io n  o f r e la t iv e ly  s o p h is t ic a te d  m athem atics.

This has been p a r t ic u la r ly  true o f n .m .r . sp ectroscop y  i f  d e ta ile d  under: 

t stan d in g  o f the m olecular param eters i s  req u ired . However, n .m .r . spec: 

:tro sco p y  b e n e f it s  from the fa c t  that i t  can be used q u a l i t a t iv e ly  w ith  

a large  degree o f su c c e s s ,r e q u ir in g  no m athem atical a p p lic a tio n s  what 

so e v e r . This re sp e c t o f the technique has no doubt endeared i t  to  many

ch em ists . But i t  i s  a lso  true th at a large  amount o f so p h is t ic a te d  and

v a lu a b le  in form ation  i s  on ly  ob ta inab le  from n .m .r . sp ectra  by those  

who are w i l l in g  to  apply the n ecessa ry  m athem atical tech n iq u es. I t  i s  

fo r tu n a te  th a t se v e r a l s c i e n t i s t s  (p h y s ic is t s  and chem ists in  as much as 

t h is  d is t in c t io n  means anyth ing in  t h is  f i e l d )  have tack led  the mathemat; 

: i c a l  problems in vo lved  in  the subject^and have provided the mathematic: 

t a l l y  ignorant w ith the f r u i t s  o f  th e ir  labours in  the form of r e a d ily  

a v a ila b le  computer programs which provide a sim ple means o f ob ta in in g  

s o p h is t ic a te d  r e s u lt s  from n .m .r . o b serv a tio n s .

Prom the e a r l i e s t  s ta g e s  o f the development o f n .m .r . sp ec tro sco p y  

t h is  m athem atical in t e r e s t  has grown. The c a lc u la t io n  o f n .m .r . sp ectra  

and sp e c tr a l param eters by pu rely  th e o r e t ic a l  techniques i s  the g o a l  

o f many th e o r e t ic a l  ch em ists , though the g r e a te s t  su ccess  has been ach: 

iie v e d  in  the former c a se , th a t o f c a lc u la t in g  n .m .r . sp ectra  from de: 

jf in e d  or assumed n .m .r . m olecular param eters. The problem o f ab i n i t i o  

c a lc u la t io n  o f n .m .r . m olecular param eters^as such^presents a consider; 

xable ch a llen g e  to the methods o f th e o r e t ic a l  chem istry and the oppor;



x tu n it ie s  a v a ila b le  here are dram atic. 'These parameters are very  s e n s it :  

*ive to the ex a ct nature o f the m olecu les ( fo r  example, the e le c tr o n ic  

d is tr ib u t io n )  and the esta b lish m en t o f th e o r e t ic a l  techn iq ues fo r  the 

co rrect p r e d ic t io n  o f th ese  param eters would be a major achievem ent. In 

t h is  sen se , n .m .r . sp ectroscop y  provides the th e o r e t ic a l  chem ist w ith a 

rigourous t e s t  o f h is  methods.

I t  i s ,  however, w ith  the ca tegory  o f spectrum c a lc u la t io n  from 

d efin ed  or assumed m olecular n .m .r . param eters th at we s h a l l  be primar: 

x i ly  concerned. To the p r a c t is in g  n .m .r . s p e c tr o sc o p is t} the a b i l i t y  to  

c a lc u la te  the sp ectra  exp ected  under the immense v a r ie ty  o f co n d itio n s  

o f n .m .r . experim ents p rov id es a pow erful technique fo r  ex p lo r in g  the 

nature o f the m olecu les and th e ir  in te r a c t io n s  w ith  o th er m olecules under 

stu d y . From the observed d a ta , th e o r e t ic a l  methods can thus be used to  

e s t a b l is h  n .m .r . param eters fo r  the system  w ith  a high degree o f accur; 

:a cy . The m olecular behaviour rev ea led  in  th ese  parameters can be examin; 

:ed in  d e t a i l  and the purposes o f chem istry  to  'understand m olecu les' 

are advanced.

I t  i s  the purpose o f the fo llo w in g  pages to  i l lu s t r a t e  b r ie f ly  some 

o f the tech n iq u es a p p lica b le  to a r e s t r ic t e d  f i e l d  o f n .m .r . s tu d ie s .

The f i e l d  chosen i s  th a t o f  'h igh  r e s o lu t io n  sp ec tra ' taken under 'stea d y  

s ta te  c o n d it io n s ' in  the presence o f on ly  one ir r a d ia t in g  f i e l d .  The 

s ig n if ic a n c e  o f th ese  r e s t r ic t io n s  w i l l  become obvious as the methods 

are develop ed . The nature o f th ese  c o n d itio n s  w i l l  be remarked upon in  

passing^where appropriate^as they  are common terms w ith in  the con tex t  

o f n .m .r . sp ectroscop y  and do not m erit a major d ig r e ss io n  at th is  p o in t .

The h is to r y  o f the development o f th ese  techn iq ues in  n .m .r . sp ect'

y*1xroscopy i s  not y e t  com plete^as p u b lic a tio n s  appear s t e a d i ly  d e ta i l in g  

methods, both new and refinem ents o f the o ld , fo r  c a lc u la t io n  o f n .m .r . 

sp ectra  under a v a r ie ty  o f c o n d it io n s . S o p h is tic a te d  computer programs 

are a v a ila b le  to  accom plish most o f th ese  c a lc u la t io n s .  I t  seems pract: 

tical^  a t the p resen t s ta te  o f developm ent^to alm ost automate the p rocess



17 .

o f acq u ir in g  m olecular n .m .r . parameters from any g iven  spectrum under 

a lim ite d  number o f s p e c if ie d  c o n d it io n s .

Reference ( in tr o d u c t io n ) .

1 .*  Goodwin, B.W., W allace, R ., J .M ag.R es., 1972,J3,41#
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Elem entary P r in c ip le s .

Quantum Mechanics o f Angular Momentum.

Any attem pt to  understand the nature o f n .m .r . sp ectra  o f any 

degree o f com plex ity  req u ires  the use o f quantum m echanics. Unfortunate." 

i l y ,  t h is  su b jec t has gained  a rep u ta tio n  second to none fo r  the le v e l s  

of incom prehension generated  in  the minds o f most normal ch em ists .

The m athem atical nature o f the su b je c t , which many chem ists f in d  forbid: 

s in g , i s  no doubt p a r t ly  resp o n sib le  fo r  t h is  but fu r th e r , the practicv  

s io n ers  o f t h is  a r t are s in g u la r ly  uncommunicative o f i t s  m y ste r ie s .

As a r e s u l t ,  a g rea t d e a l o f m isunderstanding a r is e s  e a r ly  in  a study  

o f the su b jec t due to  a jargon b a r r ie r .

In t h is  s i tu a t io n ,  many e x p o s it io n s  o f  the su b jec t have come to  

r e ly  upon a p o s tu la to r y  approach. Although t h is  approach does not lead  

im m ediately to  g rea t understan d ing, i t  i s  exp ed ien t in  the current c ir ;  

icum stances to  adopt t h is  approach to enable the n ecessa ry  background 

o f n .m .r . s p e c tr a l c a lc u la t io n s  to  be e s ta b lis h e d  w ith the minimum o f  

d e la y .
/ 2

The te x t  by White' p rov id es a u s e fu l  in tro d u ctio n  to  the develop: 

:ment o f quantum m echanical methods from those o f  c la s s i c a l  m echanics, 

w h ils t  Hanna's "Quantum Mechanics in  Chemistry" i l lu s t r a t e s  the postul*.
/3

sa tory  approach to  the subject'.

q u a n tisa tio n  of angular momentum.

One o f  the fundam ental p o s tu la te s  o f modern chem ical p h y sic s  i s  

th a t the t o t a l  angular momentum o f  any is o la t e d  p a r t ic le  cannot have 

any a r b itr a r y  magnitude^but may only  take c e r ta in  d is c r e te  v a lu e s . This 

p r in c ip le  o f q u a n tisa tio n  i s  by now fa m ilia r  to  alm ost every chem istry  

undergraduate. Angular momentum i s  q u antised  and i t s  magnitude P can be 

s p e c if ie d  in  terms o f  a quantum number R as shown in  equation  ( 1) .

P f  (R(R + 1) )2 ( 1) .



where f. i s  h/27r, h b e in g  P lan k 's c o n sta n t. R i s  e i th e r  in te g r a l or 

h a lf  in t e g r a l .

As angular momentum i s  a v e c to r  p rop erty , then fo r  a f u l l  d escr ip ;  

s t io n  o f the v e c to r , d ir e c t io n  as w e ll as magnitude has to  "be s p e c if ie d .  

D ir e c tio n  can he d efin ed  in d ir e c t ly  by the use o f another quantum number 

which we s h a l l  c a l l  m^,such th at the magnitude o f the component o f ang*. 

ju la r  momentum, P^, a long the p rescr ib ed  d ir e c t io n  (z )  i s  g iv en  by

pa = ( 2 ) .

where i t  i s  r e a d ily  shown th a t m̂  can take v a lu es  o f R, R -  1,

R -  2 . . . . . . . ,  - R .

sp in  angular momentum and n u clear  s p in .

The p a r t ic u la r  example o f angular momentum of c e n tr a l in t e r e s t  in  

n .m .r . experim ents i s  th a t o f n u clear  sp in . There i s  no c la s s i c a l  anal* 

sogue o f  sp in  and consequently^we cannot d er ive  i t s  p ro p er tie s  d ir e c t ly  

from c l a s s i c a l  mechanics as i s  p o s s ib le  fo r  'o r b ita l  angular momentum'. 

The absence o f  an appropriate c l a s s i c a l  analogue im p lies  th at e x p l i c i t  

ex p ress io n s  fo r  sp in  p r o p e r tie s  cannot be obtained a t a l l ,  so th a t they  

must be rep resen ted  by a b str a c t symbols whose p ro p er tie s  are rev ea led  

by experim en t, lie w i l l  develop  the theory o f sp in  angular momentum upon 

the b a s is  o f a few p la u s ib le  assum ptions whose v a l id i t y  can be e s t a b lis h  

sed by experim en t. T ra n sitio n s  between sp in  angular momentum energy  

le v e l s  were f i r s t  su ggested  by P a u li in  1924 i n order to  e x p la in  the 

h yp erfin e s tru c tu re  th at had been observed in  atom ic sp e c tr a . The or ig ;  

s in s  o f t h is  n u clear  sp in  can be traced  to  the d e ta ile d  nature o f the 

in te r n a l c o n stru c tio n  o f the n u c le i ,  but fo r  our p resen t in t e r e s t s ,  we 

may s a f e ly  d isregard  the o r ig in s  o f th is  phenomenon.

As we have assumed above, the sp in  angular momentum of a p a r t ic le  

i s  rep resen ted  by a v e c to r  op erator . This means th at the sp in  operators  

c o n s t itu te  a s e t  o f three l in e a r ly  independent component operators d is :



20.,

: t in g u ish ed  "by su b sc r ip ts  r e fe r r in g  to  the three orthogonal axes o f  

a r ig h t handed c a r te s ia n  coord in ate system . So

I  = ( I  ,1  ,1  ) ( 3 ) .— v x ’ y ? z ' w /  •
where I  i s  the sp in  v e c to r .

The p h y s ic a l in te r p r e ta t io n  o f the component operators i s  th a t an observ:

ser 0 in  the coord inate system  K u ses  1^ , I  and 1  ̂ to  compute quantum

m echanical averages th at are in ter p r e te d  as the e x p e c ta tio n  v a lu es  fo r

the components o f the sp in  angular momentum along the C artesian  a x es.

S ince the component operators are id e n t i f ie d  w ith  observable q u a n t it ie s ,

i t  fo llo w s  from the g en era l p r in c ip le s  o f quantum mechanics th a t the com;
/2 a, 3a , 4? *5

sponent op erators are l in e a r  and Hermitian'. In a d d itio n  to

the component op era to rs, a fou rth  sp in  operator i s  d efin ed  by the equat; 

sion

I2 s  I  . I  = I2 + I2 + I2 ( 4 ) .— — — x y  z

This operator i s  c a lle d  the square of the sp in  v e c to r  and i t s  exp ect: 

sa tio n  va lu e  i s  in te r p r e te d  as the square o f the sp in  angular momentum. 

These sp in  angular momentum operators can be trea ted  by the appropriate  

methods o f operator a lgeb ra  to  d er iv e  r e s u l t s  o f quantum m echanical in t;  

s e r e s t .

We then assume th a t the components o f  the sp in  v e c to r  in  the coord; 

s in a te  system  K s a t i s f y  commutation r e la t io n s  id e n t ic a l  to  those s a t i s ;  

s f ie d  by o r b ita l  angular momentum o p era to rs.

wave fu n c t io n s .

The fu n c tio n s  upon which quantum m echanical operators operate are 

known as wave fu n ctio n s  (or  s ta te  fu n c tio n s )  and are fu n c tio n s  o f the 

v a r ia b le s  o f the p a r tic u la r  system  co n sid ered . We w i l l  in trod u ce here 

D ir a c Ts n o ta tio n  fo r  wave fu n ctio n s^ a s i t  i s  w e ll  s u ite d  to  sp in  funct;



j io n s .  In t h is  n o ta tio n  |n ^  i s  a wave fu n c tio n  or k e t and <n| i s  i t s  

complex conjugate or h r a . Whenever a bracket i s  com pleted, in te g r a t io n  

over a l l  v a r ia b le s  i s  im p lied . So the n orm alisa tion  co n d itio n  i s

< n |n }  = 1 .

and the ex p ress io n s  <m |H  |n >  andf f *  H f n i f  are e q u iv a le n t .

The wave fu n c tio n  i t s e l f  cannot be observed, but the r e s u l t s  o f  

any o p era tion  can be p red ic ted  from i t .  I f  |n>  i s  an e ig en fu n c tio n  o f  

an operator A, then

A|n> « a |n >  ( 5 ) .

A

and the r e s u l t  o f the ob serva tion  corresponding to  A i s  always a .
A

Though |n ^  might not be an e ig en fu n c tio n  o f A, i t  can always be w r itte n
A

as a l in e a r  com bination o f e ig en fu n c tio n s  o f A. Suppose

|n> = c l l p> + °2 | q^
• A

where \»> and Jq^ are norm alised e ig en fu n ctio n s  o f A w ith  eigen: 

■svalues p and q.

The h y p o th es is  i s  th a t the p r o b a b il i t ie s  o f  observing p and q are
■Jf *

c^c^ and c2 c2 r e s Pe c ^^v e -*-y ŵ iere c i s complex conjugate o f c .

The e x p e c ta tio n  va lu e  o f A i s  g iven  by

<A> = c ^ p  + c2 c2q ( 7 ) .

which can be w r itten

<A> = <n | A fn> ( 8 ) .

because |p >  and f b  which have d if f e r e n t  e ig en v a lu e s  are always 

orth ogon a l. A wave fu n c tio n  may in  c e r ta in  circum stances be a wave func; 

i t io n  o f  two or more d if f e r e n t  o p era to rs. I f  the two operators commute,



then there are a com plete s e t  o f  fu n c tio n s  which are sim u ltan eou sly  

e ig en fu n c t io n s  o f both operatorso The concept o f commuting operators  

i s  d e fin ed  by eq uation  ( 9 ) as

r A A- 1 A h  A A
[A,B] = AB -  BA s  0 ( 9 ) .

By ad ap ta tion s o f the above theorems to  sp in  o p era tors, the nec; 

le s sa r y  r e s u l t s  req u ired  in  a p p lic a tio n s  to  n.m .r* sp ectroscop y  can be 

d e r iv ed . However, ra th er  than d er ive  them a t len g th , they w i l l  merely 

be s ta te d  here w ith  comments where a p p rop ria te .

sp in  operators and sp in  fu n c t io n s .

There are three independent components o f sp in  angular momentum

w ith  corresponding op erators }il , jfl and jzfl and th ese  a c t on the sp inx y  z
wave fu n c tio n s  o f the p a r t ic le s  in  q u es tio n . The commutation r e la t io n s

between th ese  operators are

* A
[I j 1 ]

A
i lL x ’ yj z

A A

P y ^ J =
A

i l
X

A
=

A
i ly

where i  = - 1 .

Prom th ese  r e la t io n s  we can deduce th at there are no s t a t e s  which

are sim ultaneous e ig e n s ta te s  o f a l l  three op era to rs. This means th at

a sp in  fu n c tio n  in  an e ig e n s ta te  of I w ith  e igen va lu e  m w i l l  g iv e  an

ex a ct va lu e  fo r  the ob serva tion  o f the z component o f angular momentum

o n ly . How the square o f the magnitude o f the angular momentum corres;
2 2: ponds to  the operator I  where I i s  co n stru cted  from i t s  components. 

This operator commutes w ith  i t s  components and so i t  i s  p o s s ib le  to  de*. 

: f in e  both the magnitude o f the angular momentum and any one o f i t s  com: 

sponent m agnitudes s im u lta n eo u sly . Thus we may choose a s e t  of norm alisj



2
:e& fu n c tio n s  I,m which are e ig en fu n c tio n s  o f both I  and l  . Thesez

X
are the 2 1 + 1  s t a t e s  w ith  t o t a l  angular momentum ][ ( l ( l  + 1 ) ) 2 w ith  

a z component o f  angular momentum Ĵ , m* To d erive  the allow ed v a lu es  o f  

I  and m from the commutation r e la t io n s  (1 0 ) , i t  i s  n ecessa ry  to  in tro :
A A

jduce the r a is in g  and low ering operators I  and I  which convert the
+ ~

s ta te  | l ,m )  in to  | I,m + 1> and |l ,m  -  1^ r e s p e c t iv e ly .  These operators  

are

A A A
I  -  I  + i l+ x  y
A A  A

I  I  -  i l  (11)-  x  y  v '

N u cle i in  th e ir  ground s t a t e s  have d e f in i t e  v a lu es  of I^and (21 + 1) 

d if f e r e n t  e n e rg ie s  in  a m agnetic f i e l d  (se e  b e low ). As those n u c le i w ith  

I  =s -J- are the most im portant by fa r  in  n .m .r . experim ents we shall^  from 

here on^consider on ly  such c a s e s . This has the fu rth er  advantage of  

s im p lify in g  the d is c u s s io n  o f c a lc u la t io n  tech n iq u es, though no p a r t ic \ 

su la r  p r in c ip le s  are b e in g  employed. N u cle i w ith  I  = -J- e x i s t  in  two 

s t a t e s  and which are o ften  d esig n a ted  |cl^  and[ {} }  • To sum:

jm arise t h is  then

I 2 1 a > 2 l a > * i 2  I p >  =
* | 0 > -

* >  = i U > * - - i r l / U .

V * >  = 0 . i +  |  p  > | « > .

X J I I f i > - iH

II 0 .

( 1 2 )

12 16Many o f the common is o to p e s ,  in  p a r t ic u la r  C and 0 , have 1 = 0

and con seq u en tly , due to  a lack  o f sp in  angular momentum components other

than zero , they do not e x h ib it  n .m .r . sp e c tr a . This i s  in  i t s e l f  f o r t u i t :
1

:ous fo r  many organic compounds would e x h ib it  extrem ely  complex H spec: 

: t r a  i f  the ever  p resen t carbon and oxygen gave cou p lin g  e f f e c t s  (see  

la t e r )  to  the protons w ith I  = -g-. The s ig n if ic a n c e  o f the sp in  angular 

momentum quantum number o f hydrogen b e in g  -g- cannot be o v e rs ta te d . The



whole f i e l d  o f organic chem istry i s  open to  n .m .r , exp erim en tation  and 

th is  f a c t  i s  undoubtedly r esp o n sib le  fo r  the very  rapid  development o f  

n .m .r . as a p h y s ic a l to o l  o f grea t u se fu ln e s s  to  ch em ists .

N u cle i w ith  sp in  quantum number g rea ter  than -J- can, fo r  s e v e r a l  

reasons we w i l l  not co n sid er  h ere , be m ainly n eg lec ted  in  terms o f  

n .m .r . sp e c tr a .

N u cle i in  a Magnetic F ie ld .

For n u c le i  w ith  sp in  quantum number g r e a te r  than zero  there i s  a s s ;  

so c ia ted  a m agnetic moment jU. g iv en  by

H = (1 3 ) .

where where u,T i s  the n u clear  magneton and has a va lue o f 5*0505 .
—2 710”  J o u le s /T e s la , P i s  the sp in  angular momentum and g^ i s  the nucl: 

sear g - f a c t o r .

U su a lly  n u clear  m agnetic moments are d escr ib ed  in  terms o f m agnetogyric 

r a t io s  ra th er  than n u clear  g - f a c t o r s .  The va lu e o f  #  i s  d efin ed  as 

the r a t io  o f the m agnetic moment to  the angular momentum (ta k in g  e x p lic :  

s i t  account o f  the s ig n  o f  the r e la t io n s h ip ) .

E  = X L

and so we see

“ % ^ N

and

H = j #  ( i ( i  + 1 ) )*

In the absence o f a m agnetic f i e l d  the energy o f an is o la t e d  nucl; 

seus i s  independent o f the quantum number m^. This s t a t e s  th a t the ener; 

sgy o f a n u cleu s i s  independent of i t s  o r ie n ta t io n . Nhen a m agnetic f i e l d  

o f s tren g th  B i s  ap p lied  in  a d ir e c t io n  d e fin ed  as z ,  then we can define^

(14)*

( 1 5 ) .



"both c l a s s i c a l l y  and quantum m echan ically  the in te r a c t io n  energy U hy

TJ B = “  Mz B

where fir̂ i s  the component o f in  the d ir e c t io n  z .

This component^ in  the case o f  n u clea r  sp in  i s  d efin ed  "by and so  we 

can e v e n tu a lly  deduce

TJ = -  #  i  nij B (1 6 ) .

and we w i l l  observe 2 1 + 1  non-degenerate energy le v e l s  each separated  

"by ^ Jzf B • R e s tr ic t in g  our a tte n t io n  to  the two le v e l s  from n u c le i  

w ith  I  = -J-, we w i l l  observe t r a n s it io n s  between the le v e l s  induced by 

the appropriate energy o f  e lec tro m a g n etic  r a d ia t io n . The o v e r a ll  se lect* , 

s io n  ru le  op era tin g  here i s  Im̂ . *= + 1, though in  t h is  p a r t ic u la r  in sta n ce  

th ere i s  no o p tio n ,

h v  g  Tf. B

3 /2K  B (1 7 ) .

Rorraally f i e l d s  in  the range 1 — 5 T esla  are used and t h is  in v o lv es  

freq u en c ie s  o f the order o f ten s to  hundreds o f MHz. found in  the ra d io ­

frequency range o f the e lec tro m a g n etic  spectrum .

We. can see  from eq u ation  (17) th a t the resonance frequency i s  prop; 

so r t io n a l to  the s tren g th  o f  the m agnetic f i e l d .  Thus in  an attem pt to  

ach ieve resonance o f  any n u c leu s , e i th e r  the f i e l d  B or the frequency v  

may be v a r ied  u n t i l  the' c o n d it io n s  o f (17) are s a t i s f i e d .  I f  we con; 

s s id e r  two n u c le i  o f d i f f e r in g  m agnetogyric r a t io s ,  then from ( 17) we 

can s e e j th a t  the nu cleu s w ith  the h igh er  m agnetogyric r a t io  w i l l  resonj 

sa te  a t an in crea sed  frequency or a decreased  f i e l d  w ith  r e sp e c t  to  the 

nu cleus w ith  the lower r a t io .  For reasons which are d e ta ile d  elsew here

in  th is  t h e s is  i t  i s  p re fera b le  to  use i f  a t a l l  p o s s ib le , a h igh er  f i e l d .  
1 ’ '



I t  i s  an in t e r e s t in g  fe a tu re  o f magnetic resonance experim ents th at  

the v a lu e s  o f the frequency en erg ie s  absorbed by the system  are to  a 

large part dependent upon c o n d itio n s  s p e c if ie d  by the observer and are 

n ot in t r i n s i c  p r o p e r tie s  o f the system  i t s e l f .

e le c tr o n ic  s h ie ld in g  and chem ical s h i f t s .

So fa r  we have assumed th a t a l l  the n u c le i  in  a g iv en  m olecule  

exp erien ce  e x a c t ly  the same (a p p lied )'m a g n etic  f i e l d  and th a t one reson: 

iance c o n d it io n  bein g  s a t i s f i e d ,  then a l l  the n u c le i o f the same sp e c ie s  

w i l l  absorb energy s im u lta n eo u sly  from the ap p lied  rad iofrequency sou rce . 

F o rtu n a te ly , th is  i s  not the c a se . The presence o f the sample i t s e l f  

perturbs the ap p lied  m agnetic f i e l d .  This i t  does in  two ways g iv in g  

r i s e  to  a bu lk  m acroscopic e f f e c t  and a lo c a l  m icroscopic e f f e c t .  The 

o r ig in  o f  th ese  e f f e c t s  can be traced  to  the behaviour o f the m olecu lar  

e le c tr o n s  in  the a p p lied  f i e l d .  The motion o f  the e le c tr o n s  g iv e s  r is e  

to  diam agnetism , a m agnetic f i e l d  e f f e c t  which opposes the main f i e l d .

I t  i s  the v a r ia t io n s  in  t h is  lo c a l  f i e l d  which g iv e  n .m .r . i t s  g rea t  

p o te n t ia l  as a sp e c tro sco p ic  t o o l .  I f  we take account o f  the e f f e c t iv e  

f i e l d  a t any p o in t in  the m olecule (sa y  B) we can d e fin e  th is  in  terns  

o f the a p p lied  f i e l d  Bq and a screen in g  con stan t <T as fo l lo w s .

B = B0(1 -  <r) ( 1 8 ) .

The d im en sio n less  number cr i s  a sm all f r a c t io n , u su a lly  l i s t e d  in  p arts  

per m il l io n  o f  the main f i e l d ,  and i s  known as the s h ie ld in g  c o n sta n t. 

Since t h is  s h ie ld in g  i s  caused by the e le c tr o n ic  environment o f the 

s tu d ied  n u c leu s , i t  w i l l  come as no su p r ise ,-  th a t the s h ie ld in g -v a r ie s  

w ith  the p o s it io n  o f the nu cleus w ith in  a g iv en  molecule^and n u c le i o f  

the same type in  a m olecule w i l l  be su b jec t to  s l i g h t l y  vary in g  f ie ld s^  

due to  v a r ia t io n s  in  e le c tr o n ic  s h ie ld in g  exp ressed  by d i f f e r in g  cr’s .

The resonance co n d itio n  can be red efin ed  as in  equation  (19)*



27 .

r .  = t f / 2 i t B o( i  _  g .) ( 1 9 ) .

as applied, to  nu cleu s j .

The d if fe r e n c e s  in  cr g iv e  r i s e  to  the ob servation  o f d i f f e r e n t  n u c le i
J

o f the same type reso n a tin g  se p a r a te ly  in  a spectrum — a phenomenon 

known as chem ical s h i f t .  The chem ical s h i f t  o f one resonance r e la t iv e  

to  another i s  what i s  observed when two l in e s  appear se p a r a te ly  in  a 

spectrum .

The q u estio n  o f a standard to  which to  r e fe r  a l l  chem ical s h i f t s  

i s  an obvious c o r o lla r y  o f the above d is c u s s io n . The use o f  in te r n a l  

T.M.S. i s  by now w e ll  known and needs no comment here I A p p lica tio n  o f  

oth er  standards fo r  n u c le i  o th er than hydrogen i s  norm ally n ecessa ry .

As the measured chem ical s h i f t s  in  the spectrum , i f  expressed  in  H z., 

are p ro p o rtio n a l to  the spectrom eter op eratin g  frequency i t  i s  d e s ira b le  

to  rep ort chem ical s h i f t s  in  the d im en sion less  'p a rts  per m illio n ' (ppm) 

u n i t s .  Proton resonances in  ppm r e la t iv e  to  TMS are sa id  to  be based on 

the 6. s c a le .  The 6  v a lu e s  are p o s i t iv e  i f  the sample absorbs to  high  

frequency o f  the re feren ce  ab sorp tion  a t con stan t f i e l d .  The r e la t io n ;  

tsh ip  i s  exp ressed  by eq uation  (2 0) .

6 = 106 (j/ i  -  vm T ( 20)  •v sample THS" TLIo v '
a t con stan t B • o

In terms o f  s h ie ld in g  co n sta n ts  t h i s  can be s ta te d

£  =  1 0  ( < ^ 4 3  -  S a m p l e )  ( 2 1 ) *

I t  i s  c le a r  th a t a h igh  frequency s h i f t  im p lie s  a d ecrease in

i . e .  d e s h ie ld in g .

sp in -sp in  co u p lin g .

The phenomenon of the chem ical s h i f t  i s  not s u f f i c ie n t  to  d escrib e  

the spectrum observed fo r  most m olecules in  s o lu t io n . A d d itio n a l fea t:  

*ures in  the spectrum a r ise  due to the magnetic e f f e c t s  of the variou s



n u c le i upon each o th er . This phenomenon, known as sp in -sp in  cou p lin g , 

cannot be exp la in ed  com p lete ly  by any c la s s i c a l  analogy^and i t  in v o lv es  

the in te r a c t io n  o f the sp in  angular momentum conponents o f the variou s  

n u c le i w ith  each other, by mechanisms which depend la r g e ly  on e le c tr o n ic  

in te r a c t io n s  between the n u c le i in  q u estio n . Though somewhat complex in  

n atu re, th ese  co u p lin g s , termed fo r  coup ling  between n u c le i k and 1 , 

can be understood on a f i r s t  order b a s is  in  terms of sm all a d d it io n a l  

m agnetic f i e l d s  a t the n u c le i,w h ich  vary in  a quantised  fa sh io n  depend', 

xing on the sp in  o r ie n ta t io n  o f the p a r tic u la r  n u c leu s . This a d d itio n a l  

f i e l d  i s  a property o f the nucleus and the in te r a c t io n  pathway in  quest: 

xion^and i s  thus not a f f e c te d  by the va lu e  o f the e x te rn a l f i e l d .  Thus 

cou p lin g  co n sta n ts  do not vary w ith the spectrom eter operating  frequency

I f  a p a r t ic u la r  n u cleu s k has 2 3 ^ + 1  sp in  o r ie n ta t io n s , namely 2 

o r ie n ta t io n s  i f  we apply our r e s t r ic t io n  to  sp in  -J- n u c le i on ly , then any 

nu cleus 1 coupled to th is  nu cleus k w i l l  cause the resonance l in e  o f k 

to  be s p l i t  in to  two equal in t e n s i t y  l in e s  eq u a lly  spaced about the o r ig  

t in a l  l in e  position ^ and  separated  by a g iv en  frequency known as the 

sp in -sp in  cou p lin g  con stan t between k and 1. Where there are more than 

two in te r a c t in g  nuclei^and where we have cases of id e n t ic a l  n u c le i coup: 

I l in g  to another n u cleu s, then the ’s p l i t t i n g 1 p attern s become more com; 

ip le x , though s t i l l  capable o f being understood on the b a s is  o f th is  sim  

I p ie  lo g ic .  The elem ents o f th is  ’f ir s t - o r d e r  or s e m i - c la s s i c a l ’ theory  

are, by now w e ll known and they are not o f immediate in t e r e s t  h ere . We 

s h a l l  concern o u rse lv es  w ith  e s ta b lis h in g  the ground work fo r  an under; 

xstanding o f the more complex, but n ecessa ry , f u l l  quantum m echanical 

treatm en t.

sp in  fu n c tio n s  and product fu n c t io n s .

As we have seen  the wave fu n c tio n s  fo r  sp in  -J- n u c le i are o ften  lab ;  

i e l i e d  o. fo r  /3 fo r  m̂. = —J-. As i s  f a i r ly  obviou s, in  the

above case of sim ple f ir s t - o r d e r  sp e c tra , a l l  t r a n s it io n s  in  the sp e c t;  

xrum can be la b e lle d  w ith the sp in  s t a t e s  ( a  or p)  o f the other n u c le i



in  the sy stem ,ex c lu d in g  the one undergoing resonance tr a n s it io n s*  The

p a r t ic u la r  r e la t io n  of a  and ft can "be swopped w ith ou t.an y  m ater ia l

e f f e c t  on the spectrum .

By normal quantum m echanical c o n s id e ra t io n s , the o v e r a ll sp in

• s t a t e 1 o f the assem bly o f n u c le i in  a m olecule may be d esign ated  by the

product of the sp in  fu n c tio n s  o f the in d iv id u a l n u c le i .  I t  i s  exp ed ien t

to  l i s t  the v a r io u s sp in  s t a t e s  o f a system  w ith the sp in  fu n c tio n s  of

the v a r iou s n u c le i m u lt ip lie d  in  the same order from case to  c a se . This

then' a llow s us to w rite  where the order AMX i s  understood .

These product fu n c tio n s  are a s u ita b le  'b a s i s ’ fo r  ex p ressin g  the more
/2b

complex s i tu a t io n s  which must be trea ted  by quantum mechanics'. These

product fu n c tio n s  may be c la s s i f i e d  according to the value o f the t o t a l

component o f sp in  angular momentum m = .m., where summation i s  over
DO

all  the n u c le i  o f the system . So, fo r  example, a/W product fu n ctio n  

has m̂  = -  3/2 w h ils t  upa, and a < tp  would a l l  have = +1/ 2 .

E nergies and S p ec tra .

Though the p r a c t ic a l  problem to  be so lv ed  in  n .m .r . sp ectroscop y

i s  th a t o f e s t a b lis h in g  the n .m .r . parameters -  chem ical s h i f t  and coup;

x lin g  con stan t -  from an observed spectrum , the approach adopted i s  to

work in  rev erse ; g iven  a s e t  o f chem ical s h i f t s  and coup ling  c o n sta n ts ,

what i s  the appearance of the experim en tal spectrum under s p e c if ie d

c o n d it io n s! In th is  manner, a th e o r e t ic a l  spectrum i s  matched to  an ex:

xperim ental spectrum and the n .m .r . parameters o f the th e o r e t ic a l  spec*

*trum are assumed to  be a p p lica b le  to the experim ental spectrum . The

problems o f unambiguous d e f in i t io n  o f s p e c tr a l parameters by t h is  appr;
/*6

joach have been considered  a t len g th  in  s p e c i f ic  cases' and w h ils t  

the problems cannot be t o t a l ly  circum vented, we can norm ally be q u ite  

sure th a t we have ach ieved  a unique s o lu t io n  o f the problem.

F ollow ing the normal methods o f quantum mechanics, we must so lv e  

the operator eq u ation  fo r  which the corresponding observable i s  the en;



jergy  o f the system , namely the Schroedinger eq u a tio n . The operator  

under c o n s id e ra t io n  i s  the H am iltonian o f the system .

the H am ilton ian .

As i s  obv iou s, the energy o f a system  i s  an observable and the corr: 

jesponding operator H i s  known as the H am iltonian o f the system . The 

operator eq u ation  i s  w r itte n  as

H ^  = E (2 2 ) .

The com plete H am iltonian fo r  a m olecule i s  a com plicated operator con* 

j ta in in g  terms appropriate to  e n e rg ie s  d e r iv in g  from many so u rces . The 

operator can be d iv id ed  in to  terms corresponding^approxim ately^to th ese  

in d iv id u a l e n e r g ie s  and the wave fu n c tio n s  can then be w r itten  as prod: 

ju c ts  o f fu n c tio n s  d e scr ib in g  the v a r io u s in te r a c t io n s  in v o lv ed . Soyfo r  

exam ple, we can w rite  a wave fu n c tio n  as a product o f e le c t r o n ic ,  v ib ra t:  

l io n a l ,  r o ta t io n a l  and n u clear  sp in  fu n c tio n s , each of which are e igen :

: fu n c tio n s  o f an e f f e c t iv e  H am iltonian. The nu clear  sp in  H am iltonian  

co n ta in s  n u clea r  sp in  op erators and co n sta n ts , the cou p lin g  co n sta n ts  

and chem ical s h i f t s ,  whose v a lu es  depend on the e le c tr o n ic ,  v ib r a t io n a l  

and r o ta t io n a l s ta te s  of the m olecu le . The n u clear  sp in  s t a t e s  are e igen :  

: s t a t e s  o f t h i s  H am iltonian.

The use o f a H am iltonian which exclu d es co n sid era tio n  o f anything  

but the sp in  s t a t e s  o f the n u c le i o f the system  i s  j u s t i f ie d ^ in  as much 

as the e n e r g e t ic  in te r a c t io n s  o f the m agnetic f i e l d  and the rad io freq u en i 

ic ieS j ap p lied  to  the m olecu les under exam ination^do not a f f e c t  the phys* 

: i c a l  co n d it io n s  o f the m olecule excep t by in te r a c t io n  w ith  the nu clear  

s p in s . Even e le c tr o n ic  sp in  levels^  in  which the degeneracy i s  l i f t e d  by 

a p p lic a t io n  o f the magnetic field ^  are not perturbed to  any s ig n i f ic a n t  

e x te n t by the ap p lied  r a d ia tio n  in  most h igh  r e s o lu t io n  experim en ts.



The form o f  the H am iltonian operator fo r  a c o l le c t io n  o f n u c le i in '  

a m agnetic f i e l d  can he developed from the preceding c o n s id e r a t io n s .

Prom eq u ation s (1 6) and (17)> e x p ress in g  the H am iltonian in  frequency  

u n its  ra th er  than energy u n it s  hy d iv id in g  through by P lan ck 's  constant 

(eq u ation  ( 17))> we may exp ress the in te r a c t io n  o f the var iou s n u c le i  

w ith  the a p p lied  f i e l d ,  a llo w in g  fo r  the e f f e c t  o f sh ie ld in g  (eq u ation  

( 18) ) ,  as

H E - ( 2 7c)” 1 X- B (1 -  o ' . ) X \ .

(S 3 ) .

where i s operator whose observable i s  the z component o f

sp in  angular momentum fo r  n u cleu s j .

The use o f u n it s  o f frequency and not energy i s  con ven tion a l and conven;

: i e n t .  The e ig e n fu n c t io n s  are unchanged from those o f the true Hamilton;

s ia n  operator w h ils t  the e ig en v a lu es  g iv e  energy le v e l  freq u en c ies  d ir e c t

s ly ,  ra th er  than tr a n s it io n  e n e r g ie s . I t  should be remarked th a t th is

H am iltonian i s  appropriate fo r  m olecules which make freq uen t random co l;

s lis io n s^ a n d  i s  not appropriate to  m olecu les in  d e f in it e  r o ta t io n a l and

v ib r a t io n a l s t a t e s  and to  those in  so lid s^ w h ich  have more complex Hamil:

s to n ia n s . The observed a and J (co u p lin g  con sta n t) v a lu e s  are mean v a l;

su es.ta k en  over the r o ta t io n a l and v ib r a t io n a l s t a t e s  p resen t in  any 7
system^and they  w i l l  show temperature v a r ia t io n s  due to  changes in  the 

p op u lation  o f in d iv id u a l s t a t e s .  A ll  terms^ which depend upon the o r ien t;  

Jation  o f the m olecule in  the ap p lied  fie ld ^ a v era g e  to zero  under the 

c o n d itio n s  o f rap id  tum bling in  gas and l ia u id  sam ples.
/7

I t  can be shown' th a t the in te r a c t io n  between n u clear  sp ins^ rep res;  

sented ph enom enologically  by the cou p lin g  con stan t d escr ib ed  in

the Ham iltonian by the s c a la r  product o f the z sp in  components m u ltip lied  

by the con stan t



3 2 .

H + ® Jk l  ■Ck*I l

The com plete sp in  H am iltonian i s  the sum o f eq u ation s (23) and (24 ) .

I t  i s  c le a r  th a t co n sid era b le  s im p li f ic a t io n  o f the H am iltonian  

occurs in  p r a c t ic e  fo r  a l l  operators con ta in ed  w ith in  i t  do not operate  

on a l l  e ig e n fu n c t io n s  o f the sp in  system ,

the s ta te  o f the system .

To d escr ib e  the s ta te  o f a g iven  sp in  system , i t  i s  p o s s ib le  to

employ the s im p le s t  sp in  s t a t e s  o f the is o la t e d  nucleus as a b a s is .  For

sp in  -J- n u c le i ,  to  which we s h a l l  con fin e  our a t te n t io n , th ese  b a s is

s t a t e s  are la b e l le d  a  and jZ, I t  is ^ in  practice^m ore conven ient though^

to  employ l in e a r  com binations o f the sim ple product s ta te s  ( e .g .  op) .

A system  o f H n u c le i  w ith  U chem ical s h i f t s  and -g-H(H -  1) cou p lin g  con;

Njs ta n ts  w i l l  a llow  a s e t  o f 2 sim ple product fu n c tio n s  which can be 

used as a b a s i s ,  He are now p resen ted  w ith  the problem of f in d in g  a lin*. 

sear com bination o f th ese  b a s is  s e t s  which are s ta tio n a r y  s t a t e s  o f  the 

H am iltonian or in  o th er  w ordsjare e ig en fu n c tio n s  o f the H am iltonian w ith  

corresponding e ig en v a lu e s  th a t are ( in  t h is  ca se )en erg y  l e v e l  fr e q u e n c ie s .  

These s t a t e s  w i l l  a ls o  be e ig e n s t a te s  o f any operator which commutes 

w ith  the H am iltonian and one such operator i s  th at corresponding to the

sv a lu es  o f F are m- in trod uced  e a r l i e r .  C learly  a con sid era b le  amount z 1

o f m ixing o f b a s is  s t a t e s  w i l l  be involved ^as many com binations of such

A

z component o f t o t a l  sp in  angular momentum, F^. (F Ik )* The e ig en ;

b a s is  s t a t e s  have the same m̂  v a lu e s . Such b a s is  s t a te s  are mixed by 

the cou p lin g  terms o f the H am iltonian op era tor .

I f  1 ................K >  are the s e t  o f product fu n c tio n s  which have e ig j

senvalue m̂  fo r  F^, then the n s ta t io n a r y  s t a t e s  I V  \ \ >  which

correspond to  the same m̂  are l in e a r  com binations o f th ese

(2 5 ) .



These s ta t io n a r y  s t a t e s  (eq u ation  ( 2 5 ) )  are e ig e n s ta te s  o f H. Expansion 

o f  the H am iltonian eq u ation  fo r  product fu n c tio n s  in  terms o f the b a s is  

fu n c tio n s  g iv e s  r i s e  to  the fa m ilia r  se c u la r  equations which are convent 

s ie n t ly  w r it te n  in  m atrix form as

H... -  E 11

B 2 '

H12 

H22 - E

which i s  tru e  fo r  each k .

f  \

O j ,1

•

C2

4

-  0 , (26) .

These are c o n s is te n t  on ly  i f  the determ inant o f the l e f t  hand m atrix  

(th e  se c u la r  determ inant) i s  z e r o . S o lv in g  th is  n order equation  fo r  

E g iv e s  n p o s s ib le  v a lu e s  fo r  E and n sp in  e ig e n fu n c t io n s . This process  

i s  rep eated  fo r  each va lu e  o f  m^.

The p ro cess  o f s o lv in g  th is  s e t  o f s e c u la r  equations i s  eq u iv a len t
/*5

to  * d ia g o n a lis in g  the H am iltonian m atrix 1̂ . I t  i s  p o s s ib le  to  change 

the b a s is  o f  the H am iltonian, th a t i s  change the b a s is  fu n c t io n s , such  

th a t the form o f  the H am iltonian m atrix i s  con sid erab ly  s im p li f ie d .  I f  

e ig e n s ta te s  are chosen as the b a s is ,  then a l l  o f f  d iagon a l elem ents o f  

the m atrix go to  zero and the d iagon a l elem ents provide the e n e rg ie s  d ir  

j e c t ly .  The p rocess o f  d ia g o n a lis in g  the m atrix i s  by no means sim ple  

and in  a l l  but the most sim ple ca ses  i t  i s  performed by p ro cesses  o f  i t :  

ser a tio n  on e le c tr o n ic  com puters. E x p lic it  s o lu t io n s  fo r  m atrices g r ea t;  

ser than 2 x 2  are not a t ta in a b le .

S ev era l methods have been developed to  s im p lify  the problem of  

m atrix d ia g o n a lis a t io n  which^on the surface^may not appear to  be d ir e c t ;  

s ly  r e la te d  to  the d i f f i c u l t i e s  o f m atrix a lg e b r a . For in s ta n c e , con sid ; 

serab le  s im p li f ic a t io n  o f the m atrices in v o lv ed  can be ach ieved  i f  we 

can take e x p l i c i t  account o f any m agnetic and even chem ical eq u iva len ce  

o f the n u c le i  in  the m olecu le , M agn etica lly  eq u iv a len t n u c le i  are those



which exp erien ce  id e n t ic a l  ( in  every  r e sp e c t)  in te r a c t io n s  w ith  a l l  

oth er  n u c le i .  Chem ically eq u iv a len t n u c le i  are isochronous (o f  the same 

chem ical s h i f t )  hut do not exp erien ce  id e n t ic a l  coup lings to a l l  other  

n u c le i  in  the m olecu le . I f  a group o f n u c le i  are m a g n etica lly  eq u iv a len t

Pthey can he rep laced  hy a s in g le  com posite p a r t ic le / r e s u lt in g  in  consid  

serab le  s im p li f ic a t io n  o f the m atrices to  he d ia g o n a lise d . As ch em ica lly  

e q u lv a len t n u c le i  are r e la te d  hy symmetry opera,tions o f the p o in t group 

o f the m olecu le , group t h e o r e t ic a l  methods can he used to  co n stru c t a

Pb a s is  o f symmetry fu n c t io n s , though g e n e r a lly  the h ig h e s t  degree o f syrnj 

! metry accounted fo r  in  computer programs i s  th a t of a symmetry a x is .

Having e s ta b lis h e d  the tr a n s it io n  freq u en c ie s  obtained fo r  a g iven  

s e t  o f param eters, i t  on ly  remains to  e s t a b l is h  the tr a n s it io n  in t e n s i t ;  

: i e s .  These are r e la t iv e l y  t r i v i a l l y  c a lc u la te d  from p rescr ib ed  formulae 

which need not concern us h e r e .

S p ec tr a l L ineshapes and R elaxation  P r o c e s se s .

E arly  experim enters in  n .m .r . were m ainly in te r e s te d  in  dynamic

p r o cesses  and l in e  shapes and they found th a t a c la s s i c a l  m acroscopic

d e s c r ip t io n  o f m agnetic resonance phenomena s a t i s f i e d  th e ir  requirei 

/ 10jm ents. Bloch' p ion eered  a m athem atical approach to  t h is  su b jec t in  

the form of eq u ations (which now hear h is  name) d escr ib in g  the s ta te  

o f m acroscopic m agn etisa tion  in  a system .

Any sample p laced  in  a magnetic f i e l d  develop s a m acroscopic magnet 

s ic  moment dependent upon the va lu e  o f the f i e ld ;  the tem perature, which 

d e f in e s  in  part the sp in  d is tr ib u t io n  between a v a ila b le  energy le v e l s ;  

the m agnetogyric r a t io  o f the n u c le i  in v o lv ed  which d e f in e s  the m agnit: 

sude o f the in d iv id u a l n u clear  moments and the number o f n u c le i  p resen t. 

As i t  i s  a m acroscopic th eory , i t  i s  appropriate to  con sid er  the magnet: 

; is a t io n  per d e fin ed  number o f s p in s . I f  the z d ir e c t io n  i s  taken along  

the ap p lied  f i e l d  v e c to r  Bq, then the m agn etisa tion  M i s  in  the same 

d ir e c t io n  and takes the va lu e
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H0 = i l f ( ^ ) 2Bo/kT (2 7 ) .

where IT i s  the t o t a l  number o f sp in s  and the high temperature appr; 

soxim ation k T »I^ B Q| has been u sed .

I f  the sp in s  in  the system  are perturbed from th is  eq u ilib r iu m  con: 

s d it io n  by the a p p lic a t io n  of an e x te r n a l radiofrequency cau sin g  reson; 

sance, then on the c e s s a t io n  of ir r a d ia t io n , the components o f M, the 

t o t a l  m a g n etisa tio n , p a r a l le l  and perpendicu lar to  Mq decay w ith  d if f e r :  

sen t time c o n sta n ts  T* and T0 . TTith the z a x is  d efin ed  along BA d  O

= - ( Mz - V / Ti <28)-

ft Mx = “V T2
ft My " "HA  (29)*

This approach to  therm al eq u ilib r iu m  in  the f i e l d  i s  known as r e la x a t io n

w ith  T.j and as r e la x a t io n  tim es . The decay o f the lo n g itu d in a l compon:

sen t M i s  accompanied by an energy flow  between the n u clear  sp in  sy s:  z

stem and the o th er d egrees o f freedom o f the system  known as the l a t t i c e .

The r e la x a t io n  time T̂  which d e scr ib e s  t h is  flo w , i s  known as the s p in -

l a t t i c e  r e la x a t io n  time + or the lo n g itu d in a l r e la x a t io n  tim e. T̂  i s

known as the tran sverse  r e la x a t io n  time or the sp in —s-pin r e la x a t io n  tim e .

The la t t e r  na,me a r is e s  because d ir e c t  in te r a c t io n  between the sp in s  o f

the d if f e r e n t  n u c le i  can cause r e la x a t io n  o f M and M w ithout energyx y
tr a n s fe r  to  the l a t t i c e .  In s tu d ie s  on f lu id s ,  however, such sp in -sp in  

p r o cesses  have a n e g lig a b le  e f f e c t  and the r e la x a t io n  in  the system  can 

be con sidered  p u rely  in  terms o f sp in —l a t t i c e  e f f e c t s  in  T̂  and T^.

R elaxa tion  o f n u clear  sp in s  i s  much slow er than the r e la x a t io n  

a sso c ia te d  w ith  r o ta t io n a l and v ib r a t io n a l l e v e l s  and so r e la x a t io n  tim es 

o f seconds are common in  n .m .r . sp ectro sco p y . T ra n sitio n s  between nuc; 

: le a r  sp in  le v e ls  can only be induced by m agnetic f i e l d s  and consequent; 

s i n u c l e i  r e ly  upon random m agnetic f i e l d s  brought about by the Brown; 

sian  motion o f o th er n u c le i  to  e f f e c t  r e la x a t io n . The lo n g itu d in a l or



sp in —l a t t i c e  r e la x a t io n  depends upon fo u r ie r  components o f th ese  f lu c t ;  

ju a tin g  f i e  Ids j perp en d icu lar to  the s t a t i c  ap p lied  fie' Id ^ o s c i l la t in g  a t  

the resonance freq u en cy . The e x c ite d  pop u la tion  s ta te s  r e la x  u n t i l  they  

reach the p o p u la tion  d is t r ib u t io n  d e fin ed  hy the Boltzmann d is tr ib u t io n  

fo r  th a t tem perature. Thus we can see th a t the r e la x a t io n  time T̂  i s  

concerned w ith  the r e la t iv e  p op u la tion s o f s t a t e s  and hence the in te n s ity  

s ie s  o f s ig n a l  observed .

The e f f e c t  o f m agnetic n u c le i in te r a c t in g  among th em selves, describe  

:ed by the sp in -sp in  r e la x a t io n  time Tgj i s  to  cause u n ce r ta in ty  in  the 

l i f e t im e  o f any one n u cleu s in  a g iv en  sp in  s t a t e .  By H eisen b erg’s Uncer; 

s ta in ty  P r in c ip le , t h i s  r e s u lt s  in  an in crea sed  u n cer ta in ty  as to .th e  

energy o f the t r a n s it io n  w ith  a consequent spread in  measured v a lu es  of 

the t r a n s it io n  en ergy . This r e s u lt s  in  an in crea se  in  l in e  w idth o f the 

observed spectrum . He can g e n e r a lly  account fo r  the l in e  width o f a s ig ;  

jn a l by the v a r ia t io n  o f T *̂

The l in e  shapes most commonly met in  sp ectroscop y  are those known 

as G aussian and L o ren tz ia n . He w i l l  not concern o u rse lv es  here w ith  

th e p a r t ic u la r  mathematics o f  each l in e  shape. I t  s u f f i c e s  to  remark 

th a t the L oren tzian  l in e  i s  f a i r l y  w e ll  e s ta b lis h e d  as th a t most appro', 

jp r ia te  to  d e scr ib in g  h igh  r e s o lu t io n  n .m .r . s ig n a ls .  A p a r t ic u la r  fe a t:  

jure o f  t h is  l in e  shape i s  th a t i t s  w idth measured in  Hz. a t  h a l f  max: 

simum h e ig h t i s  d e fin ed  as

S v x  = (*Tp ) “ 1 ( 3 0 ) .
2

The a sp ect o f u n ce r ta in ty  a s so c ia te d  w ith  l in e  w idth o f  a s ig n a l  

i s  a ls o  e x h ib ite d  by system s undergoing exchange o f  n u c le i  between d is :  

j t in c t  s i t e s .  As the exchange ra te  in c r e a s e s , the u n ce r ta in ty  w ith  which 

the in d iv id u a l l in e s  can be determ ined in c r ea se s  w ith  a consequent broad: 

:en in g  o f  the s ig n a ls .  E ven tu a lly  the s ig n a ls  become so  broad th a t the 

two s ig n a ls  c o a le s c e , a w e ll  known phenomenon. As the ra te  in c r ea se s



even  fu r th e r , i t  i s  on ly  p o s s ib le  to  measure an average p o s it io n  fo r  the

l in e ,  though t h is  can he measured w ith  g r ea ter  accuracy, the g rea ter

the ra te  o f  exchange*

The a p p lic a t io n  o f  B loch equations w ith  th e ir  b u i l t  in  r e la x a t io n

c o n c e p ts .to  such exchanging system s was o r ig in a l ly  ta ck led  by Gutowsky 
,11,12

and coworkers/ and la t e r  in  a m athem atically  sim pler v e r s io n  by
/1 3 , 14

McConnell and coworkers'* The r e s u lt s  developed by th ese  authors

have been w id e ly  a p p lied  in  the l i t e r a tu r e  b u t, u n fo r tu n a te ly , in  the

approxim ate forms th a t can be d er ived  from the g en era l equations* In

consequence, many approxim ate s o lu t io n s  o f  ra te  s tu d ie s  abound employing

such eq uation s w ith  the concurrent d i f f i c u l t i e s  th is  causes* More

recen t s tu d ie s  have employed a f u l l  m athem atical d e sc r ip t io n  o f  the l in e

shapes and Reeves and Shaw have extended the B loch d e sc r ip t io n  by em*.

/ 15:p lo y in g  m atrix techniques'* In a fu r th er  paper, the a p p lic a t io n  o f
A 6

th ese  methods to  f i r s t  order coupled sp ec tra  i s  described'*

The a p p lic a t io n  o f  B loch equations to  exchange problems i s  now very

much overshadowed by the u se o f exact quantum m echanical techn iq ues to

th ese  system s* The use o f  such tech n iq ues ( to  be d escr ib ed  below ) i s

o fte n  advantageous^ as the programs in v o lv ed  are a p p lica b le  to  a l l  orders

o f  cou p lin g  and do not depend upon f i r s t  order approxim ations fo r  th e ir

v a l id ity *  Free from th e requirem ent to  e s t a b l is h  f i r s t  order or uncoup;

j le d  system s fo r  stu d y , the sp e c tr o s c o p is t  can advance h is  s tu d ie s  in to

p r e v io u s ly  uncharted f ie ld s *  The very  com p lex ity  o f  sp ec tra  which was

/ 17once so  d isadvantageous can now be seen  as a p o s i t iv e  advantage*
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Major Quantum. M echanical T echniques.

Two fu r th e r  approaches to quantum m echanical c a lc u la t io n  o f  n .m .r . 

sp e c tra  have y e t  to  be m entioned and we w i l l  d is c u s s ^ b r ie f ly , the s a l:  

: ie n t  p o in ts  o f both o f  th ese  techn iq ues below . Both c a te g o r ie s  o f tech: 

:nique have been ap p lied  to non-exchanging and exchanging system  sp ectra , 

though in  the p resen t work, on ly  one o f th ese  c a te g o r ie s  was employed in  

the c a lc u la t io n  o f sp e c tr a . Techniques d escrib ed  e a r l ie r  were employed 

fo r  the c a lc u la t io n  o f  non-exchanging sp ectra  w h ils t  the d ir e c t  methods 

to  be d escr ib ed  below were employed fo r  the c a lc u la t io n  o f exchange spec: 

: t r a .  This r e s u lte d  from the a v a i la b i l i t y  o f  computer programs.

The f i r s t  ca tegory  to be d isc u sse d  below i s  th at o f d e n s ity  m atrix  

techniques^and the p a r t ic u la r  in sta n ce  o f the a p p lic a tio n  o f d e n s ity  

m atrix a lgeb ra  can be c l a s s i f i e d  as b e lon g in g  to in d ir e c t  tech n iq u es.

The term ' in d ir e c t '  i s  in tended  by exponents o f the second 'd ir e c t '  tech: 

:n ique to  p o in t to  the co n tr a st in  r e s u lt s  obtained  from th ese two 

m ethods. In the in d ir e c t  methods, the f in a l  r e s u lt  o f  the n ecessa ry  c a l:  

s c u la t io n s  i s  a l i s t i n g  o f  energy le v e l s  and allow ed tr a n s it io n s  between 

them. In d ir e c t  or superoperator methods, the f in a l  c a lc u la t io n  output 

i s  a l i s t i n g  o f the tr a n s it io n  en erg ie s  (o r  fr e q u e n c ie s)  o f the spectrum  

d ir e c t ly ,  w ithout the need to  c a lc u la te  energy le v e l s  in  the f i r s t  p la c e .

The r e la t iv e  m erits  o f e i th e r  method are d i f f i c u l t  to a s se s s  and i t  

seems a t l e a s t ,  th a t no g rea t com putational advantages acrue to e ith e r  

method. Is  i s  perhaps m athem atically  s a t i s f y in g ,  i f  noth ing  e l s e ,  th a t  

superoperator methods are capable o f supp lying d ir e c t ly  the p h y sica l  

param eters o f in t e r e s t ,  namely the tr a n s it io n  fr e q u e n c ie s , though the 

chore o f  assem bling tr a n s it io n  freq u en c ies  from c a lc u la te d  energy le v e l s  

i s  probably the le a s t  o f the com putational problems in v o lv ed  in  these  

methods.

D en sity  M atrix Methods.

The use o f the d e n s ity  m atrix to  d escr ib e  s t a te s  in  quantum mech: . 

jan ics i s  a w e ll known m athem atical tech n iq u e . Any comprehensive d is :



scu ss io n  o f th ese  tech n iq u es i s  fa r  "beyond the scope o f not on ly  th is  

t h e s is  hut a lso  the p resen t author! S evera l authors have d isc u sse d  den*. '
/ i

s s i t y  m atrix tech n iq u es, in  p a r t ic u la r  Fano' who considered  gen era l
/2

d e n s ity  m atrix methods and operator techn iq uesjand  Abraganr whose dis:

scu ss io n  was o r ie n ta te d  s t r i c t l y  towards n .m .r .. hut in  a d e ta i le d  theor;

/ 3s e t i c a l  fa sh io n . Lynden—B e ll'  has provided the most s a t is f a c t o r y  dest 

s c r ip t io n  o f  th ese  methods fo r  our purposes, though the r e s u lt s  quoted 

hy her are not presen ted  w ith  p roofs as such . For such p ro o fs , the work 

o f  the o th er  two authors ahove can he c o n su lte d .

The d e n s ity  m atrix f in d s  i t s  most u s e fu l  a p p lic a tio n  in  d is c u s s in g  

l in e  shapes o f com plicated  system s hut the p r in c ip le  o f the d e n s ity  

m atrix  i s  most e a s i l y  d isc u sse d  w ith  a t r i v i a l  example. In t h is  context^  

i t  would appear th a t l i t t l e  i s  to  he ga in ed  as a g a in st the more s tr a ig h t  

forward methods d escr ib ed  e a r lie r ^ h u t the lin k  between the d e n s ity  

m atrix approach and the e a r l i e r  work i s  b e s t  made in  t h is  fa sh io n .

There are v a r io u s  ways o f  d e scr ib in g  the s ta te  o f  a system^hut o f  

p a r t ic u la r  in t e r e s t  fo r  our p resen t purposes i s  the co n str u c tio n  o f  

wave fu n c tio n s  from com plete b a s is  s e t s  o f  orth ogon al, norm alised func; 

s t io n s .  So we can expand in  terms o f  </> as fo l lo w s .

Y  = c 1/ 1 + c2jz(2 + c ^  + • • • •  ( 0 .

This method i s  con ven ien t p a r t ic u la r ly  fo r  sp in  system s where the b a s is

s e t  co n ta in s  a r e la t iv e l y  sm all number o f  fu n c t io n s .

Now the s ta te  o f  the system  can he d escr ib ed  hy a m atrix formed
/ H y  *5

from the expansion c o e f f i c i e n t s  c^ in  equation  (1 )  above.

* / \p. . rs o. c . \ 2 ) .
i  0

I f  -we now seek the e x p e c ta tio n  va lu e  fo r  a g iv en  operator Ql act?  

s in g  on a system  d escr ib ed  by the d e n s ity  m atrix p, t h i s  can be deduced



4 1 .

to  be

0. as tra ce  pQ. as tra ce  Q.p ( 3 ) .  

where 0. i s  the m atrix w ith  elem ents 0.. . and the tra ce  o f  the  

m atrix i s  the sum o f  the d iagon al term s.

The tra ce  o f  a m atrix i s  independent o f  the ch oice o f  b a s is  fu n c tio n s  

and con seq u en tly , c a lc u la t io n s  w ith  d e n s ity  m atrices may employ what: 

sever  b a s is  i s  most co n v en ien t.

the d e n s ity  m atrix approach to an ensemble o f  n o n -iso la te d  sy stem s.

In most n .m .r . experim ents we are d e a lin g  not on ly  w ith  an ensemble 

o f  system s (namely a c o l le c t io n  o f n u c le i  in  m o le c u le s b u t  a t the same 

tim e we must account fo r  the in te r a c t io n  o f  th ese  system s w ith  each  

o th er  and w ith  th e ir  surroundings (view ed perhaps as a l a t t i c e  or a 

therm al b a th ) , life can co n stru ct^ fo r  th is  ensemble^ a mean d e n s ity  m atrix  

p d e fin ed  as

p »

and the e x p e c ta tio n  v a lu e  o f  the operator Q o p era tin g  on the sys; 

item i s

Q, b XT t r .  pQ. (5)«

assum ing th a t the same b a s is  s e t  a p p lie s  to  a l l  If m o lecu le s . .

M athem atically  wave fu n c tio n s  are s p e c i f ic  k in d s o f  d e n s ity  m atrices  

and are a p p lic a b le  to  d e scr ib in g  on ly  'c lo s e d 1 system s, th a t i s ? system s 

not depending upon any fa c to r s  e x te rn a l to  them fo r  th e ir  p r o p e r t ie s .  

D en sity  m atrices on the o th er  hand are p e r fe c t ly  a p p lica b le  to  describs  

s in g  'open' system s fo r  which no wave fu n c tio n  could e x i s t .  So in  parr 

s t ic u la r ,  a d e n s ity  m atrix may d escr ib e  the n u clear  part o f  a wave func: 

s t io n  fo r  which no n u clear  wave fu n c tio n  i s  app rop riate s in ce  the n u c le i



are not in  a pure s t a t e .  Another asp ect o f  t h is  f l e x i b i l i t y  a r is e s  in  

the case , fo r  example, o f  two s tr o n g ly  coupled n u c le i  (th e  AB c a s e ) .  Tfhilst 

n u cleu s A alone cannot be d escr ib ed  by a wave fu n ctio n  i t  can be d escr ib ;  

ied  by a d e n s ity  m atrix .

the d e n s ity  m atrix o p era to r .

As the form o f  the d e n s ity  m atrix w i l l  vary depending on the b a s is  

chosen to  exp ress i t  in ,  i t  i s  conven ient to  d e fin e  a d e n s ity  m atrix  

op era to r , p, from which the d e n s ity  m atrix can be formed in  any basis^  

by a p p lic a t io n  o f

4 s  -  f t i p h ( 6 ) -
or in  D irac n o ta tio n

4 S -  <?>•

I f  we choose a b a s is  X where p i s  d ia g o n a l, then

£ . | x . >  p.<x.|  (8).

where P. are numbersl

a ls o  on ly  has d iagon al e lem en ts . This i s  the d e n s ity  m atrix operator  

and from i t  the d e n s ity  m atrix can be w r itte n  in  .any b a s is

4 i  “ £ k < ^ il  ( 9 ) -

in te r p r e ta t io n  o f the d e n s ity  m atrix .

The p a r t ic u la r  in te r p r e ta t io n  o f  a d e n s ity  m atrix depends in  part 

upon the b a s is  in  which i t  i s  ex p ressed . The b a s is  in  which p i s  d ia g i  

:on a l i s  the n a tu ra l b a s is  fo r  the system ; the d iagon a l elem en ts then  

rep resen t the p r o b a b il i t ie s  o f f in d in g  the system  in  the g iven  pure 

s ta te  corresponding to the d iagon al elem ent in  q u es tio n . I f  p i s  not 

d ia g o n a l, th en ^ w h ilst the d iagon al elem ents s t i l l  rep resen t p r o b a b ility



s i e s ,  the ex a ct nature o f the s t a t e s  in  q u estio n  i s  not so easy  to de; 

s f in e .  The nature o f  the o f f  d iagon al elem ents i s  open to v a r io u s  in ter s  

sp r e ta tio n s  which vary from in sta n ce  to  in s ta n c e . In n .ra .r . problem s, 

we w i l l  o fte n  use a b a s is  in  which the sp in  Ham iltonian and the d e n s ity  

m atrix are d iagon a l in  the absence o f an a p p lied  rad iofrequency f i e l d .  

When the rad io freau en cy  f i e l d  i s  a p p lied , m agn etisation  i s  induced in  

the plane perp en d icu lar to  the s t a t i c  a p p lied  f i e l d  Bq and the o f f -d ia g :  

sonal elem ents^p^^^in t h is  b asis^ are  p rop o rtio n a l to  the part o f  the 

m a g n etisa tion  th a t can be a ttr ib u te d  to the tr a n s it io n  between s ta te s  

i  and j .

The equation  o f  motion o f p can be exp ressed  in  a d ia g o n a lis in g  

b a s is  s e t  by

i  t  f t  P 53 [h jP] 0 ° ) *

where H i s  the H am iltonian . This i s  id e n t ic a l ly  exp ressed  in  m atrix  

form by removal o f the operator 'c a p s1. H i s  exp ressed  in  the same b a s is  

as p .

I f  p and H are both d iagon a l in  some rep re sen ta tio n , then they commute 

and p does not vary w ith  tim e. S ince we are con sid erin g  a r e la x in g  sys*. 

stem w ith lo c a l  f lu c tu a t io n s  in  H, then the equation  o f  motion employs 

mean v a lu e s  as fo llo w s

-  BS -  pH ( 11) .

the d e n s ity  m atrix d e sc r ip t io n  o f the n .m .r . experim ent.

In the n .m .r . experim ent, the sample i s  p laced  in  a stron g  m agnetic 

f i e l d  Bq and an o s c i l l a t in g  m agnetic f i e l d  cos i s  a p p lied  at

r ig h t  an g les  to  Bq . We then can record an induced ab sorption  s ig n a l a t  

r ig h t  an g les  to  both o f  th ese  f i e l d s .  The appropriate H am iltonian fo r  

a n u cleu s o f  sp in  -J- i s  g iven  by
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E £Bo(1 -  or)lz +  0 0 3  I ( 1 2 ).

t h is  can then he w r itte n  in  u n it s  o f  Jf{ w ith  a  and p as h a s is  s t a t e s  as

H

D  4 w

where D = D(exp(iu>^t) + exp(rriu^t))

and the eq u ation  fo llo w in g  w i l l  he s a t i s f i e d .

l  p [H,p] (13)

We are in te r e s te d  in  the s p e c tr a l s ig n a l  which i s  dependent on the  

ensemble average o f  the m agn etisa tion  and fo r  t h i s  we can e v e n tu a lly  

d er iv e  the eq u ation s

J.
l  p

JL
i  m

12

12

12

-  d512 + “ o5 12 

2 D(p21 -  p 12)
— *

P21 ( 1 4 ) .

We must now in trod uce r e la x a t io n  in to  th ese  eq u a tio n s . We w i l l  

assume th a t m ^ a n i th e ir  eq u ilib r iu m  v a lu e s  mQ and zero

e x p o n e n t ia lly  w ith  time co n sta n ts  and which need not he the same. 

The eq u a tio n s then become

JL
im
J.

ip 12

2D(p21 -  p12) -  iT~'(m  -  mQ) 

(u0 -  iT ~1)p 12 -  d5 ( 1 5 ) .

Prom th ese  eq u ation s i t  i s  p o s s ib le  to  proceed in  v a r io u s  ways.

I f  we s p l i t  D in to  two r o ta t in g  components^ we can d er iv e  the Bloch  

eq u a tio n s . A lte r n a t iv e ly , we can assume B̂  i s  sm all and so lv e  the equat; 

; io n s  to  su c c e ss iv e  orders in  B^. This procedure i s  the most g e n e r a lly



ap p lica b leo  The so lu t io n  o f th is  method to  provide the ab sorp tion  s ig :

jn a l observed in  most n .m .r . ex p er im en ts ,req u ires  the -use o f fo u r ie r

a n a ly s is .  TTith the a p p lic a t io n  o f a l in e  shape fu n c tio n , the r e s u lt in g

im aginary p o rtio n  o f the s ig n a l i s  a b stra cted  and corresponds to  the

a b sorp tion  mode s ig n a l .  The approach can be m odified in  as much as

fo u r ie r  component a n a ly s is  can be avoided by transform ing the e n t ir e

s e t  o f eciuations in to  one based upon a r o ta t in g  coord inate fram e. As we

/ 8w i l l  encounter below , t h is  approach has been used by A lexander in  a 

p a r t ic u la r  c o n te x t .

d e n s ity  m atrix a p p lic a tio n  to  chem ica l'exch ange.
/7  /8

Both Kaplan' and Alexander' have employed d e n s ity  m atrix methods

to  c a lc u la te  the sp ec tra  to  be observed in  ca ses  o f n u clear  exchange

between d if f e r e n t  environm ents. In m athem atical term s, the e f f e c t  o f

the presence o f exchange in  the system  stud ied^ ,is to  introduce ex tra

terms in to  the equ ation s d e ta i l in g  the ra te  o f change w ith time o f the

d e n s ity  m atrices d e scr ib in g  the co n d itio n s  o f the v a r io u s n u c le i .  The

terms evo lved  are complex and the d e ta ile d  l in e  shapes have to be c a ll

rcu la ted  n u m erica lly , p re fera b ly  w ith  a computer. The la t e s t  ex ten s io n

o f d e n s ity  m atrix methods to  sp in  exchange s itu a t io n s  has been develop:

/ 9sed by D ah lq v ist and Fors3n. They employ a r o ta tin g  frame fo r  a n a ly s is

o f  the system .and adopt a -procedure fo r  accomodating the v a r ia t io n  o f

/ 7the d e n s ity  m atrix w ith  time th a t fo llo w s  Kaplan'. Yery r e c e n t ly , Kaplan 
,10

and Fraenkel' have p u b lished  what i s  claim ed to  be a s im p li f ic a t io n  

o f most d e n s ity  m atrix methods employed h e r e to fo r e . Their perm utation  

o f in d ic e s  method a llow s a p h y sic a l p ic tu re  o f the exchanging system  

to  be developed in  m athem atical term s.

Superoperator Methods.

In a l l  the methods d escr ib ed  above, the tr a n s it io n s  freo u en ciesj  

observed in  a spectrum^had to be derived  from the energy d if fe r e n c e s  

between c a lc u la te d  le v e l s  in  the spectrum o f a system . An a lte r n a t iv e



/ 11approach, which was f i r s t  p u b lish ed  by Banwell and Primas' in  1963, 

does not depend on unobservable q u a n t it ie s ,  the e ig en v a lu es and e ig en ;

:fu n c tio n s  o f the system , but on d ir e c t ly  observable resonance frequen: 

: c ie s  and tr a n s it io n  i n t e n s i t i e s .  Because o f th is  c lo se  r e la t io n s h ip  to. 

experim ental observation^B anw ell and Primas termed th is  method the 'd ir: 

s e c t 1 method in  c o n tra st to  the in d ir e c t  procedures norm ally employed, 

some o f which have been o u tlin e d  above. Though Banwell and Primas out:

: lin e d  th e ir  method in  19^3, i t  was not u n t i l  1968 th at Binsch published  

a p r a c t ic a l  approach to  the method which he consequently  programmed fo r
✓12,13

e le c tr o n ic  computers in  FORTRAN IV. The genus o f programs d er iv in g

from th is  approach were employed by him fo r  the c a lc u la t io n  of exchange

sp ec tra , in  some in s ta n ce s  in corp oratin g  invarian ce p ro p er tie s  o f the
/ H

m olecules in  question'. Further developm ents along th ese l in e s  have

seen the a p p lic a tio n  o f th ese  methods to  the c a lc u la t io n  of sp ectra  by

an i t e r a t iv e  f i t t i n g  procedure, the method r e s u lt in g  in  grea t s im p lif ie d
✓15,16 ,17

sa tio n  o f the f i t t i n g  problem'. Anderson' has fu rth er  extended

the techn iq ues to  the c a lc u la t io n  o f double resonance sp e c tra .

c h a r a c te r isa t io n  o f the d ir e c t  method.

For N p a r t ic le s  o f sp in  -g- the quantum m echanical s ta te  space i s  o f  
Ndim ension 2 = n . There are thus n e ig en v a lu es  o f  the Ham iltonian and

2n d if fe r e n c e s  between them, ign orin g  s e le c t io n  r u le s  a t th is  s ta g e . The

essen ce  o f  the d ir e c t  method i s  to d isco v er  an operator whose e ig en v a lu es

are the tr a n s it io n  freq u en c ies  and th is  must be an operator over a v e c to r
2space o f dim ension n . Such a space can be derived  from the n-dimension*

2
:a l  s ta te  space o f  the sp in  operators which g iv e s  r is e  to  n l in e a r ly

2independent m atrices w ith on ly  one non-zero e lem ent. Over th is  n -dim ent 

s s io n a l algebra^ we may d efin e  superoperators^being normal operators ex: 

ic ep t in  th e ir  mode o f d e r iv a tio n .

The analogy between operators and superoperators may be expressed  

as fo l lo w s . Ordinary operators (say  A') r e la te  any fu n ctio n  /  o f a s ta te



space to a new fu n ctio n  </>' o f the same sp ace.

i '  a k i ( 16).

S im ila r ly  a superoperator a i s  a ru le  r e la t in g  an operator X to  a new
A

operator X’ . I t  i s  p o ss ib le  to  generate  a superoperator m atrix a lgebra  

along s im ila r  l in e s  to  ordinary operator m atrix a lgeb ra .

One p a r tic u la r  superoperator d efin ed  by the equation

T\ A  A  A 4  A

a (X) = AX -  XA (1 7 ) .
A

fo r  a l l  X

D A
and we c a l l  a the d e r iv a tio n  superoperator generated  by A; i t  has

the property o f  form ing the commutator between i t s  gen eratin g  operator
A A

A and the operator X upon which i t  o p era te s .
t

For a p p lic a tio n  to  n .m .r . we con sid er  the e igen value problem o f
D 4the d e r iv a tio n  superoperator h b elongin g  to the sp in  Ham iltonian H.

A

We seek a s e t  o f  operators X such thata

hD(x a ) = ua (x a ) (1 8 ) .
* Dwhere to are the e ig en v a lu es  o f X and the e igen op erators o f h • a a

The essen ce  o f  the d ir e c t  method d e r iv es  from the fo llo w in g  f a c t s .  

The e ig en v a lu es  w o f  the superoperator h^ are equal to  the d if fe r e n c e sci
A

between the e ig en v a lu es  o f H and are, th er e fo re , tr a n s it io n  in t e n s i t i e s .  

Further, the r e la t iv e  in t e n s i t i e s  o f the tr a n s it io n s  a t g iven  frequenc; 

s i e s ,  u , are e a s i ly  d er iv ed . In other words, by use o f the superoperat:cl
sor h^, we can d e fin e  the n .m .r . spectrum.

Several approaches, varying to some ex ten t in  d e t a i l s  ra th er  than 

c en tr a l p r in c ip le s , have been published  to so lv e  the m athem atical prob: 

ilem s presented  by th is  approach. Banwell and Primas d e t a i l  the reduction  

o f th is  problem to a m atrix e igen va lu e problem and the n ecessary  tech n i;



sques fo r  d e r iv in g  an e x p l i c i t  ex p ressio n  fo r  the spectrum.

The f i r s t  p r a c t ic a l a p p lic a tio n  o f th ese  superoperator methods was 
/ 13pu blished  by B insch in  19 °9 * P r io r  to  t h is  he developed the n ecessary  

/ 12theory' u s in g  the framework o f  the L io u v ille  rep resen ta tio n  o f quantum

mechanics s in ce  the d er iv a tio n  superoperator o f Banwell and Primas i s

/ 18id e n t ic a l  w ith  the L io u v ille  operator d efin ed  by Fano7. Though fam il: 

s ia r i t y  w ith the work o f  both Banwell and Primas?and Fano reo u ires  a 

good d ea l o f c lo s e  study o f  th ese  two papers, the r e s u lt s  d erived  by 

B insch are capable o f  b ein g  presented  q u a l i t a t iv e ly  in  a very  sim ple 

fa sh io n . A sp e c tr a l v ec to r  Q and a shape v e c to r  S can be d efin ed  as 

a r e s u lt  o f  m athem atical m an ipulation . The l in e  shape fu n ctio n  i s  props 

so r t io n a l to  the sc a la r  product o f Q. and S and the absorption  spectrum  

can be a b stra c ted  as the n eg a tiv e  r e a l  p a r t.

Y -  C R eal(Q .S) (1 9 ) .

The fu n c tio n  Y con ta in s  the t o t a l  in form ation  n ecessary  fo r  the 

d e sc r ip t io n  o f  the spectrum and need on ly  be c a lc u la te d  once per spectrum  

ra th er  than p o in t by po in t throughout the spectrum as required  by other  

approaches. The f in a l  step^ o f p o in t by p o in t computation o f the absorp' 

s t io n  lin e^ req u ires  the components o f  Q to be c a lcu la te d  fo r  each p oin t  

in  the spectrum , which are then m u ltip lied  by the shape fu n ctio n  S. The 

n eg a tiv e  r e a l part o f the product i s  a b stra cted  as the absorption  s ig n a l .

As long as we are in te r e s te d  only  in  the chem ical s h i f t  and coupling  

parameters o f  an n .m .r . spectrum i t  seems th at there i s  l i t t l e  to  be 

gained in  em ploying th is  d ir e c t  method o f  c a lc u la t io n , ra th er  than the 

in d ir e c t  method more commonly employed. However, fo r  the treatm ent o f  

n o n - tr iv ia l  r e la x a t io n  phenomena the current approach i s  u n iq u ely  a p p lic :  

sa b le .

exchange e f f e c t s  tr e a ted  by d ir e c t  m ethods.

The f i r s t  major a p p lic a tio n  o f d ir e c t  methods pu blished  was describ:



/1 3  ,14
:ed  by B insch in  1969* In "the fo llo w in g  year Binsch and. K l ie r  pu.bl;

s i  shed d e t a i l s  o f the computer program DULIR3, based on the L io u v ille

formalism^but in corp ora tin g  the r e s u lt s  o f  g r o u p -th e o r e tica l considerat*

s io n s  to  s im p lify  the com putational procedures. Certain perm utation

symmetry p r o p e r tie s  a llow  the u se o f sm aller  L io u v ille  subspaces w ithout

lo s s  o f  any o f  the sp e c tr a l in form ation . This r e s u lt s  in  a s im p lif ic a ts

: io n  o f computing requirem ents (tim e and s iz e  o f sto re  rea u ired ) which

i s  ample j u s t i f i c a t io n  fo r  the n ecessary  trou b le  needed to id e n t i fy  su its

sable ca ses  fo r  symmetry s im p li f ic a t io n , ( i t  needs to  be p oin ted  out

th a t w ithout the use o f symmetry p r o p e r tie s , the s iz e  o f the arrays res

squired in  the d ir e c t  method very  soon g e ts  to  u t t e r ly  unmanagable prop;

s o r t io n s . So^for example^a s ix  sp in  system  exchanging between two n u cl;

sear c o n fig u ra tio n s  req u ires  the d ia g o n a lisa t io n  o f two complex m atrices

o f  dim ension (600 x 600) — a problem of alm ost lu n a tic  p r o p o r tio n s .)

The p r a c t ic a l  advantages to be gained from symmetry s im p li f ic a t io n  are

much g r e a te r  in  ca ses  o f exchange sp ectra  than in  the c a lc u la t io n  o f

s t a t i c  n .m .r . sp e c tra .

The development o f d ir e c t  methods fo r  the c a lc u la t io n  o f s t a t i c  

sp ectra  has been somewhat delayed^due no doubt in  part to  the ready 

a v a i la b i l i t y  o f s a t is f a c t o r y  a lte r n a t iv e  methods. One fea tu re  o f  the 

d ir e c t  method which su g g ests  th a t i t  might be advantageous to apply  

i t  to  s t a t i c  sp ectra ^ is  the fa c t  th at the tr a n s it io n  freq u en c ies  are 

d ir e c t ly  ob ta in ab le  as a r e s u lt  o f the c a lc u la t io n s . So in  in sta n ce s  

o f le a s t  squares f i t t i n g  o f experim ental and th e o r e t ic a l  sp e c tra , a com*. 

:mon requirem ent, there are c le a r ly  advantages in  d e r iv in g  the absorpt; 

: io n  freq u en c ie s  d ir e c t ly  from the operator c a lc u la t io n s . The p rocess  

o f d er iv in g  the d e v ia tio n s  between experim ental and th e o r e t ic a l  sp ectra  

and in corp ora tin g  the n ecessa ry  c o rr e c tio n s  in to  the next c y c le  o f cal; 

sc u la tio n s  i s  con sid erab ly  s im p lif ie d .

Cohen has derived  r u le s  fo r  e s ta b lis h in g  the elem ents o f the d er iv :

sa tio n  superoperator hP from those appearing in  the corresponding energy 
/ 15m atrix IT. TTith Emerson, she has presen ted  a w eighted le a s t  squares



procedure “based on i t e r a t io n  o f the tr a n s it io n  m atrix h^ where the opr;
,16

:o r tu n ity  to  i t e r a t e  d ir e c t ly  on tr a n s it io n  freq u en c ies  i s  u t i l i s e d 7.
/ 17Anderson7 in  1969 extended the d ir e c t  method to  n .m .r . double

resonance sp e c tra , but was s c e p t ic a l  o f the value o f t h i s  approach.

However, h is  o b jec tio n s  to  the method were answered in  a paper by Gestt

/ 1T:bloom, Hartmann and Anderson' in  which i t  was shown th a t a su ita b le  

ch o ice  o f b a s is  operators y ie ld s  the complete double resonance spectrum.

excep t fo r  the s ig n s  o f tr a n s it io n  in t e n s i t ie s ^ in  c lo sed  form.

P o s t s c r ip t .

I t  only  remains to  mention the methods employed in  the computer
/ 1 9

programs mentioned la t e r  in  t h is  t h e s i s .  These programs are O.UABEX/ 

which employs c lo sed  form equ ation s appropriate to  a coupled AB system
,20

as are d escr ib ed  in  ‘Elem entary P r in c ip le s ';  UEAITIc which employs an 

ex ten s io n  o f the methods d e ta ile d  in  'Elementary P r in c ip le s '  and fo llo w s
,21  / i 4

C astellan o  and Bothner-Byj and DIH1R3 which employs d ir e c t  methods 

as o u tlin ed  im m ediately above.
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C o n f o r m a t i o n a l  A n a l y s i s
.1 i— ii » i m . i « i h  ■ Jr.i— i n ^ i a

by Nuclear Magnetic Resonance Spectroscopy.

"Nuclear magnetic resonance i s  one o f  the most powerful

t o o l s  to g iv e  d ir e c t  in s ig h t  in to  both the structure  and the

stereoch em istry  o f  organic compounds. I t  i s  th erefore  no won:

sder th at the technique has been ap p lied  e x te n s iv e ly  in  con:

/ 1sform ational problems -  "............  '

" I t  i s  now e s t a b l i s h e d  th at n .m .r .  spectroscopy provides

more inform ation about the shape o f  m olecules in  s o lu t io n  than

/ 2any oth er  p h y s ic a l  method,"............  '



In tro d u ct io n .

From i t s  in c e p t io n ,  nuclear  magnetic resonance (n .m .r .)  s p e c t ’. 

:roscopy has provided a to o l  o f  im pressive scope and s u b t le ty  in  

the in v e s t ig a t io n  o f molecular s tr u c tu r e .  I t s  e a r l i e s t  a p p lic a t io n  

to the determ ination  o f  m olecular id e n t i t y  i s  now commonplace. As 

the body o f inform ation from such s tu d ie s  has grown i t  has proved 

p o ss ib le  to e s t a b l i s h  em pir ica l r u le s  r e la t in g  n .m .r . parameters 

to  var iou s  fe a tu res  o f m olecular s tr u c tu r e .  As a consequence, the 

method has developed in to  a unique probe o f the in t r i c a c ie s  o f  mol: 

jecu la r  geometry. The a b i l i t y  to  d is t in g u is h  even conformational 

s p e c ie s  in  a system has been in  large  part resp o n sib le  fo r  the rapid
/ i

advances made in  conform ational a n a ly s is  in  the l a s t  f i f t e e n  y ea rs .

The r e la t io n s h ip  between n .m .r .  spectroscopy and conformational

a n a ly s is  has been a sym biotic  one. Upon a b a s is  of a knowledge of

the conformations o f  n e c e s s a r i ly  r ig id  s tr u c tu r es  (derived  mainly

from x -ray  sp ectro sco p ic  s t u d ie s ) ,  the development of n .m .r. empir:

: i c a l  c o r r e la t io n s  o f  s p e c tr a l  parameters with molecular stru ctu re

has proceeded to such' an ex ten t  that considerab le  feedback in  terms

o f  the determ ination o f  the nature of unknown conformations has oc:

: cured. These p a r a l l e l  and mutually in t e r a c t iv e  developments have
/ 2

been remarked upon. In many r e sp ec ts  th is  sym biosis i s  in  the nature 

o f  the n .m .r .  method. R eliab le  t h e o r e t ic a l  c a lc u la t io n s  o f  n .m .r .  

parameters (ab i n i t i o )  are r a r e ly  achieved and so the development 

o f  n .m .r . em p ir ica l c o r r e la t io n s  i s  n ecessa ry . This s ta te  of a f f a i r s  

rep resen ts  a ser io u s  cha llen ge  to t h e o r e t ic a l  methods and enormous 

advances in  the power o f such methods w i l l  need to be achieved be: 

i fo r e  q u a n t i f ic a t io n  o f  the fa c to r s  determining n .m .r . parameters 

w i l l  be ro u t in e .

R espite  such l im i t a t io n s ,  the future o f  n .m .r . conformational 

s tu d ie s  seems promising. Recent advances in  instrum ental techniques; 

such as the a p p lic a t io n  o f pulsed ra d io -freq u en c ie s  in f i e l d s  of
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ever in crea s in g  s tren g th s  have opened up large  areas o f  chemistry  

to  d e ta i l e d  in v e s t ig a t io n .  Of p a r t ic u la r  s ig n i f ic a n c e  .is  the curr:  

sent i n t e r e s t  in ,  and development o f ,  a p p l ic a t io n s  to b iochem ical
/3

systems where conform ational s tu d ie s  are o f  the utmost importance7.

Since n .m .r. methods are capable o f  studying the most su b tle  of mol: 

le cu la r  in t e r a c t io n s  under con d it io n s  which g e n e ra l ly  c o n s t i tu te  a 

t r i v i a l  perturbation  o f the observed system, then the great impor: 

itan ce  o f  n .m .r .  techniques i s  now in d isp u ta b le .

The Importance o f Conformational A n a ly s is .

Conformational Anal ys i s  i s  concerned with the nuances o f the 

s p a t ia l  geometry o f  m olecu les .  Such co n s id era t io n s  are o f  immediate 

s ig n i f i c a n c e  in  s tu d ie s  o f  the in tim ate  behaviour of m olecu les. I f  

the purposes o f  chem istry are to include a d e ta i le d  comprehension 

o f  the behaviour o f m olecu les, in  i s o l a t i o n  or with each oth er , so 

as to provide us with s o p h is t ic a te d  co n tro l  in  the molecular world, 

then conform ational a n a ly s is  i s  o f  the g r e a te s t  importance. With such 

s o p h is t ic a t io n  w i l l  come many advantages in  d iverse  f i e l d s  o f  human 

endeavour.

I t  i s  not p o s s ib le ,  however, to examine the conformations of 

r ea c t in g  m olecules at the moment o f  r e a c t io n .  The e x c ite d  s ta te  

in term ediates  involved  are fa r  too short l iv e d  to a llow  any degree
/*4

o f  p r e c is io n  in  e st im a tin g  th e ir  energy content'. The d i f f e r e n t i a l  

energy con ten ts  o f  conformers can o ften  be measured in c a lo r i e s  rath: 

le r  than k i l o c a l o r i e s  and in  consequence we are r e s t r i c t e d  to confor: 

smational s tu d ie s  of ground s ta te  s p e c ie s .  This fa c t  imposes ser io u s  

though unavoidable l im it a t io n s  on any study o f  r ea c t in g  system s. I t  

i s  only le g it im a te  to draw c lo se  a n a log ies  between ground s ta te  and 

r e a c t iv e  s t a t e  sp e c ie s  where the two are found not to d i f f e r  g r e a t ly  

in  energy. In l e s s  favourable circum stances we must recognise  our 

sp ecu la t io n s  fo r  what they are! I t  i s  not u n r e a l s i t i c  though to ob:



: serve that with, the course o f  time such sp ecu la t io n s  w i l l  f in d  con: 

jf irm ation  and mature to resp ec ta b le  th eo r ie s  or they w i l l  be refu ted
/*5

by fu rth er  f a c t s .

Conformational A nalysis  ; a D e f in i t io n !

I t  i s  b e s t  at the o u tse t  to admit d e fea t  in  any attempt to r ig:

:o ro u s ly  d e f in e  the su b ject  matter o f conformational a n a ly s i s .  Many

d e f in i t i o n s  have been proposed in c lu d in g  one from popular journalism ,

quoted by E l i e l : -

Conformational a n a ly s is  i s  "the way m olecules shape up to

/ 6do b u sin ess  with other m olecu les."  '

Most d e f in i t i o n s  are ob v iou sly  based upon some d e f in i t i o n  of  

'conform ation’ , a term introduced in to  the chemical l i t e r a t u r e  by
n

Haworth in  1929. These, by and la r g e ,  have become h i s t o r i c a l l y  out: 

smoded. E l i e l  o f f e r s : -

Conformation denotes "any one o f  the i n f i n i t e  number of  

momentary arrangements o f  the atoms in  space that r e s u l t  from

r o ta t io n  about s in g le  bonds."  

while Dauben and P i t z e r  o f f e r : —

"By 1 conformation' i s  meant any arrangement in  space o f  

the atoms o f a molecule that can a r is e  by r o ta t io n  about a

s in g le  bond and th at i s  capable o f  f i n i t e  e x is t e n c e ."

The d e f i n i t i o n  o f 'conform ation' has been r e s t r i c t e d  to r o ta t io n  

about s in g le  bonds, not fo r  l o g i c a l  but fo r  h i s t o r i c a l  reason s .

In essen ce  there i s  no d i s t i n c t i o n  between c i s - t r a n s  isomerism  

about a double bond and any r o ta t io n  about a s in g le  bond. In prac: 

s t i c e  a d i s t i n c t i o n  a r i s e s  in that isomers about a double bond can 

have separate e x is t e n c e s  at room temperature w h ils t  those about 

s in g le  bonds normally can n o t .

"Conformational A nalysis  i s  an a n a ly s is  of the p h y sica l  

and chemical p ro p er t ie s  o f  a compound in  terms of the confer.



jmation (or  conform ations) of the p er t in en t  ground s t a t e s ,  tran:
/8b

s s i t i o n  s t a t e s ,  a n d  i n  t h e  c a s e  o f  s p e c t r a ,  e x c i t e d  s t a t e s . ' 1'

D e s p i t e  t h e  o b v i o u s  s c o p e  o f  t h i s  d e f i n i t i o n ,  i n  p r a c t i c e  t h e

s c o p e  o f  c o n f o r m a t i o n a l  a n a l y s i s  h a s  "been r e s t r i c t e d  "by a n d  l a r g e  t o

a co n s id era t io n  o f the conformations o f  c y c l i c  systems with some re:

:marks on the e x is te n c e  o f  r o ta t io n a l  h a r r ier s  in  simnle hydrocarbon
/1 0,11

s y s t e m s  w h i c h  a c t  a s  m o d e l s  f o r  m o r e  c o m p l e x  s y s t e m s ' .  A ny  e x t e n s ;

; i o n  o f  t h e  s u b j e c t  i s  l a r g e l y  b a s e d  o n  t h e  r e q u i r e m e n t s  o f  m e c h a n i s :  
/11a

: t i c  s t u d i e s ' .  S u c h  a n  e x t e n s i o n  i s  h i s t o r i c a l l y  c o n d i t i o n e d  a s  i s

/ 12c l e a r l y  i l l u s t r a t e d  b y  B a r t o n '  w h o s e  s t u d i e s  o f  t h e  r e a c t i v i t i e s  o f  

c y c l o h e x a n e  s y s t e m s  ( i n  s t e r o i d s  f o r  e x a m p l e )  l e d  h im  t o  p r o d u c e  h i s
/6 ,1 3

n o w  f a m o u s  p a p e r  i n  1 9 5 0 *  I t  i s  f a i r  t o  c o m m e n t  t h a t  u n d e r  t h e  i n i  

j f l u e n c e  o f  s p e c t r o s c o p i c  t e c h n i q u e s ,  t h e  h i s t o r i c a l  s t r e s s  o n  m e c h a n :  

: i s  t i c  s t u d i e s  d e v e l o p e d  f r o m  1 9 3 0  t o  1 9 6 0  h a s  n o w  b e e n  l a r g e l y  su per* ,  

s e e d e d .  I n  t h i s  r e s p e c t ,  t h e  e a s e  o f  a p p l i c a t i o n  o f  n . m . r .  t e c h n i q u e s  

t o  t h e  s t u d y  o f  m o l e c u l e s  i n  s o l u t i o n ,  a t  l e a s t  t h e i r  n o r m a l  i f  n o t
/ 1 4

th e ir  n a tu ra l environments', must be he ld  mainly resp on sib le  fo r  th is  

s t a t e  of a f f a i r s .

The H i s t o r y ,  D e v e l o p m e n t  a n d  C u r r e n t  S c o p e
/ 10,11

o f  C o n f o r m a t i o n a l  A n a l y s i s . '

The o r ig in s  o f  conform ational s tu d ie s  can be traced back to the 

e a r l i e s t  work on the s tru ctu re  o f  c y c l i c  compounds and through that  

to the o r ig in a l  s tu d ie s  of o p t ic a l  a c t i v i t y  i n i t i a t e d  by P a s te u r 's  

d isco v ery  o f the phenomenon in  tarta ,r ic  a c id  in  1848. The molecular  

asymmetry im p l ic i t  in  such a c t i v i t y  led  v a n 't  Hoff (p r im arily )  and 

Le Bel to develop the te tra h ed ra l model o f  carbon bonding geometry 

( c i r c a  1880) which was experim en ta lly  confirmed with the advent o f  

x~ray and e le c tr o n  d i f f r a c t io n  tech n iq u es. 'The requirement for  cen: 

s tr e s  of asymmetry^ togeth er  with v a n 't  H o f f ' s  p o s tu la te  o f  unrestr:  

* ic ted  r o ta t io n  about s in g le  bonds to c a r b o n ^ in i t ia l ly  demanded



carbon su b s t i tu te d  with four d i s t i n c t  groups before o p t ic a l  a c t i v i t y  

could be observed. Otherwise any asymmetry in  a s tru ctu re  (such as in  

some ’ f ixed .1 conformations o f 1 ,2 -d ich loroeth an e  achieved by forbid.: 

l in g  r o ta t io n  about the C-C bond) was l o s t  by the natural averaging  

r o ta t io n s  through 360° by such bond system s. I f  we could prevent  

th i s  type o f  fr ee  r o ta t io n  then i t  should be p o ss ib le  to introduce  

asymmetry in to  s tru c tu res  which do not p o ssess  asymmetric carbons.

An obvious r e s t r i c t i o n  o f such free  r o ta t io n  i s  observed in

c y c l i c  s t r u c tu r e s .  Thus a s tru c tu re  such as ( i )  i s  asymmetric and

w i l l  e x h ib i t  o p t ic a l  a c t i v i t y  w h ils t  i t s  isomer ( i l )  has a plane o f

symmetry and i s  o p t i c a l l y  in a c t iv e  ( f i g .  1 .1 - 2 ) .

X

Perhaps in f lu en ced  unduly by t h i s  concept o f  r e s t r i c t e d  ro ta t:  

: io n ,  Baeyer in  1885 proposed com pletely  r e s t r i c t e d  r o ta t io n  in  plan*. 

:ar r in g s  (such as shown above) for  a l l  carbon r ing  system s. On the 

b a s is  o f  te tra h ed ra l  carbon being the ground s ta te  ( low est energy)  

co n fig u ra t io n  fo r  a l l  carbons with sa turated  v a le n c ie s ,  he observed  

that only  cyclopentane would approximate to an un stra ined  system  

with n early  normal bond a n g le s .  From combustion data a v a i la b le  at the 

time i t  was apparent that cyclohexane was considerab ly  more stable^ 

than a planar model with d is to r te d  r in g  ang les  would a llo w . In 1890, 

Sachse po in ted  out that nonstrained cyclohexane could be constructed  

from te tra h ed ra l  carbon. He observed that a f l e x i b l e  unsymraetrical 

form ( i l l )  and two r ig id  symmetrical forms (IV) could be con stru ct;  

sed, the l a t t e r  only being d is t in g u ish a b le  i f  the r in g s  are mono: 

s su b s t i tu te d  ( f i g .  2 . 1 - 2 ) .

( h i )

(11)
F ig .  1.1 -  1.2



For t h is  in s ig h t ,  i t  may w e ll  he proper to consider  3achse as the 

founder o f conform ational a n a ly s i s .  U nfortu nately , Sac-hse fu rth er  

proposed that the two forms (lV a ,h ) should not he in terco n v erta b le  

at ordinary tem peratures. F a ilure  to i s o l a t e  any cyclohexane isom; 

:ers  r e s u l t e d  in  a t o t a l  r e j e c t io n  o f the Sachse hyp othesis  fo r  an: 

jo ther  t h i r t y  y e a rs .

In 1918 Mohr rev ived  Sache' s hyp oth es is  when he proposed that  

the ch a ir  forms (lV a ,h ) should he f a i r l y  r e a d i ly  in te r c o n v e r t ib le  

hy r o ta t io n  ahout s in g le  honds, t h i s  path invo lv ing^ at the m ost? 

some hindrance to r o ta t io n  and hond angle s t r a in .  He fu rth er  predict:  

:ed the e x is t e n c e  o f  two s ta b le  isomers o f  d e c a l in ,  the c i s  and the 

trans (V and VI) ( f i g .  3 . 1 - 2 ) .

A planar form o f  trans d e c a l in  would have to he extrem ely un: 

ss ta b le  i f  i t  could e x i s t  a t  a l l  and consequently  we have here a 

good t e s t  o f  the Sachse-Mohr and contrary hypotheses . The i s o l a t i o n  

hy Huckel in  1925 of c i s — and tran s—d e c a lin  (the trans in  fa c t  the 

more s ta b le )  was ample v in d ic a t io n  o f  the Sachse-Mohr h y p o th es is .  

However, acceptance o f  such p r in c ip le s  was sporadic in  the next  

twenty—fiv e ,  years though s ig n i f i c a n t  e a r ly  co n tr ib u tion s  to  the f i e l d  

of  conform ational a n a ly s is  were made hy carbohydrate s t u d ie s .  Yet, 

during t h is  time (a t  f i r s t  t e n t a t iv e )  in d ic a t io n s  o f  cyclohexane  

geometry were published , in c lu d in g  a d i s t i n c t i o n  between a x ia l  and 

e q u i t o r ia l  bonds, and l a t e r  d ir e c t  evidence from H a sse l 's  e le c tr o n  

d i f f r a c t io n  s tu d ie s  proved the nature o f  cyclohexane.

Although not unaware o f  such s tu d ie s ,  i t  was l e f t  to Barton in  

1950 to bring  home to organic chem ists the g rea t  s ig n i f i c a n c e  o f  the

(VI)
F ig .  3 .1  -  3 . 2 .



d i s t i n c t i o n  between a x ia l  and e q u i t o r ia l  bonds in  the realm of intim: 

rate r e a c t io n  p r o c e s se s .  He pointed to the thermodynamic s t a b i l i t y  

o f  e q u a to r ia l  isomers over a x ia l  and extended these  concepts to stud: 

s i e s  o f  the r ig id  cyclohexane r in g s  in  s t e r o id a l  m olecu les.

Since 1950 work in  conform ational s tu d ie s  has mushroomed and con; 

i c e p ts  o f  conformation now pervade most areas o f  chem istry. In th is  con
/*13

s t e x t  the c a t a l y t i c  e f f e c t  o f  the p u b lic a t io n s  o f  Barton and Eassel'
/ *  15

has been recogn ised7. At the same tim e, the development o f  spectro:  

jsco p ic  techniques in to  routin e  ’every -d ay’ p r a c t ic e s  has contribute  

sed a g rea t  d ea l to th ese  s t u d ie s .  Whilst in  1950 most s tu d ie s  (o ther  

than in  the s o l id  s t a t e )  employed chemical arguments, by 1970 the in: 

tc id en ce  o f  such arguments in  papers d ir e c te d  prim arily  to the analy: 

s s i s  o f  conformation had dropped considerab ly  to be rep laced  by spec: 

s tr o sc o p ic  tech n iq u es. By 1960 x -ray  and e le c tr o n  d i f f r a c t io n  techni:  

jques had been jo in ed  by g r e a t ly  improved microwave, in fra -re d  and 

u l t r a - v i o l e t  sp e c tr o s c o p ie s ,  and the t o t a l l y  new methods of o p t ic a l  

ro ta to ry  d i s p e r s io n /c ir c u la r  dichroism and n .m .r . spectroscopy .

Without perhaps too much b ia s ,  i t  can be remarked that t h i s  l a s t  has 

probably been the most important.

Though the technique o f  n .m .r .  spectroscopy began to appear in  

the chemical l i t e r a t u r e  in  the e a r ly  1950f s , i t  was not u n t i l  the 

l a t e r  years  o f  th at decade that s ig n i f i c a n t  r e s u l t s  in  terms o f  con*

sform ational a n a ly s is  began to aupear. In 1957 Lemieux and cowork:
,16

:ers^ in  a prelim inary communication^pointed out that e q u a to r ia l  

protons in  six-membered r in g s  appear at lower f i e l d  than the corres:  

sponding a x ia l  protons. Further, the coupling between protons which 

are d ia x i a l l y  trans to one another i s  two to three times g rea ter  

than between protons in  a x ia l—e q u i t o r ia l  or d i—e q u it o r ia l  r e la t io n :  

s sh ip s .  Such observations are the b a s is  o f  conform ational a n a ly s i s ,  

and as such i t  i s  appropriate to lo c a te  the o r ig in s  o f  n .m .r . con: 

jform ational a n a ly s is  in  such papers.



In 1959 Karplus published  the f i r s t  of h is  now famous (Karplus) 

/ 1?r e la t io n s h ip s '  approximating the value  o f the coupling constant ex*, 

spected between protons in  an ethane type fragment (-CHg-CHg-) in  

terms o f a dependence on the d ih ed ra l angle between the proton s.

HH<

8 .5 c o s  -  0 .2 8  (Hz) 

0°< <(> <  90°

<j> = d ihedral a n g le .
18

9 .5 c o s  <(, -  0 .2 8  (Hz)

90°<  < 1 8 0 °

Four years l a t e r ,  Karplus c l a r i f i e d  h is  arguments in  a communication

in  which he d e l in ea ted  the var iou s  fa c to r s  which are l i k e l y  to a f f e c t

t h i s  coupling other than d ih ed ra l a n g le .  In doing th is  he had been

stim u lated  by the rap id ly  in crea s in g  use o f  the above r e la t io n  and

the confusion  developed in  some authors' minds?by which they supposed

th at the coupling  depends only  on the va lue of the d ihedral an g le .
/ 19Early in  i 960, Jensen and coworkers7 had e s ta b l ish e d  a free

energy b a r r ie r ,o f  9*7 k c a l . /m o le  (a t  —66.5°Q) fo r  the ch a ir /b oat  in ter :

: conversion b a r r ier  in  cyclohexane^from the temperature dependence of

the s ig n a ls  a r is in g  from a x ia l  and e q u i t o r ia l  protons. Reeves and S tr;  
,2°

s7 about the same time e s ta b l i s h e d  a s im ila r  b a rr ier  o f  10.8 k c a l .mme'

/m ole at -5 5 °  C fo r  bromocyclohexane.

By the e a r ly  1960's i t  was becoming apparent that n .m .r . was a

p o t e n t ia l l y  powerful to o l  fo r  studying conformational p r o c e s se s .  G il l;  

/ 21:e sp ie  and White7 commented in  1962 that i t  was Mto be expected

that proton chemical s h i f t s  and coupling constants  would be in creas in g :

t l y  used for  conform ational a n a ly s is  of c y c l i c  systems". By 19^5} E l i e l  
/1

could w rite7t "nuclear magnetic resonance i s  one o f the most powerful 

t o o ls  to g ive  d ir e c t  in s ig h t  in to  both the s tru ctu re  and the s tereo :

:chemistry o f organic compounds. I t  i s  th erefore  no wonder that the 

technique has been app lied  e x te n s iv e ly  in conform ational problems -  ".



Over h a l f  the conform ational fr ee  energy d if fe r e n c e s  fo r  monosubstit:
h

suted cyclohexanes quoted in  t h i s  paper had "been e s ta b l is h e d  by n .m .r.
,22

methods. Franklin  and Feltkamp' in  review ing the use o f  n .m .r .  in  the 

conform ational a n a ly s is  of cyclohexanes proposed that n .m .r . was one 

o f  the b es t  methods a v a i la b le  fo r  these conformational s t u d ie s .

As w i l l  be seen to some ex ten t  la t e r ,  the impact o f  n .m .r . s tu d ies  

in  the l a s t  ten years has been im p ressive . No longer are s tu d ie s  r e s tr ic  

: ted  to r e l a t i v e l y  simple ca rb o cy c lic  system s. Organic and inorganic  

systems o f  in c r e a s in g  com plexity have been s tu d ied . In conjunction with  

x -ra y  s t u d ie s ,  n .m .r .  s tu d ie s  are now probing the conformational nats 

:ure o f  systems as complex as enzymes. The a p p lic a t io n  o f  advanced 

techniques i s  ensuring a r ich  harvest o f  conform ational and other data  

fo r  those equipped to seek i t .

"While conform ational a n a ly s is  in  model systems fo r  i t s  07m sake 

o f f e r s  l e s s  o f  a challenge  now than i t  d id  say twelve years ago, i t  

contin ues  to be an extrem ely u s e fu l  to o l  in  the in v e s t ig a t io n  o f more 

genera l chemical phenomena, such as non-bonded in te r a c t io n s  between 

atoms, p h y s ic a l  and chemical e f f e c t s  o f  unshared e lec tr o n  p a ir s ,  sol* 

:vent e f f e c t s  and hydrogen bonding e f f e c t s .  Some hetero system s, not: 

sably those co n ta in in g  sulphur, provide a framework fo r  p o t e n t ia l ly
/23

h ig h ly  s t e r e o .s e le c t iv e  r e a c t io n s  o f  p o s s ib le  biochem ical import."'
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Conformational arrangements in  m olecules are now alm ost invari?  

sably determined by p h y s ica l  means. With such inform ation, we attempt 

to understand the r ea c t io n s  and other p ro p er t ie s  o f  the compounds un: 

:der stu d y . However, the predominance o f p h y s ica l  methods in  chemist* 

:ry  and th e ir  a p p l ic a t io n  to conform ational a n a ly s is  has only occur: 

:ed in  the l a s t  twenty y e a r s .  P r io r  to t h i s  o f  course, many notab le

advances were made in  x -ray  and e le c tr o n  d i f f r a c t io n  s tu d ie s  ye t  

most conform ational s tu d ie s  had to be la r g e ly  chemical in  nature, a 

f a c t  amply i l l u s t r a t e d  by the m ater ia l in  Barton’ s ep ic  paper7. 

Consequently, progress ,though  s i g n i f i c a n t , was l im ite d  by the pau city  

o f  d e t a i l e d  inform ation on the conformations of m olecu les. Since 1950, 

and p a r t ic u la r ly  s in ce  i 960 with the advent o f  n .m .r .  spectroscopy ,  

a v i r t u a l  f lo o d  o f conform ational a n a ly s is  papers has b u i l t  up. With 

the in crea se  in  q u a n t i ta t iv e  as w e ll  as q u a l i t a t iv e  data, we are now 

in  a s i t u a t io n  where we must develop much more accurate t h e o r e t ic a l  

methods to sy stem a tise  our, now qu ite  th o r o u g h ,in tu it iv e  understand?

s in  In some r e s p e c ts ,  some notable  progress in  the c a lc u la t io n
*4

conformer s t a b i l i t i e s  o f  c a rb o cy c l ic s  has been achieved . I t  i s  not  

n ecessary  fo r  the present s tu d ie s  to  examine at a l l  c lo s e ly  such met; 

shods o f thermodynamic c a lc u la t io n .  Use w i l l  be made o f such r e s u l t s  

l a t e r ,  but re feren ces  w i l l  be mainly fo r  supportive purposes and the 

r e s u l t s  can be quoted w i th o u t 'c r i t ic i s m .

Thermodynamic C on sid era tion s .

The course of any chemical system and the com position o f  the sys;  

stem as a fu n c t io n  o f  time can be pred ic ted  i f  the v a lu es  o f  the rate  

and equ ilibr ium  con stan ts  can be p r e d ic ted . The concepts o f rate  and 

equilibrium  are o f  u n iv e r s a l  s ig n i f i c a n c e  with the concept o f  e q u i l i ;  

sbrium h o ld in g  cen tr a l  importance in  thermodynamic th e o r ie s .  Since  

ra te  con stan ts  in  rea c t io n s  are g e n e ra l ly  most s a t i s f a c t o r i l y  trea ted



by the t r a n s i t io n  s ta te  (or  a c t iv a te d  complex) theory, which i s  in  

i t s e l f  an ex ten s io n  o f th e o r ie s  d ea lin g  with equ ilibr ium  then a b r ie f  

d is c u s s io n  o f  equilibr ium  i s  an appropriate prelude to a considerat:  

s ion  of conform ational thermodynamics. Upon such foundations have 

been developed very  simple r e a l t io n s  between r a te s  and equilibrium  

con stan ts  on the one hand^and appropriate thermodynamic parameters 

on the o th er .

The d is c u s s io n s  evo lved  here are intended to provide the necess?  

:ary thermodynamic background to conform ational c o n s id e r a t io n s . Prom 

a study o f  conform ational e q u i l ib r ia  and the energy fa c to r s  in vo lved ,  

we can develop  a q u a l i t a t iv e  p ic tu re  o f  the conform ational p rocesses  

in  a system with the m u lt i fa r io u s  in t e r a c t io n s  involved  and r e la t e  

th ese  to  the measurable thermodynamic parameters. On such a b a s is  we 

can begin  to e st im ate  q u a n t i t a t iv e ly  the ex ten t and nature o f  the in; 

s te r a c t io n s  in  a g iven  conformation. Such work can lead  in  turn to 

the a p r io r i  e s t im a tio n  o f  r e la t iv e  conformer s t a b i l i t i e s  and i s  par: 

s t i c u l a r l y  s ig n i f i c a n t  in  systems which cannot be unambiguously defin?  

:ed by some means of d ir e c t  o b servat ion . A combination o f  such appro:

: aches can lead  to unambiguous conform ational determ inations in  r e la t ;  

s iv e ly  complex system s.

the concent o f  e q u il ib r iu m .

Matter in  any system can be v i s u a l i s e d  as being d is tr ib u te d  thro; 

sughtout a myriad o f  d i f f e r e n t  energy l e v e l s .  Obviously, the number 

o f  p o s s ib le  arrangements o f  t h i s  system i s  w e ll  nigh i n f i n i t e . Yet 

the problem o f  d e f in in g  a system in  macroscopic terms i s  not unduly  

g r e a t .  This a r i s e s  from the fa c t  that the p r o b a b i l i t i e s  o f  most con: 

:ce ivable  arrangements o f  the matter throughout the energy l e v e l s  of  

the system are extrem ely low and can be d iscounted  in  any d e sc r ip t io n  

o f  the system. Any system in  equilibrium  i s  in  a s ta te  of ’maximum 

p r o b a b i l i t y ’ . Two systems in  such a co n d it io n  nay be mixed and then



a new s t a t e  o f  eq u il ib r iu m  may develop .

However, i t  i s  noii s u i f i c i e n t  that such a s ta te  o f  g rea ter  stabj  

: i l i t y  than the separate  s t a t e s  should e x i s t .  There must be a physic:  

sa l ly  f e a s i b l e ,  pathway from the current s i tu a t io n  to the hypothetic*  

s a l ly  p r e d ic te d  one. A l l  s ta g e s  o f  t h i s  pathway w i l l  require s ig n i f j  

s ican t p r o b a b i l i t i e s  o f  e x i s t e n c e .

The nature o f  the d i s t r ib u t io n  o f matter among energy l e v e l s  i s  

described by the Boltzmann D is tr ib u t io n  Laws-

a "  „ e -E ° /H T  = - (« '>  -<L')/kT
n*

where n i s  the number o f m olecules in  a g iven  s t a t e .

E° i s  the energy per mole o f  substance.

6 i s  the energy-per molecule o f  substance.

R i s  the molar gas con stan t.

k i s  the Boltzmann con stan t.

T i s  the ab so lu te  temperature.

n 1 ' / n 1 becomes sm aller  as E grows la rg er  and T sm aller . So the high;  

:er  the energy l e v e l  and the lower the temperature, then the l e s s  the 

population  o f  the s t a t e  in  q u es t io n . Consequently an equ il ib r iu m  Trill 

be e s t a b l i s h e d  in  a system where p h y s ic a l ly  f e a s ib le  pathways from 

low p r o b a b ilty  to high p r o b a b i l i ty  are them selves o f  high p r o b a b i l i ty  

and con seq u en tly  low energy . A lte r n a t iv e ly ,  i f  the in terco n v er t in g  

pathway i s  one o f  h igh energy, then we might be able to supply t h i s  

energy in  some form or o ther  and hence e s t a b l i s h  an e q il ib ir iu m  over  

a large b a r r ie r .

This s i t u a t i o n  can be expressed d ia g ra m a tica l ly  ( f i g .  1 .1 ) •

I f  we mix A and B which p o t e n t ia l l y  y i e ld  the more probable con d it ion  

C:~

A + B   —^  C

then an e n e r g y /p r o b a b i l i ty  p r o f i l e  w i l l  b e : -



67.

(TS)

-P

r e a c t i o n  c o o r d i n a t e •

O b v i o u s l y  t h e  p r o b a b i l i t y  o f  s t a t e  ( T . S . ) w i l l  g o v e r n  t h e  n u m b e r  o f  

s p e c i e s  m  t h i s  s t a t e  and. f u r t h e r  w i l l  a l s o  g o v e r n  t h e  n u m b e r  o f  p a s s ?  

s a g e s  f r o m  s t a t e  ( A  +  B) t o  s t a t e  ( c )  a n d  v i c e  v e r s a .  A t  t h e  sa m e  t i m e  

we c a n  a l s o  a p p r e c i a t e  t h a t  i t  i s  m o r e  l i k e l y  f o r  s p e c i e s  d e r i v i n g  

f r o m  t h e  ( A  +  B )  s t a t e  t o  a c q u i r e  t h e  e n e r g y  o f  ( T . S . )  t h a n  s p e c i e s  

f r o m  ( c ) .  T h e r e f o r e  s t a t i s t i c a l l y  we e x p e c t  t o  s e e  a  l o s s  o f  s p e c i e s  

(A  +  B )  a n d  a  g a i n  i n  s p e c i e s  ( c ) .  T h o u g h  t h i s  p o i n t ,  h a s  b e e n  s o m e ;  

s w h a t  l a b o u r e d ,  i t  i s  r e l e v a n t  i n  t h e  c o n t e x t  o f  t h e  n . m . r .  e x p e r i '  

: m e n t  w h e r e  u n d e r  c e r t a i n  c i r c u m s t a n c e s  we c a n  g e t  a  ’ s n a p s h o t 1 o f  

p a s s a g e s  o v e r  t h i s  b a r r i e r .

D u e  t o  t h e  m a c r o s c o p i c  s c a l e  o f  o u r  i n v e s t i g a t i o n ,  i t  i s  p o s s i b l e  

t o  r e g a r d  t h e  * b a r r i e r 1 s h o w n  i n  t h e  f i g u r e  a b o v e  a s  a  c o n t i n u u m  o f  

p r o b a b i l i t i e s  o r  e n e r g y  l e v e l s .  Yle n o w  w i s h  t o  r e l a t e  t h e  b a r r i e r  t o  

c o n v e r s i o n  ( A S )  t o  s o m e  p h y s i c a l l y  m e a s u r a b l e  p h e n o m e n o n  c o n c e r n e d  

w i t h  c o n v e r s i o n  r a t e , a n d  f u r t h e r ,  t h e  p o s i t i o n  o f  e q u i l i b r i u m  ( t h e  

r e l a t i v e  a m o u n t s  o f  ( A  +  B )  a n d  ( c ) )  t o  so m e  m e a s u r e  o f  t h e  a v e r a g e  

e n e r g y  d i f f e r e n c e  b e t w e e n  t h e m .  T h e c o n n e c t i o n  b e t w e e n  m i c r o s c o p i c  

a n d  m a c r o s c o p i c  t h e r m o d y n a m i c  t h e o r i e s  i s  n o t  l o g i c a l l y  d e d u c t a b l e .

I t  r e s t s  o n  a  c o m p a r i s o n  o f  r e s u l t s  t a k e n  f r o m  t h e  t w o  f i e l d s .

I f  we c o n s id er  a sy stem :-

p  +  Q  R + S

then the equilibrium  constant i s

d e f i n e d  a s : —



•  %
w h e r e  i s  t h e  a c t i v i t y  o f  R i n  t h e  

a s s e m b l y .  Now we c a n  d e f i n e  a  f r e e  e n e r g y  d i f f e r e n c e  A G °  b e t w e e n  t h e  

tw o  s y s t e m s  i n  s o m e  s t a n d a r d  c o n d i t i o n  b y : -  

A G °  =  - S T : !  n ( £ ° ) .

F u r t h e r : -

£G °  = £ R °  -  T .AS0 .

w h e r e  A H 0 i s  t h e  s t a n d a r d  e n ;

: t h a l p y  d i f f e r e n c e  a n d  AS0 t h e  s t a n d a r d  e n t r o p y  d i f f e r e n c e .  R i s  t h e  

u n i v e r s a l  g a s  c o n s t a n t  a n d  T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  T h e m icro .*  

s s c o p i c  c o n c e p t s  u n d e r l y i n g  t h e s e  t w o  t e r m s  c a n n o t  b e  r i g o r o u s l y  d e :

: f i n e d .  T h e  f o l l o w i n g  p a r a l l e l  m ay b e  d r a w n ,  b u t  i t  m u s t  b e  n o t e d  t h a t  

i t  i s  n o t  r i g o r o u s l y  c o r r e c t .

I f  we c o n s i d e r  a g a i n  t h e  e n e r g y  d i a g r a m  r e l a t i n g  t h e  t w o  s i d e s  

o f  t h e  e q u i l i b r i u m  a n d  w e i m a g i n e  a  s u d d e n  f r e e z i n g  o f  t h e  s y s t e m  t o  

0 °K  t h e n  we c a n  p o s t u l a t e  t h a t  a l l  s y s t e m s  w o u l d  o c c u p y  t h e  l o w e s t  

e n e r g y  l e v e l s .  A s  a  c o n s e q u e n c e  t h e r e  i s  n o  a c t i v a t e d  s p e c i e s  ( T . S . ) .  

T h e n : —

A G = AH

a n d  AH r e p r e s e n t s  t h e  e n e r g y  d i f f e r e n c e  

b e t w e e n  t h e  g r o u n d  s t a t e s  o n  e a c h  s i d e  o f  t h e  f r o z e n  e q u i l i b r i u m .  Then^  

b y  r a i s i n g  t h e  t e m p e r a t u r e ,  we b e g i n  t o  p o p u l a t e  h i g h e r  e n e r g y  l e v e l s  

i n  b o t h  s y s t e m s .  T h i s  n o t  o n l y  r e p r e s e n t s  a n  e n t r o p y  i n c r e a s e  b u t  a l s o j  

i n  a  s e n s e ^  a n  i n c r e a s e  i n  t h e  r a n d o m n e s s  o f  t h e  sy s te m s  w i t h  i n c r e a s i n g  

p o p u l a t i o n  o f  h i g h e r  e n e r g y  l e v e l s .  A t  t h e  sam e t i m e ,  t h e  p o p u l a t i o n  

o f  t h e  a c t i v a t e d  s p e c i e s  ( T . S . ) b e g i n s  t o  b u i l d  u p  a n d  t h e  r a t e  o f  

p a s s a g e  o v e r  t h e  a c t i v a t i o n  b a r r i e r  r i s e s . A S  r e p r e s e n t s  t h e  d i f f e r :  

s e n c e  i n  t h i s  d e g r e e  o f  r a n d o m n e s s  o n  e a c h  s i d e  o f  t h e  b a r r i e r .  F a c t :  

: o r s  a f f e c t i n g  r a n d o m n e s s  a r e ,  h o w e v e r ,  m u l t i i a r i o u s  a n d  c o n s i d e r a t .  

s i o n s  s u c h  a s  t h e s e  c a n n o t  l e a d  t o  a  f u l l  c o m p r e h e n s i o n  o f  e n t r o p y .



equ il ib r iu m  and r a t e s .

From such d e l ib e r a t io n s  the T ran sit ion  State  Theory was develop*
/ * 5 ‘

jed. i h i s  th eory  i s  based on tnree fundamental assumption which we 

s h a l l  p resen t b e fo re  proceeding to s ta te  the r e s u l t s  o f  the th eory .

(1 )  In the p rocess  o f  r ea c t io n ,  the m olecules must traverse  cert 

s ta in  s t a t e s  01 p o t e n t ia l  energy higner than the p o t e n t ia l  ener." 

sgy o f  e i t h e r  the rea c ta n t or the product s t a t e s .

(2 )  The p o p u la t io n s  o f  these higher p o t e n t ia l  energy l e v e l s  

th a t  must be tra v ersed  by rea c t in g  molecules are in  s t a t i s t i c a l  

eq u il ib r iu m  w ith the ground s t a t e s  from which the r ea c t in g  mole: 

sc u le s  came.

( 3 ) The r a te  o f  r e a c t io n  i s  proportional to the concen tration  

o f  m olecu les  in  th ese  higher energy l e v e l s .

The c o r r e c tn e s s  o f  assumption ( 2 ) i s  not at a l l  obvious for  r ea c t in g  

system s. However, i t  c l e a r l y  a p p lie s  in  the case o f  conformational 

e q u i l ib r ia  which rep resen t true equilibrium  s i t u a t io n s .  I t  i s  import: 

sant to p o in t  out th at there are two kinds o f  sp e c ie s  in  the tr a n s it :  

: ion  s t a t e  s e t ,  namely those  whose d ir e c t io n  of tr a v e l  i s  in  one dir:  

sec t io n  and th ose  whose d ir e c t io n  i s  in  the other d ir e c t io n .  The 

T ran sit ion  S ta te  Theory then considers  that the rate  o f  reaction of  

(A + B) to  g iv e  ( c )  i s  p rop ortion a l to the concentration  of the trans  

s i t i o n  s p e c ie s  t r a v e l l i n g  from ( A  + B) to ( c ) .  In terms o f  quantum 

e n e r g e t ic s ,  t h i s  s t a t e s  th a t  the p h ysica l process accompanying tne 

e n e rg e t ic  b o o st  to the t r a n s i t io n  s ta te  (say  a bond s tr e tc h in g )  con: 

: t in u e s  on to  become the r e a c t io n  change (say  a bond breaking) and 

does not s to p  in  the t r a n s i t io n  s ta te  and f a l l  back. From tne s t a t i s .  

s t i c a l  nature o f  the s i t u a t io n ,  t h i s  w i l l  be true fo r  the v a s t  major, 

s i t y  o f  the s p e c ie s  p a ss in g  through the t r a n s i t io n  s t a t e .  Only very  

few s p e c ie s  w i l l  have e x a c t ly  the energy o f the b a s ic  t r a n s i t io n  soao 

which might a l lo w  them to  come to  r e s t  in  such a s i tu a t io n  with a per 

sm issable decay to t h e ir  p o in t o f  o r ig in .



T h e  r a t e  c o n s t a n t  d e r i v e d  f r o m  T r a n s i t i o n  S t a t e  T h e o r y  c a n  h e  

s t a t e d  a s  f o l l o w s s -

w h e r e  i s  t h e  r a t e  c o n s t a n t .

k  i s  t h e  B o l t z m a n n  c o n s t a n t .

K  i s  t h e  t r a n s m i s s i o n  c o e f f i c i e n t

a n d  i s  t h e  f r a c t i o n  o f  t h e  s p e c i e s  w h i c h  p a s s  r i g h t  t h r o u g h  t h e  t r a n s :

j i t i o n  s t a t e .  A s  we h a v e  s t a t e d ,  t h i s  i s  c e r t a i n l y  v e r y  c l o s e  t o  u n i t y .

h  i s  P l a n c k ’ s  c o n s t a n t .

T i s  t h e  a b s o l u t e  t e m p e r a t u r e .

d i f f e r s  f r o m  a n  o r d i n a r y

e q u i l i b r i u m  c o n s t a n t  i n  o n l y  o n e  f a c t o r  a n d  h e n c e  i t  i s  a p p r o p r i a t e  t o

1 1 1
d e f i n e  q u a n t i t i e s  A G r ,  A H r , A S r , t h e  f r e e  e n e r g y ,  e n t h a l p y  a n d  e n t r o p y  

o f  a c t i v a t i o n  r e s p e c t i v e l y ,  b a s e d  u p o n  t h e  i d e n t i t y : -

A G ^  =  -  R . T .  l n ( K ^ ) .

I n  c o n s e q u e n c e s —

t h e  c o m p a r i s o n  o f  t r a n s i t i o n  s t a t e s .

I t  i s  a p p r o p r i a t e  t o  r e m a r k  h e r e  o n  t h e  d i e s i s  ( / )  q u a n t i t i e s  

i n t r o d u c e d  a b o v e .  T h e s e  t e r m s  a r e  n o t  r i g o r o u s l y  c o m p a r a b l e  w i t h  t n e  

e q u i l i b r i u m  t e r m s  A G ° ,  A H ° ,  a n d  A S 0 d u e  t o  a  s m a l l  d i f f e r e n c e  i n  t h e  

d e f i n i t i o n s  o f  a n d  K ° .  F u r t h e r  t h e  a s s u m p t i o n  o f  K  b e i n g  u n i t y  

c o u l d  h y p o t h e t i c a l l y  b e  i n c o r r e c t .  T h i s  w o u l d  e x p r e s s  i t s e l f  i n  e r r o r s  

i n  AS'5̂  a n d  h e n c e  A G ^  w i t h  c o n s e q u e n t  d i f f i c u l t i e s  i n  a p p l y i n g  t h e s e  

t e r m s  i n  m e a n i n g f u l  c o m p a r i s o n s ,  t h o u g h  s u c h  a  s i t / u a t i o n  m ig h  u b e  r e .  

t d e e m e d  b y  K  b e i n g  c o n s t a n t  i n  a  s e r i e s  o f  r e l a t e d  r e a c t i o n s .  I n  s u c h



a case , the r e l a t i v e  v a lu es  o f  w i l l  have a simple meaning. In prac:

: t i c e ,  however, not on ly  do comparisons between t r a n s i t io n  s t a t e s  in  
. ' 1

terms o f  v a r io u s  ZiG e t c .  lead  to harmonious r e s u l t s ,  but a lso  paralls  

se ls  which can be drawn between ^G° and/*G^ lead to simple rather  than 

complex r e l a t i o n s ,  a faco  which tends to bear out the v a l i d i t y  of the 

comparison.

I t  i s  app rop riate  ar t h i s  stage to descr ibe  b r i e f ly  the conform: 

sa t io n a l  s i t u a t i o n s  to be met in  l a t e r  d is c u s s io n s .

conformers and conform ational b a r r ie r s .

"By ’ conformer' i s  meant any arrangement in  space of the atoms of

a molecule th a t  can a r i s e  by r o ta t io n  about a s in g le  bond and i s  cap:

/ 6sable o f  f i n i t e  ex isten ce" '. Tfnilst t h i s  d e f in i t io n  by no means encom: 

spasses the e n t ir e  concept o f  1 conformational isomerism1, i t  serves  

as a u s e f u l  in tro d u c t io n  to 'r o ta t io n a l  isomerism1 about bondsjwhich 

i s  the b a s ic  p h y s ic a l  phenomenon observed in  a l l  conformational syst:  

:ems •

The e a r ly  theory o f  organic chemistry contained the p o s tu la te

that r o ta t io n  about the a x is  o f  a carbon to carbon s in g le  bond was

com pletely  unhindered. Thus no rotamer preference could be ex h ib ited

in a system such as 1 ,2 —dichloroethane in  which i t  was assumed tnat

the c h lo r in e  atoms, one on each carbon, could assume an i n f i n i t e  num*.

sber o f  p o s i t i o n s ,  in  r e la t io n  to one another, o f  equal energy. I t

la t e r  became apparent though, that there could w ell be .b arr iers  to
/7a

r o ta t io n  about carbon—carbon s in g le  bonds. In 1936, Kemp and P it .
8

: z e r  proposed a b a r r ie r  to r o ta t io n  in  ethane o f about 3 k c a l . /m o le .
/7a

This va lue  has been confirmed experim entally  as a reasonable estim:

sate o f  t h i s  r o t a t io n  b a r r ie r .

Although the source o f th is  barr ier  i s  s t i l l  more a matter fo r  
/ 9-11

specu lation ' , we can regard conformations^in which hydrogens

are opposed d i r e c t l y  to hydrogens^ as of h igner energy than one a -ter .



7 2 .

/ 12:n a t ive  s taggered  form. In consequence, noting the th ree fo ld  symmetry 

of ethane about the C-C a x i s ,  we can draw up a p o te n t ia l  energy curve 

for  r o ta t io n  about t h i s  a x is  as shown in  f i g .  2 .1 ,

o

o
c
o .

staggered eclipsed

120 s 240° 300:

Dihedral angle o
F i g . 2 . 1 .

Obviously we can co n v en ien t ly  regard the p o te n t ia l  b a rr ier  as a r is in g  

from the near approach o f  hydrogens in  the e c l ip s e d  form. Obvious ex; 

s ten sion s  o f  t h i s  reasoning  lead to a p o te n t ia l  b a r r ier ,  f i g .  3*1, 

fo r  ..butane (C^—C^) r o t a t io n .

c h 3 c h 3

c h 3

. c h 3 c h 3
£
■aua

kcal \H'
X c h 3

full
eclipsed gauche eclipsed trans

0 s 60° 120° 180s 240e 300° 360’

Dihedral angle o

F ig .  3 . 1 .
/7a

Although the exact  magnitudes o f  these b arr iers  are not known, the 

e s s e n t ia l  argument above lea d s  to p red ic t io n s  of the r ig h t  order. The

ex ten s io n  o f  t h i s  reasoning to other a c y c l ic  systems i s  r ea d ily  acniev.
/7 a ,1 3 a  

:ed<

The c e n tr a l  importance of cyclohexane in conformational s tu d ies  

bas a lready been remarked upon and in  the fo llo w in g  d isc u ss io n  we w i l l



extend e n e r g e t ic  concepts to a d isc u ss io n  of th is  m olecule.

Two "basic t>ourceo Ox s tr a in  (in creased  p o te n t ia l  energy) can he 

recogn ised  in  c y c l i c  system s. The f i r s t  recognised  i s  angle s tr a in

e x n ib i t  near planar s tr u c tu r e s .  The second s tr a in  a r is e s  in  the manner 

o f  the p o t e n t ia l  h a r r ie r s  mentioned ahove. This hond op p osit ion  s tr a in  

( P i t z e r  s t r a in )  can he regarded as a r is in g  from the rep u ls ion  of neigh: 

jbouring non-honded atoms. I t  i s  a lso  present in small r ings  where the 

planar s tr u c tu r e s  force  hond e c l ip s in g  o f the carhon s u b s t i tu e n ts .

S a ch se 's  ob servat ion  that cyclohexane can adopt two d i s t in c t  

types o f  non-planar s tru ctu re  in  which a l l  angle s tr a in  i s  obviated  

i s  one o f  the major in s ig h t s  in  the h is to r y  of conformational analy: 

: s i s  ( f i g .  4 . 1 ) .

The f i r s t  i s  the r ig id  ch a ir  form in  which we can note the e x is te n c e

of two d i s t i n c t  types of C—H bonds— those a x ia l  ‘a ’ and those equator;

: i a l  ’e ' .  The r i g i d  ch a ir  form i s  a lso  free  o f  any hond e c l ip s in g

s tr a in  as a l l  the C—H bonds are staggered round the r in g . The second

i s  the mobile boat form, a symmetrical example o f  which i s  shown.

This form s u f f e r s  from bond e c l ip s in g  s tr a in  and fu rther  severe in^er;

sa ct io n s  as arrowed between the hydrogens a r is in g  from Van der ¥aals

r ep u ls io n .  These s t r a in s  can be a l l e v ia t e d  somewhat by tw is t—d is to r t .

sion from the s y m m e t r i c a l  s p e c i e s  b u t  c o n s id e r a D l e  s t r a i n s  w i l l  s t i l l

occur. A path fo r  in terco n v ers io n  o f  chair  form to f l e x i b l e  form can

a lso  r e s u l t  in  conversion  to another cnair  form in which bonds once

a x ia l  are now e q u i t o r i a l .  The b arr ier  to such an in tercon vers ion  has
/ 1 5

been measured exp erim en ta lly  at about 10 k c a l . /m o le .  Tneoreoical ca l.

(Baeyer s t r a in )  a r i s in g  from deformations of the optimum valence  a n g le . 

This i s  p resen t p a r t ic u la r ly  a cu te ly  in small r ings (C  ̂ to C )̂ which

‘c h a i r 1. 'boat' F ig .  4»1»



c u la t io n s  on v a r io u s  f l e x i b l e  forms' imates o f th e ir  pot*.

j e n t ia l  energy and in  consequence we can draw a p o te n t ia l  energy diag  

sram r e l a t i n g  the v a r io u s  forms as shown in  f i g .  5 . 1 .

boat form, then on ly  about one molecule in  a thousand w i l l  be in  the 

l a t t e r  form a t  room temperature. Consequently the tw is t  boat form can 

be n e g le c te d  in  any co n s id era t io n  of the p h ysica l properties  of cyclo:  

:hexane•

I f  we extend our co n s id era t io n s  to monosubstituted cyclohexanes  

we w i l l  im m ediately observe the p o s s i b i l i t y  o f  isomerism which i s  o f  

the conform ational k in d . The su b st itu en t  w i l l  be able to occupy e ith :  

:er  an a x ia l  or an e q u i t o r ia l  p o s i t io n  in the chair  form o f cyclohex:  

sane. C onsideration  o f  the separate environments encountered in  these

w i l l  exp erien ce  l e s s  in t e r a c t io n  with the adjacent hydrogens than the 

a x ia l  s u b s t i t u e n t  w i l l  exp er ien ce . Though many other fa c to r s  w i l l  in: 

s f lu en ce  the r e l a t i v e  s t a b i l i t y  o f  the two conformers i t  i s  g e n e r a l ly  

true th at the e q u a t o r ia l ly  s u b s t i tu te d  conformer w i l l  predominate. The 

tab le  below provides  an in t e r e s t in g  c o r r e la t io n  between the percentage  

o f  the most s ta b le  conformer and the energy d if fe re n c e  between conform: 

se r s .  As can be seen i t  takes no more than 2 .5  k ca l . /m o le  energy differ*  

• ence b efore  the population  o f  the l e s s  s ta b le  isomer i s  reduced to in. 

s s i g n i f i c a n c e . This i s  the b a s is  of the use o f  t e r t ia r y  b u ty l su b stitu :  

ten ts  to  fo rce  conformation in  r ing  compounds.

T ran sitio n
barrier-

C halr- T w lst- T rue  
boat-

With an energy d if fS r e n c e  o f  5 k c a l . /m o le  between chair  and t w is t —

that the eq u a to r ia l  su b s t itu e n t



O bviously , sucn reasoning can be extended to fu rth er  su b s t itu te d  

cyclohexanes and to  other r in g  systems e n t ir e ly *

W h ilst  the d is c u s s io n  above has been r e la ted  prim arily  towards 

r in g  system s, much of what has been sa id  a p p lie s  d i r e c t ly  to  conformat: 

s io n a l  s tu d ie o  o f conjugated system s, an example of which i s  i l l u s t r a t e d  

in  f i g .  6 below .

F ig .  6 , 1 .

I t  i s  now w e l l  known th at the b a rr iers  to r o ta t io n  around formal 

s in g le  bonds in  conjugated systems very o ften  are g r e a t ly  enhanced by 

the r i g i d i t y  imparted to  them by d e lo c a l i s a t io n  o f the -ft e le c tr o n s  be? 

stween the double bond system s. In consequence, r o ta t io n  about the X-Y 

bond can be d escr ib ed  e n e r g e t i c a l ly  in  terms comparable to  r o ta t io n  

about double bonds as in  e th y len e  fo r  example. The p o t e n t ia l  energy  

curve f o r  such a r o ta t io n  i s  i l l u s t r a t e d  in  f i g .  7* The assumption  

made in  t h i s  f ig u r e  i s  th a t  sp e c ie s  (b) and (c) are not o f equal energy  

and as a r e s u l t ,  s p e c ie s  (b) w i l l  be more populated than s p e c ie s  ( c ) .

extrathermodynamic r e la t io n s h ip s :  the Hammetm eq u ation .

Any sim ple r e la t io n s  found among thermodynamic parameters r e la t in g  

to v a r io u s  system s are not part of the formal s tructure  o f  thermodynam: 

: i c s  and are hence c a l l e d  extrathermodynamic r e la t io n s h ip s .  The appro: 

:ach, however, i s  s im i la r  to  that of ther mo dynamics in  tn at no in v e s t :  

J ig a tio n  of the d e t a i l e d  microscopic mechanisms of the r ea c t io n s  are



A
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r e q u i r e d  e v e n  t h o u g h  t h e  r e s u l t s  o f  s u c h  i n v e s t i g a t i o n s  c a n  s h e d  i n :

: f o r m a t i o n  o n  t h e  m i c r o s c o p i c  m e c h a n i s m s .

U s e f u l  e x t r a t h e r m o d y n a m i c  r e l a t i o n s h i p s  a r e  u s u a l l y  s i m p l e  i n  

f o r m .  T n i s  i s  p e r n a p s  s u p r i s i n g  w h e n  we c o n s i d e r  t h e  c o m p l e x i t y  o f  

t h e  s o l u t i o n  s y s t e m s  t o  w h i c h  t h e  r e l a t i o n s  a r e  n o r m a l l y  a p p l i e d .

The m a t h e m a t i c a l  s i m p l i c i t y  o f  m any o f  t h e s e  r e l a t i o n s  r e s u l t s  -in 

l a r g e  p a r t ^  f r o m  t h e  t e n d e n c y  o f  s u c h  q u a n t i t i e s  a s  t h e  s t a n d a r d  f r e e  

e n e r g y  t o  h e  a d d i t i v e  f u n c t i o n s  o f  m o l e c u l a r  s t r u c t u r e .  T h i s  p l a u s i b l y  

a r i s e s  f r o m  t h e  c h a n g e s  i n  m o l e c u l a r  s t r u c t u r e  a f f e c t i n g  o n l y  a  r e l a t :  

l i v e l y  s m a l l  p r o p o r t i o n  o f  t h e  m o l e c u l e  w h i l s t  t h e  r e m a i n i n g  c o n t r i b :  

s u t i o n s  t o  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  a r e  n e a r l y  e q u a l  i n  a n y  s e r i e s .  

I f  r e a c t i o n  z o n e s  ( o r  z o n e s  o f  i n t e r e s t  i n  g e n e r a l )  a n d  t h e  c h a n g e s  oc:  

t o u r i n g  w i t h i n  t h e m  a r e  s i m i l a r  f o r  a  s e r i e s  o f  s y s t e m s  t h e n  we e x p e c t  

s u c h  q u a n t i t i e s  a s  A G ° ,  a G^ t o  b e  v e r y  s i m i l a r  i n  t h e s e  r e l a t e d  s y s t e m s

To t h e  l o w e s t  a p p r o x i m a t i o n ,  we c a n  a s s u m e  t h a t  m o l a r  v a l u e s  o f  a  

p r o p e r t y  a r e  p r e c i s e l y  a d d i t i v e  f u n c t i o n s  o f  i n d e p e n d e n t  c o n t r i b u t i o n s  

a s s i g n a b l e  t o  p a r t  s t r u c t u r e s  o f  t h e  m o l e c u l e .  So m o l a r  p r o p e r t i e s  a r e  

a d d i t i v e —c o n s t i t u t i v e  f u n c t i o n s .  To e n a b l e  u s  t o  d e a l  s u c c i n c t l y  w i t h  

m o l e c u l e s  i n  s o l u t i o n ,  we s h a l l  a d o p t  t h e  a d d i t i v i t y  p r i n c i p l e  i n  a  

m o d i f i e d  w a y .  We d i v i d e  a  m o l e c u l e  i n t o  tw o  z o n e s ,  o n e  o f  w h i c h  c o n >  

s t a i n s  a  v a r i a b l e  s u b s t i t u e n t ,  t h e  o t h e r  o f  w h i c h  c o n t a i n s  t h e  z o n e  

o f  p r i m a r y  i n t e r e s t .  E a c h  o f  t h e s e  z o n e s  w i l l  b e  c o n s i d e r e d  t o  c o n t r i b :  

s u t e  a n  a d d i t i v e  t e r m  t o  t h e  f r e e  e n e r g y  a n d  a l s o  a s  i n t e r a c t i n g  w i t h  

t h e  o t h e r  z o n e .  T h e n

"^BX =  GR +  °X  +  I H,X

w h e r e  I*, v  i s  t h e  i n t e r a c t i o n  t e r m .R5 X

Now d u r i n g  t h e  a c t i o n s  o f  i n t e r e s t ,  t h e  R r e g i o n  r e m a i n s  i n t a c t  a n d  

t h e  X r e g i o n  i s  a l t e r e d .  The t e r m  c a n c e l s  o u t  i n  t h e  q u a n t i t i e s  

A G° o r  /sG T . Or e l s e  t h e  X r e g i o n  r e m a i n s  i n t a c t  o n  i n t r o d u c i n g  a  s u b :  

s s t i t u e n t  ( c h a n g i n g  R) w i t h  t h e  c o n s e q u e n c e  t h a t  t h e  t e r m  Ĝ . c a n c e l s



out in  the s u b s t i tu e n t  e f f e c t s  <£RB° e t c .  As an example consider  the

io n i s a t io n  o f  a ca rb oxy lic  acid  R COOH. Theno

^RqCOOH “ ^RoC00“ + GH+ “* ^R̂ COOH 

~o _

H+ + C00“ ~ GCOOH + XR , C00~ ~ XR .COOH0 O ' "
The s u b s t i t u e n t  e f f e c t  in  t h i s  r ea c t io n  i s  defined as

^  r ° ° c o o h  =  A 5 r c o o h  ~  a 5 r  COOH
0

^ R j COCT ” I R, COOĤ  “ ^ R  , COO“ “ TR , COOĤo 7 o ’
A t y p ic a l  extrathermodynamic r e la t io n s h ip  w i l l  invo lve  su b s t i tu e n t  

e f f e c t s  on the standard free  energy changes or equilibrium  constants  of  

two r e la t e d  r e a c t io n s .  This can be immediately extended to a c t iv a t io n  

parameters, though such a s tep  cannot, as we have shown, be l o g i c a l l y  

j u s t i f i e d .

the Hammett r e la t io n s h ip .

This , the b e s t  known o f  the extrathermodynamic r e la t io n s ,  r e la t e s  

the e f f e c t  o f  meta and para su b s t itu e n ts  on the rate  and equilibrium  

con stan ts  o f  aromatic s id e  chain r e a c t io n s .  I t  i s  based on the f a c t  that  

as the s u b s t i t u e n t  i s  v ar ied  the lo g a r ith s  of the rate  co n sta n ts ,  . or. the 

equ ilibr ium  constants^ fo r  a large  number of aromatic s id e  chain react:  

:ions are l i n e a r l y  r e la te d  to one another. Any one of these rea c t io n s  

could have been used to d e f in e  a s e t  o f  su b stitu en t constants  (<3”) in  

terms o f  which the fr e e  energy changes o f  the others might be d escr ib ed .  

These parameters are in  fa c t  based on the ac id  d i s s o c ia t io n  constants  

of benzoic  a c id  in  water. This r e la t io n s h ip  i s  tnerefore  e s s e n t i a l l y  

a p r o p o r t io n a l i ty  between S AG0 for  a p a r t icu la r  benzene s id e  cnain

rea c t io n  and & *G° fo r  the io n i s a t io n  o f  the corresponding benzoic  a c id s .
R

Le't Rq be phenyl and R the meta or para su b s t itu te d  phenyl group. 

Then s u b s t i t u e n t  e f f e c t s  on the io n is a t io n  of benzoic acid  are g iven by

^ V GCOOH = ' TR,C00~ ~ I R,C00H) ~ ^ R q ,COO TRo,C00H^

and corresp on d in g ly  fo r  the io n is a t io n  of pnenol
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^ ° 0 H  “ ^ H , 0 “ -  ^.OH* " ,0" " XR , 09
o o

H o w e v e r ,  f r o m  t h e s e  t w o  e q u a t i o n s  a l o n e ,  we c a n n o t  g e n e r a t e  a  l i n e a r  

r e a l a t i o n s h i p  " b e t w e e n  t n e  s u h s t i t u e n t  c o n s t a n t s *  We r e q u i r e  t i e  add i t !  

s i o n a l  p o s t u l a t e  t n a t  t h e  i n t e r a c t i o n  t e r m s  I  a r e  f a c t o r a b l e *  We c a n  

c a l l  t h i s  a s s u m p t i o n  t h e  ’ s e p a r a b i l i t y  p o s t u l a t e ' .

I n  c o n s e q u e n c e

V ° c o c

T h e r e f o r e

^ R -  V ( i
n

-  V * 1,
0

M
O

1 ! M
O w

"OH'

^ i f  °0H = • ^Ra 5 C00E
^COO-  " I C00Ĥ

S e v e r a l  p o i n t s  a r i s e  f r o m  t h e  a b o v e  e q u a t i o n *  F i r s t l y  n o t i c e  

t h e  e q u a l  s t a t u s  f o r  t h e  i n t e r a c t i o n  t e r m s  f o r  t h e  r e a c t i o n  z o n e  a n d  

t h e  r e s t  o f  t h e  m o l e c u l e .  T h i s  i s  o f  c o u r s e  l o g i c a l  i n  t h a t  t h e  i n t e r :  

: a c t i o n  z o n e  i s  p u r e l y  a  m a t t e r  o f  a r b i t r a r y  c h o i c e .  The o p e r a t o r s  

a n d  A  , w h i c h  a r e  c o m m u t a b l e  a r e  a l s o  f o r m a l l y  e q u i v a l e n t  b y  t h e  

sa m e  t o k e n .

I m p l i c i t  i n  t h e  d e r i v a t i o n  o f  t h i s  e q u a t i o n  a r e  t w o  a s s u m p t i o n s .  

T h e f i r s t  o f  t h e s e  i s  t h a t  we h a v e  a s s u m e d  t h a t  s t r u c t u r e s  R a n d  X 

i n t e r a c t  b y  a  s i n g l e  p h y s i c a l  m e c h a n i s m .  The i n t e r a c t i o n  d e p e n d s  o n l y  

o n  a  s i n g l e  p a i r  o f  i n d e p e n d e n t  v a r i a b l e s ,  o n e  c h a r a c t e r i s t i c  o f  R 

a n d  t h e  o t h e r  c h a r a c t e r i s t i c  o f  X .  E v e n  w h e n  t h e  i n t e r a c t i o n  p r o c e e d s  

b y  a  s i n g l e  m e c h a n i s m ,  we c a n  o n l y  h o p e  t o  s e p a r a t e  ^ X  i n t o  s e p a r a t e  

f a c t o r s  i f  t h e  v a r i a b l e s  i n v o l v e d  a r e  s c a l a r  q u a n t i t i e s  a n d  t h e i r  v a r ;  

J i a t i o n s  a r e  s m a l l .  I n  t h e  c a s e  o f  v e c t o r  o r  t e n s o r  v a r i a b l e s  t h e n  

I r  ^  c a n  o n l y  b e  f a c t o r i s e d  i f  c e r t a i n  p h y s i c a l  c o n s t r a i n t s  a r e  a p p i  

s l i e d .  T h u s  we f i n d  a  f a r  g r e a t e r  p r e c i s i o n  i n  e x t r a t h e r m o d y n a m i c  r e l !  

l a t i o n s h i p s  a p p l i e d  t o  r i g i d ^ p l a n a r ^  a r o m a t i c  s y s t e m s  t h a n  t o  h i g h l y  

f l e x i b l e  a l i p h a t i c  s y s t e m s .

I t  i s  o f t e n - o b v i o u s ,  h o w e v e r ,  t h a t  m o r e  t h a n  o n e  i n t e r a c t i o n
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mechanism i s  at work. These mechanisms have heen d iv id ed  "by Taft' 

in to  p o la r  ( e l e c t r o s t a t i c ) ,  s t e r ic  and resonance e f f e c t s . -  Though 

co n sid era b le  e f f o r t  has been expended, a long th ese  l i n e s ,  fu r th e r  

mention o f  t h is  work here^ i s  not m erited .

R eturning to  the Hammett r e la t io n ,  we can d er iv e  the fo llo w in g  

d e f in i t io n s .

KA ~  +C6 H ,-C 0 0 E  V  ■ ^  CgBLCOO +  H+

X C ^ C O O H  X C gE  C 0 ( T  +  H+

KxA
= lo g  (— ) in  water a t 25°C.

Y°
KA

The e f f e c t  o f s u b s t it u t io n  on the ra te  or eq u ilib r iu m  co n sta n ts  

fo r  o th er  benzene s id e  chain  r e a c tio n s  can now be exp ressed  as a fund  

: t io n  o f  <r . So

lo g  (~£) = lo g  ( - 2 )  = P o-
k K 1 xo o

The co n sta n t p i s  a fu n c tio n  o f the r e a c tio n  and w i l l  a ls o  vary  

w ith the r e a c t io n  c o n d it io n s . One o f the most s ig n if ic a n t  o f  th ese  

v a r ia b le s  i s  the tem perature. I f  such a l in e a r  fr e e  energy r e la t io n ;  

:sh ip  i s  to  m aintain  i t s  l in e a r  form a t more than one tem perature, 

then c o n s tr a in ts  are a p p lied  to  e n th a lp ie s  and e n tr o p ie s . I f  a rea c t  

sion  c o r r e la te s  ’with O' and shows t h is  c o r r e la t io n  a t more than one 

tem perature then

= e  <5^3^

Such c o n s id e r a t io n s  must be borne in  mind.

He have a lread y  mentioned the problems posed by having more than

one in te r a c t io n  mechanism. The gen era l a p p l ic a b i l i t y  o f th is  r e la t io n ;

ssh ip  in  arom atic system s where a t l e a s t  two in te r a c t io n  mechanisms

(in d u c tiv e  and mesomeric) are o p e r a tio n a l, does imply th at sucn mecn;

sanisms are fa c e t s  of an u n d erly in g  more b a s ic  mechanism. Tnis i s  

c le a r ly  not so . I t  can be shown, however, th at a lin e a r  r e la t io n s h ip



can s t i l l  "bs o b t a i n e d  f rom s e v e r a l  i n t e r a c t i o n  mechanisms prov ided  

th e ir  r e la t iv e  importance in  a s e r i e s  of r e a c tio n s  remains c o n sta n t.

For two in te r a c t io n  mechanisms, the fo llo w in g  hold s  

6 Rlo g  k = p ’<rf + p ’ V 11

ff1 and <?’ ’ change ind ep en d ently  s in ce  the in te r a c t io n  mechanisms are 

independent. The s u b s t itu e n t  e f f e c t  w i l l  on ly  he d escr ib ed  by a s in g le  

parameter as long  as i s  c o n sta n t.

k = + f p ” / p ’) <r" )

Here <Tf + C f / p ’) 0 '" i s  c h a r a c te r is t ic  o f  the su b s titu e n t o n ly .

In p r a c t ic e  though, th ere seems to  be no very  good reason to sup: 

spose th at the r a t io  p ^ / p 1 in  benzoic  a c id s  i s  o f  any u n iv e r sa l valid*. 

: i t y .  As such i t  i s  su p r is in g  th a t the Hammett r e la t io n  works so w e ll .

In consequence, the ex cep tio n s  th a t there are are m erely dem onstrative o f  

a change in  t h is  r a t io  and are no cause fo r  su p r ise .

One such cause o f v a r ia t io n  which can be ascr ib ed  to vary in g  r ' / r

r a t io  a r is e s  w ith  s u b s t itu e n ts  which e x h ib it  large  resonance e f f e c t s .

In th ese  c a se s  the in d u c tiv e  e f f e c t  has been unable to keep pace w ith

the resonance e f f e c t  and as a r e s u l t ,  <y  ̂ , seems to vary betweenSU 0 s & .

rea c tio n s  in  which resonance i s  not in vo lved  and those in  which i t  i s  

in v o lv ed . The r e la t iv e  s ig n if ic a n c e  o f the in te r a c t io n s  v a r ie s  and a 

s in g le  can no lon g er  cover the v a r ia t io n . He w i l l  f in d  t h is  e f f e c t  

in  such r e a c t io n s  as those in  which charge i s  developed and i s  capable  

of d ir e c t  resonance in te r a c t io n  w ith the s u b s t itu e n t . The "breakdown 

here can be a scr ib ed  to  the d iscrep an cy  between r"/r in  b en zoic  

acid s and in  th ese  in te r a c t in g  system s. The s im p lest s o lu t io n  to the 

problem i s  to  r ed e fin e  the referen ce  rea c tio n  in  an appropriate fash: 

sion and a t the same time attem pt to  norm alise the new sc a le  w ith the 

o ld . In the case  o f e le c t r o p h i l ic  su b s titu e n t co n sta n ts , th is  was 

done as fo l lo w s .  Resonance e f f e c t s  fo r  c e r ta in  meta su b s t itu e n ts  are 

l ia b le  to  be ra th er  unim portant. T herefore, adopting tne so lv -o ly s is  

of s u b s t itu te d  2—p h en y l,2—propyl c h lo r id e s  in  90/° acetone at 25 C as



r e fe r e n c e , we p lo t  lo g  (k /k Q) v ersu s Hammett O' f  or v a r io u s meta sub: 

j s t i t u t e d  s p e c ie s  and d e r iv e ^ .  Then

rr + -  ^0g(k-x/ko )standard r e a c t io n .

x  ‘  . P i

-f.
In consequence, most & me^a are about equal to  c r ^ .^  su b s titu e n t con:

: s ta n ts  w h ils t  cr + w i l l  d i f f e r  n o tab ly  from CT • A s im ila r  procedure para para
provides a"", the n u c le o p h ilic  su b s titu e n t co n sta n ts .
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P h y s i c a l  Methods o f  Conform at iona l  A n a l y s i s .

T h e  p u r p o s e  o f  t h i s  s e c t i o n  i s  t o  p r o v i d e  a  v e r y  - b r i e f  i n t r o d u c s  

: t i o n  t o  t h o s e  p h y s i c a l  m e t h o d s  o f  i n v e s t i g a t i o n  w h i c h  h a v e  b e e n  e m p l o y :  

: e d  i n  t h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s .  No a t t e m p t  c a n  b e  m ad e  t o  

d e t a i l  any. o f  t h e s e  p h y s i c a l  m e t h o d s  a n d  m a n y  s u i t a b l e  i n t r o d u c t i o n s  

t o  e a c h  a r e  r e a d i l y  a v a i l a b l e .  F u r t h e r ,  we w i l l  d e l a y  c o n s i d e r a t i o n  o f  

n . m . r .  m e t h o d s  t o  t h e  n e x t  s e c t i o n .

n o n - s p e c t r o s c o p i c  m e t h o d s . 

d i p o l e  m o m e n t s .

T h e  e x i s t e n c e  o f  a n  e l e c t r o s t a t i c  d i p o l e  d u e  t o  t h e  s e p a r a t i o n  o f  

c h a r g e  i n h e r e n t  i n  b o n d i n g  t o g e t h e r  t w o  n o n - i d e n t i c a l  a t o m s  i s  com m on:

: p l a c e .  T h e  d i p o l e  m o m e n t  c r e a t e d  g i v e s  r i s e  t o  a  p e r m a n e n t  p o l a r i s a t i o n  

w h e n  p l a c e d  b e t w e e n  t h e  p l a t e s  o f  a  c o n d e n s e r .  I n  t h i s  w a y ,  t h e  d i p o l e  

m om ent o f  a  m o l e c u l e ,  w h i c h  i s  a  v e c t o r ,  c a n  b e  d e t e r m i n e d .  U s e f u l  g e o :  

m e t r i c a l  i n f o r m a t i o n  i s  o b t a i n a b l e  f r o m  t h e  m a g n i t u d e  o f  t h e  d i p o l e  

m o m e n t .  A k n o w l e d g e  o f  t h e  i n d i v i d u a l  d i p o l e  m o m e n t s  o f  f u n c t i o n a l  

g r o u p s  i n  t h e  m o l e c u l e ,  t a k e n  f r o m  m o d e l  c o m p o u n d s ,  p e r m i t s  v e c t o r i a l  

c a l c u l a t i o n  o f  t h e  d i p o l e  m o m e n t  e x p e c t e d  f o r  a  g i v e n  c o n f o r m a t i o n  o f  

a  m o l e c u l e ,  a n d  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  a  g i v e n  v a l u e  o f  d i p o l e  

m om ent i s  s u p p o r t i v e  e v i d e n c e ,  i n  m a n y  i n s t a n c e s ,  f o r  a  s p e c i f i c  c o n :

: f o r m a t i o n .

N u m e r o u s  o t h e r  n o n - s p e c t r o s c o p i c  m e t h o d s  a r e  a v a i l a b l e ,  b u t  t h e i r  

u s e  i s  l i m i t e d ,  p r i m a r i l y  b e c a u s e  s p e c t r o s c o p i c  t e c h n i q u e s  a r e  m uch  

m ore p o w e r f u l  t o o l s  i n  p r o b i n g  m o l e c u l a r  s t r u c t u r e .

s p e c t r o s c o p i c  t e c h n i q u e s .

A l a r g e  v a r i e t y  o f  s p e c t r o s c o p i c  t e c h n i q u e s  a r e  a v a i l a b l e  t o  i}he 

p h y s i c a l  c h e m i s t  i n  h i s  e x a m i n a t i o n  o f  m o l e c u l a r  s t r u c t u r e .  I n  p r a c t i c e ,  

tw o  b r o a d  c a t e g o r i e s  o f  t e c h n i q u e  a.re e m p l o y e d .  T h e r e  a r e  t n o s e  t e c n n i :  

s q u e s  w h i c h  c a n  d e t e r m i n e ,  i n  f a v o u r a b l e  c i r c u m s t a n c e s ,  f u l l  d e t a i l s  o f  .



t h e  m o l e c u l a r  g e o m e t r y  o f  a n y  c o m p o u n d ,  t h e  m o s t  o b v i o u s  o f  th ese being

X - r a y  c r y s t a l l o g r a p h y .  T h e r e  i s  a l s o  t h e  r e l a t e d  s u b j e c t  o f  e l e c t r o n  

/ 1
d i f f r a c t i o n '  , w h i c h ,  i n  t h e  h a n d s  o f  Odd H a s s e l ,  h a s  m ade a n  i m p o r t a n t

c o n t r i b u t i o n  t o  c o n f o r m a t i o n a l  a n a l y s i s .  B u t  b y  f a r  t h e  m a j o r i t y  o f  s p e c s

s t r o s c o p i c  t e c h n i q u e s  p r o v i d e  p a r t i a l  i n f o r m a t i o n  a b o u t  t h e  g e o m e t r y  o f

t h e  m o l e c u l e .  H o w e v e r ,  i t  c a n  b e  t h e  c a s e  a n d  o f t e n  i s  w i t h  s u c h  t e c h n i :

i q u e s  a s  m i c r o w a v e  s p e c t r o s c o p y  a n d  n . m . r . ,  t h a t  s u f f i c i e n t  e v i d e n c e  o f

a  g e n e r a l  k i n d  i s  a v a i l a b l e  e l s e w h e r e  t o  e n a b l e  t h e  a d d i t i o n a l  e v i d e n c e

p r o v i d e d  b y  t h e s e  t e c h n i q u e s  t o  b e  d e f i n i t i v e .

S e v e r a l  c r i t e r i a  m u s t  b e  m e t  b e f o r e  we c a n  o b s e r v e  s e p a r a t e  s p e c t r a

f r o m  t h e  d i f f e r i n g  c o n f o r m e r s  o f  a  c o m p o u n d .  C o n s i d e r i n g  H e i s e n b e r g ' s

U n c e r t a i n t y  P r i n c i p l e ,  o n e  f o r m  o f  w h i c h  s t a t e s  t h a t

A t . A E  a  h /2 ? t :

w h e r e  * t  i s  t h e  t i m e  o f  s p e c t r a l  o b s e r v a t i o n

w h e r e  A E  i s  t h e  p r e c i s i o n  o f  e n e r g y  m e a s :

: m e n t  a n d  h  i s  P l a n c k ' s  c o n s t a n t .

I f  a  c o n f o r m e r  i s  i s o l a t e d  f o r  a  t i m e  A t ,  t h e n  H e i s e n b e r g ' s  U n c e r t a i n t y

P r i n c i p l e  a l l o w s  i t s  e n e r g y  t o  b e  m e a s u r e d  w i t h  a  p r e c i s i o n  A E .  T h e n  t h e

l a r g e r  t h e  e n e r g y  c h a n g e s  i n v o l v e d ,  t h e n  t h e  s h o r t e r  t h e  t i m e  o f  o b s e r v :

l a t i o n  n e c e s s a r y  t o  d i s t i n g u i s h  a  g i v e n  e n e r g y  s t a t e .  I f  we d o  n o t  a l l o w

s u f f i c i e n t  t i m e  f o r  t h e  o b s e r v a t i o n ,  b y  i n t e r p o s i n g  a  c o n f o r m a t i o n a l

c h a n g e  d u r i n g  t h e  n e c e s s a r y  p e r i o d ,  t h e n  o n l y  a n  a v e r a g e  m e a s u r e m e n t  

/ * 2w i l l  b e  o b t a i n e d ' .  I t  t h e r e f o r e  m i g h t  a p p e a r  d e s i r a b l e  t o  e m p l o y  a  s p e c :  

i t r o s c o p i c  t e c h n i q u e  w h i c h  r e l i e s  o n  t h e  o b s e r v a t i o n  o f  l a r g e  e n e r g y  

c h a n g e s .  U e w o u l d  t h e n  e x p e c t  t o  b e  a b l e  t o  o b s e r v e  e v e n  s h o r t  l i v e d  s p e c  

l i e s .  B u t  we m u s t  b e a r  i n  m in d  t h a t  c o n f o r m a t i o n a l  c h a n g e s  o f t e n  i n v o l v e  

o n l y  v e r y  l i t t l e  e n e r g y  — o f t e n  l i t t l e  m o r e  t h a n  a  f e w  k i l o c a l o r i e s  p e r :  

: h a p s .  Ue w o u l d  t h e n  r e q u i r e  n o t  o n l y  t o  b e  a b l e  t o  o b s e r v e  t h i s  s m a l l  

d i f f e r e n c e  s u p e r i m p o s e d  o n  l a r g e  e n e r g y  c h a n g e s  o f  t h e  o b s e r v a t i o n s ,  b u t  

we w o u l d  a l s o  r e q u i r e  t h a t  t h e  s p e c t r o s c o p i c  e n e r g y  l e v e l s  o f  t h e  a p p r o :  

J p r o a t e  e x c i t e d  s t a t e '  w e r e  d i s p o s e d  i n  a  v e r y  s i m i l a r  m a n n e r  t o  t n o s e  

o f  t h e  g r o u n d  s t a t e  s p e c i e s .  T h i s  i s  b y  n o  m e a n s  g u a r u n t e e d  o r  e v e n



l i k e l y  w r .e r e  t h e  uwo s t a l e s  i n  q u e s t i o n  a r e  ire 1 1  s e p a r a t e d  i n  e n e r g y .

T h e  o t h e r  e x t r e m e  i n v o l v e s  t h e  u s e  o f  m uch  l o w e r  o b s e r v a t i o n a l  e n e r  

: g i e s  E ,  w i t h  t h e  n e c e s s a r y  l o n g e r  o b s e r v a t i o n  t i m e s  t .  I n  m a n y  c a s e s  

w h e r e  t h i s  a p p r o a c h  i s  a p p l i e d ,  i t  m ay  b e  n e c e s s a r y  t o  o p e r a t e  a t  m uch  

r e d u c e d  t e m p e r a t u r e s  t o  e x t e n d  c o n f o r m e r  l i f e t i m e s .  U h i l s t  t h i s  i n  i t :

: s e l f  p r e s e n t s  e x p e r i m e n t a l  d i f f i c u l t i e s ,  t h e r e  a r e  o f t e n  c o n s i d e r a b l e  

a d v a n t a g e s  i n  m a k i n g  o b s e r v a t i o n s  o f  c o n f o r m e r s  o v e r  a  r a n g e  o f  l i f e :  

s t i m e s .  U . m . r .  s p e c t r o s c o p y  i s  a  t e c h n i q u e  w h i c h  f a l l s  i n  t h i s  l a t t e r  

c a t e g o r y .  A s  w i l l  b e  s h o w n  s h o r t l y ,  t h i s  a b i l i t y  t o  m ake o b s e r v a t i o n s  

o v e r  a  r e g i o n  o f  v a r y i n g  c o n f o r m e r  l i f e t i m e s  i s  o f  g r e a t  i m p o r t a n c e  i n  

c o n f o r m a t i o n a l  a n a l y s i s .

i n f r a - r e d / r a m a n  s p e c t r o s c o p y .

B y  f a r  t h e  m a j o r i t y  o f  i n f o r m a t i o n  o n  t h e  v i b r a t i o n a l  e n e r g y  l e v e l s  

o f  a  m o l e c u l e  i s  o b t a i n e d  b y  i n f r a - r e d  r a t h e r  t h a n  r a m a n  s p e c t r o s c o p y .  

T h o u g h  t h e  c a l c u l a t i o n  o f  t h e  v i b r a t i o n a l  s p e c t r u m  t o  b e  e x p e c t e d  f r o m  

a n y  b u t  t h e  m o s t  s i m p l e  m o l e c u l e s  i s  a  d a u n t i n g  t a s k ,  t h e  c h a r a c t e r i s :  

t t i c s  o f  v a r i o u s  f u n c t i o n a l  g r o u p i n g s  a n d  t h e  e f f e c t s  o f  m i n o r  e n v i r o n :  

j m e n t a l  i n f l u e n c e s  c a n  b e  d e t e c t e d  b y  v i b r a t i o n a l  s p e c t r o s c o p y .  A p p l i c :  

: a t i o n  t o  d i f f e r e n t  p h y s i c a l  s t a t e s  o f  a  c o m p o u n d  c a n  b e  u s e d  t o  d e t e c t  

c o n f o r m a t i o n a l  c h a n g e s  w i t h  c h a n g e  o f  s t a t e .  T h i s  c a n  b e  o f  i n t e r e s t  i n  

a s  m u ch  a s  c o m p o u n d s  a r e  q u i t e  o f t e n  c o n f o r r n a t i o n a l l y  p u r e  i n  t h e  s o l i d  

s t a t e .  On m e l t i n g ,  t h e  a p p e a r a n c e  o f  f u r t h e r  b a n d s  i n  t h e  i . r .  s p e c t r u m  

c a n  b e  t a k e n  a s  s u g g e s t i v e  o f  c o n f o r m a t i o n a l  e q u i l i b r i a  i n  t h e  m e l t  ( o r  

f o r  t h a t  m a t t e r  i n  s o l u t i o n ) .  U n f o r t u n a t e l y ,  n o t  a l l  c o m p o u n d s  a r e  c o n :  

s f o r m a t i o n a l l y  p u r e  i n  t h e  s o l i d  s t a t e  a n d  t h e  o b s e r v a t i o n  o f  n o  c h a n g e s  

i n  t h e  i . r .  . s p e c t r u m  o n  m e l t i n g  o r  d i s s o l v i n g  c a n n o t  b e  t a k e n  a s  c o n :

: e l u s i v e  e v i d e n c e  f o r  c o n f o r m a t i o n a l  p u r i t y .

U s e  o f  i . r .  t e c h n i q u e s  q u a n t i t a t i v e l y  i s  n o t  s t r a i g h t f o r w a r d .  The  

s t r e n g t h  o f  a n y  a b s o r p t i o n  b a n d  i n  t h e  s y s t e m  d e p e n d s  n o t  o n l y  o n  t h e  

q u a n t i t y  o f  s p e c i e s  g i v i n g  r i s e  t o  t h a t  b a n d  b u t  a l s o  o n  t h e  e x t i n c t i o n



c o e f f i c i e n t  o f tne absorption© One s o lu t io n  to th is  problem i s  to deters  

jmine the e x t in c t io n  c o e f f i c i e n t s  fo r  conform ation a lly . pure model com:

:pounds, but tne use o f  such a model i s  by no means fr e e  o f the danger 

o f se r io u s  e rr o r , as we can have no a b so lu te  con fid en ce in  the v a lu es  

of the e x t in c t io n  c o e f f i c i e n t s  d er iv ed . A more r e f in e d  approach to th is  

problem i s  to  examine the v a r ia t io n  o f  the sp ectra  o f  any one system  

w ith tem perature and observe any changes in  the in t e n s i t i e s  o f the ab:

: so rp tio n s  which may be c o r r e la te d  w ith changes in  conformer p op u la tion s  

E x tin c tio n  c o e f f i c i e n t s  are norm ally con sid ered  to  be fr e e  o f major v a r i  

ra tio n s  w ith  tem perature. The r e la t iv e  v a lu e s  o f  e x t in c t io n  c o e f f i c i e n t s  

are most l i k e l y  to  remain co n sta n t w ith  tem perature. In t h is  manner, we 

can g a in  some estim a te  o f  conform ational dynam ics.

x -ra y  d i f f r a c t io n .

The major drawback in  the use o f x -r a y  d if f r a c t io n  methods i s  th e ir  

r e s t r ic t io n  to  c r y s t a l l in e  m a te r ia l. The in form ation  obtained  a p p lie s  

s t r i c t l y  on ly  to  the s o l id  s ta te  and w h ils t  the main d e t a i l s  o f molec: 

tu la r  conform ation w i l l  remain co n sta n t, the nuances o f  geo m etr ica l de: 

s t a i l 9 which are the primary concern, w i l l  vary from s itu a t io n  to  s i t u :  

r a tio n . As long  as t h is  r e s t r ic t io n  on x -ra y  methods i s  borne contin u: 

r a lly  in  mind, then th e ir  a p p lic a t io n  to  conform ational problems i s  o f  

immense w orth. A co n sid era b le  amount o f conform ational work i s  n ecess:  

r a r ily  based  on in form ation  d er ived  by x -ra y  methods and in  most c a se s , 

x-ray  methods have been used  to d e fin e  model compound conform ations from 

which many em p ir ica l c o r r e la t io n s  have been b u i l t  up (p a r t ic u la r ly  in  

n .m .r . sp e c tr o sc o p y ).

The technique i s  based upon the ob serv a tio n  o f  a d i f f r a c t io n  p a tt:  

sern from a monochromatic beam o f  x -ra y s  which i s  a llow ed  to  impinge on 

the m olecu les o f  in t e r e s t  h e ld  in  a c r y s ta l  l a t t i c e .  From t h is  d i f f r a c t :  

:ion  p a tte r n , i t  i s  p o s s ib le  to  e s t a b l is h ,  o fte n  w ith co n sid era b le  expen 

•d itu re  o f  computing tim e, the accurate geom etry o f the m olecu le . Prob:

• lems are met in  the a p p lic a t io n  o f th is  tech n iq u e , but at the present



time p rogress has been such th a t a p p l i c a t i o n  of  X -ray  methods i s  now 

alm ost ro u tin e  in  many c ircu m stan ces. The te c h n ic a l im plem entation o f  

X-ray methods can be alm ost t o t a l ly  automated in  many in s ta n c e s .
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Since 1960, h igh r e s o lu t io n  n .m .r . sp ectroscop y  has rev o lu tio n :

s ise d  th a t "branch o f  conform ational a n a ly s is  concerned w ith the d eter:

sm inations o f  conform ations o f  m olecu les in  s o lu t io n . “I t  i s  now esta te

s l is h e d  th a t n .m .r . sp ectro sco p y  provid es more in form ation  about the
/1

shape* o f  m olecu les in  s o lu t io n  than any o th er  p h y s ic a l method".

Both chem ical s h i f t s  and sp in -sp in  co u p lin g  co n sta n ts  are profoundly

s e n s i t iv e  to  the s p a t ia l  arrangement o f  atoms in  m o lecu les. However,

owing to  the la r g e ly  em p ir ica l nature o f chem ical s h i f t  and cou p lin g

con stan t c a lc u la t io n s ,  the a p p lic a t io n  o f  n .m .r . sp ectroscop y  to  elucv

s id a te  m olecu lar conform ations in  s o lu t io n  i s  in ex a c t and i s  based upon

em p ir ica l c o r r e la t io n s  developed  i n i t i a l l y  from the sp ectra  o f r ig id

m o lecu le s . Yet d e sp ite  th ese  l im it a t io n s ,  n .m .r . sp ectroscop y  i s  prob;

sably  the most pow erful technique a v a ila b le  fo r  conform ational s tu d ie s .

C onsidering the c e n tr a l importance o f  cyclohexane in  e a r ly  confor: 
/ 2 ,3

sm ational s tu d ie s '  and i t s  occurance in  many n a tu ra l p rod u cts, o ften  

w ith f ix e d  and known geom etry as in  the s t e r o id s ,  i t  i s  not su p r is in g  

th a t cyclohexane system s have been e x te n s iv e ly  s tu d ied  by n .m .r . sp ect:
/* 4 ,5

sroscopy . Such s tu d ie s  have g iv en  r i s e  to  a v a s t  amount o f data on

the s p e c tr a l  param eters o f  co n fo rm a tio n a lly  in t e r e s t in g  system s. In con;

: sequence, the methods o f  a n a ly s is  a p p lic a b le  to  cyclohexane system s

/ 6are w e ll  e s ta b lis h e d ' and serve  as a secure base fo r  the exam ination o f

more complex system s. P a r t ic u la r  trends can be reco g n ised  fo r  chem ical 
/7 a /7b

s h i f t s '  and more s ig n i f i c a n t ly  fo r  cou p lin g  constants'. Prom th ese

trends have been e s ta b lis h e d  the n ecessa ry  to o ls  fo r  conform ational

s tu d ie s  by n .m .r .

In v iew  o f  t h is  c e n tr a l importance o f  cyclohexane fo r  conform ation: 

sa l s tu d ie s  by n .m .r . ,  i t  i s  appropriate to  i l l u s t r a t e  some b a s ic  p rin ;  

s c ip le s  o f  the a p p lic a t io n  o f  n .m .r . sp ectroscop y  in  conform ational 

s tu d ie s  by r e fer en ce  to work on cycloh exan es. Methods developed in  t h is  

b r ie f  survey are^ in  part^employed in  la t e r  r in g  conform ational s tu d ie s .
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I t  i s  fu r th e r  d e s ir a b le  in  many in s ta n c e s  to e s t a b l is h  the thermo:

:dynamic r e la t io n s h ip s  between v a r io u s  conform ers in  a- system . The f i r s t

such system  to  be d e fin ed  therm odynam ically by n .m .r . sp ectroscop y  was
/ 8dim ethylformam ide' in  which two d is c r e te  conform ers a r is in g  from hinder: 

:ed r o ta t io n  about the C-U bond are observed . Since t h is  i n i t i a l  study  

in  195-5) a la rg e  amount o f d ata  on many system s has accum ulated. I t  has 

become apparent th a t many o f the n .m .r . s tu d ie s  o f thermodynamic para; 

i m eters are th orou ghly  u n r e l ia b le ,  a p o in t we w i l l  retu rn  to  and d is c u s s  

in  some d e t a i l  in  the p r a c t ic a l  s e c t io n s  o f  t h i s  t h e s i s .  Tilth a rep u tat: 

:io n  fo r  u n r e l ia b i l i t y  developed  in  t h i s  area , th ere has been a j u s t i f i :  

:ab le  r e lu c ta n ce  on the part o f  many authors to  attem pt anyth ing but 

approximate com parisons o f  thermodynamic param eters u s in g  n .m .r . d a ta . 

This s ta te  o f a f f a ir s  need no lon ger  e x i s t  and th ere i s  reason to  be 

o p t im is t ic  about fu tu re  developm ents in  t h i s  f i e l d .

B a sic  P r in c ip le s .

For convenience in  d is c u s s io n , we can d is t in g u is h  two broad categ :  

s o r ie s  o f  n .m .r . exp erim en ta l approach, namely s t a t i c 1 and 'dynam ic1.

The o r ig in s  o f t h is  d i s t in c t io n  l i e  in  the requirem ents fo r  s p e c tr a l  

o b serv a tio n  o u t lin e d  in  H eisen b erg 's  U n certa in ty  P r in c ip le  which was d is :  

scussed  e a r l i e r .  I t  i s  the req u irem en t,in  n .m .r . spectroscop y , th a t obser; 

iv a t io n  tim es are t y p ic a l ly  measured in  seconds ra th er  than in  m i l l i -  or 

nano-seconds which g iv e s  r i s e  to  the s p e c tr a l  behaviour which i s  o ften  

dependent on the l i f e t im e  o f  any f i n i t e  s p e c ie s  in v o lv ed . In n .m .r . the 

o b serv a tio n  tim es are o fte n  o f comparable order to  the l i f e t im e s  o f the 

s p e c ie s  in v o lv e d . Tie w i l l  d is t in g u is h  ' s t a t i c '  sp ectra  as th ose  which 

are tem perature independent in  the sen se th a t a sm all change in  temper; 

:a tu r e (sa y  5°) cau ses a n e g lig a b le  change in  the observed spectrum , 

w h ils t  'dynamic* sp e c tra  are those where such a tem perature change r e :

: s u i t s  in  s ig n i f i c a n t  s p e c tr a l  changes. The u n d erly in g  th eory o f such 

e f f e c t s  has been d e a lt  w ith  in  the f i r s t  p art o f  t h is  t h e s i s .

Any system  which i s  capable o f some kind o f  conform ational m o b ility



can be exp ected  t o  e x h ib it  sp ec tra  of  b o th  the ’s t a t i c 1 and the  ’dynam: 

: i c ’ k ind  depending on the tem perature range o f the o b se r v a t io n s . The 

d is t in c t io n  i s  fu r th e r  u s e f u l  in  as much as methods o f  a n a ly s is  a p p lied  

to  system s o f the ’s t a t i c 1 k ind are la r g e ly  em p ir ica l in  th e ir  o r ig in s  

and can sometimes be q u ite  approxim ate, w h ils t  those app rop riate  to  the 

’dynam ic’ k ind req u ire  fu r th e r  a p p lic a t io n  o f  quantum m echanical ex a ct  

trea tm en ts , based on the d er iv ed  e m p ir ica l in form ation , to  ob ta in  r e l i?  

sable data#
/9 a

The d is t in c t io n  between c o n fig u r a t io n  d e fin ed  by E l ie l '  as "the

arrangement in  space o f the atoms or groups around the disym m etric or
/9b

r ig id  part o f the m olecule" and conform ation' used to  "denote any one

o f the i n f i n i t e  number o f momentary arrangem ents o f  the atoms in  space

th a t r e s u l t s  from r o ta t io n  about s in g le  bonds" i s  somewhat vague when
/*10

th ese  phenomena, are s tu d ied  by n.m .r'.

When s tu d ied  by n .m .r . i t  i s  perhaps b e t t e r  to  co n sid er  th ree merg:
/11

sin g  c a te g o r ie s  o f  compound'.

1 ) .  An isom er can be long  l iv e d  on the n .m .r . time s c a le  and hence 

m ight be co n sid ered  as a c o n fig u r a t io n . In t h is  case we can charact; 

s e r is e  a n d .d is t in g u is h  between v a r io u s  isom ers and measure such  

p r o p e r t ie s  as r e la t iv e  p o p u la tio n s , d if fe r e n c e s  in  co u p lin g  cons 

s s ta n ts  between s p e c ie s  e t c .

2 ) .  Isom ers can be sh ort l iv e d  on the time s c a le  o f n .m .r . ob serv a tio n  

and we can m erely observe an average spectrum fo r  se v e r a l in terco n ;  

sv e r t in g  s p e c ie s .  Should one isom er be more populated than o th er s ,

a g r e a te r  w eigh tin g  o f i t s  ex sp ected  s p e c tr a l;  param eters in  the spec 

strum average may a llo w  us to  e s t a b l is h  the nature o f t h is  isom er  

and the p o s it io n  o f eq u ilib r iu m  in  the system .

3 ) .  Isom ers whose in ter c o n v e rs io n  r a te s  are comparable w ith  the n .m .r . 

o b serv a tio n  time s c a le  w i l l  g iv e  r is e  to  sp ec tra  whose d e ta ile d  

fe a tu r e s  may be h ig h ly  s e n s i t iv e  to  in ter c o n v e rs io n  r a t e s .  By low; 

ser in g  the tem perature o f ob serv a tio n  and conseq uently  the r a te s  of

oon version  o f  the isom ers we w i l l  e v e n tu a lly  be ab le to  observe



a su p e r p o s it io n  o f the sp ectra  o f in d iv id u a l isom ers (ca se  1 ) .  By- 

r a is in g  the tem perature o f o b serv a tio n , an average spectrum of a l l  

isom ers w i l l  he p o s s ib le  (ca se  3 ) ,

To e s t a b l i s h  the o b serv a tio n  time s c a le  o f an n .m .r , experim ent, 

co n sid er  a n u cleu s which i s  s u s c e p tib le  to  n .m .r . ob serv a tio n  p resen t  

in  two isom ers 'A' and ’B* o f a system . Then i f  the chem ical s h i f t  o f  

the n u c le i  in  the two isom ers are ^ Hz. and ^ Hz. r e s p e c t iv e ly  and 

the ra te  o f exchange o f  the n u cleu s between isom er s i t e s  i s  t / s e c . ,  

then the above th ree c a se s  are c h a r a c ter ised  as fo l lo w s .

1) .  (vA -  V B ) «  t .

2 ) .  (VA -  V B ) -  t .

3 ) .  (y A — ^ 3 ) (u n it s  o f Hz. i . e .  exchanges

/ s e c . ) .

As m entioned in  case  3 above, v a r ia t io n  o f  the tem perature a t  

which the system  i s  observed a llo w s us to  observe the e n t ir e  spectrum of  

behaviour o u t lin e d  fo r  many system s. This can le a d , w ith  care in  the 

a p p lic a t io n  o f exp erim en ta l proced ures, to  r e l ia b le  thermodynamic para:

:m eters fo r  the conform ational system . In f a c t  in  many c a se s , such a 

com prehensive approach i s  n ecessa ry  fo r  any degree o f accuracy in  the  

e st im a tio n  o f  thermodynamic param eters.

Tie w i l l  now i l l u s t r a t e  the a p p lic a t io n  o f n .m .r . sp ectroscop y  to  

conform ational a n a ly s is  by co n s id er in g  i t s  a p p lic a t io n  to  s tu d ie s  o f  

cyclohexane sy stem s.

cyclohexane sy stem s.

The a p p lic a t io n  o f n .m .r . sp ectroscop y  to  the conform ational a n a l

: y s is  o f  cyclohexane system s has r e c e n t ly  been surveyed q u ite  ex ten sive:
/ 7b , 12

s ly  in  two rec e n t r ev ie w s . Both rev iew s provide a com prehensive

in tro d u c tio n  to  the s u b je c t .

As th ere  are two e m p ir ica l parameter s e t s  which can be d er ived  

from the n .m .r . spectrum o f any compound, namely the chem ical s h i f t s  

anfl nrnrt-.f'i-n-i-n co u p lin g  co n sta n ts  * then^conform ation al an al? /sis  o f the



compound can "be "based on ob serv a tio n  o f e i th e r  or both o f th ese  parameter
A

se ts*  W h ilst n ,m ,r , a p p lic a t io n s  to cyclohexane r in g s  are now r o u t in e ,

l i t e r a t u r e  to  provide exam ples of the methods i l lu s t r a t e d  below , 

chem ical s h i f t s .

W h ilst a b so lu te  v a lu e s  o f chem ical s h i f t s  are n ot l ik e l y  to  be too

in fo rm a tiv e , the r e la t iv e  v a lu e s  observed in  any g iv en  system  have been
/1 3

noted to  fo llo w  a sim ple b a s ic  ru le'. Any e q u a to r ia l proton on any 

s u b s t itu te d  or u n su b s titu te d  cyclohexane carbon w i l l  reso n a te  a t lower 

f i e l d  than an a x ia l  proton in  the same s i t u a t io n ,  (The terms e q u a to r ia l  

and a x ia l  are d e fin ed  by f i g ,  1,1 b e lo w ,) S ev era l methods fo r  determ ini

:in g  q u a n t it a t iv e ly  thermodynamic param eters from chem ical s h i f t s  have

been e s ta b lish e d '.

Measurement o f the area  o f s ig n a ls  due to  co n tr ib u tin g  conformat: 

s ion s i s  a method which i s  a p p lic a b le  to  any system  in  which s ig n a ls  due 

to  in d iv id u a l con forn ers can be observed . I f  we can in te g r a te  sep arate  

s ig n a ls  from the same n u c le i  in  in d iv id u a l conform ers, then we have a 

d ir e c t  measure o f  the r e la t iv e  p rop ortion s o f the conformers p r e se n t . 

C onsequently, we can e s t a b l is h  the p o s it io n  of eq u ilib r iu m  and the fr e e  

energy d if fe r e n c e  between conform ers. The a p p lic a t io n  o f t h is  method 

w i l l  o fte n  req u ire  the use o f low tem perature s tu d ie s ?as b a r r ie r s  to  

r in g  in v e r s io n  are g e n e r a lly  too low to  perm it ob servation  o f sep arate  

s ig n a ls  a t  room tem perature. We can extend our s tu d ie s  in  such a s itu a :  

s t io n  by exam ining the change o f conformer e q u i l ib r ia  w ith  change in  

tem perature and hence d er iv e  en th alp y  and entropy data fo r  the equili*. 

ib r a t io n ( s ) .  The use o f vary in g  so lv e n ts  has a ls o  been employed to  in ;

I g n i f ic a n t  in t e r e s t  i s  s t i l l  m aintained in  th ese  s tu d ie s  fo r  the r ecen t  

*e * = e q u a to r ia l

1 a 1 = a x ia l .

/ 7 c , 12



sfluence eq u il ib r ia .
/ U

B ushw eller  and coworkers7 have p u b lish ed  a recen t example o f

t h is  approach in  e s t a b l is h in g  the fA‘ va lu e  o f the deuterioam ino grouo
o / * 15

at -9 3  C by ap p ly in g  t h is  peak area  method7. They used  a h eza d eu ter io

system  to  e lim in a te  r in g  m ethylene cou p lin g  to  the 1-proton o f in t e r e s t .

The areas o f t h is  proton s ig n a l  in  each conform ation were measured e i th e r

by w eigh ing cu t outs o f the peaks or by area  measurement w ith  a hand 
/* 16

p lan im etert V alues o f 1 .2  — 1 .4  k c a l./m o le  (depending on s o lv e n t)  

were ob ta in ed ,an d  are in  remarkably good agreement w ith  the r e s u l t s  ob: 

sta in ed  by o th er  more in d ir e c t  methods (s e e  r e fer en ce s  in  t h is  p a p er).

Though n ot s t r i c t l y  r e la te d  to  sim ple in te g r a t io n  o f s ig n a ls ,  a 

fu r th e r  pow erful e x te n s io n  o f the n .m .r . approach depending p r im a rily  

on a s h i f t  d if fe r e n c e  betw een exchanging n u c le i  in  d if f e r e n t  conform ers, 

i s  the a p p lic a t io n  o f ra te  s tu d ie s  to  the b a r r ie r  to  conform ational ex;

: change. A r e le v a n t  example o f t h is  i s  the study o f cycloh exan e—d.,.. pub:
/1 7  11

s lish e d  by Anet and Bourn in  19^7* By the a p p lic a t io n  o f a f u l l  lin e :

: shape a n a ly s is  (d isc u sse d  t h e o r e t ic a l ly  e a r l i e r  in  t h is  t h e s i s )  and by

double resonance tech n iq u es (w ith  which we w i l l  not be concerned here)

they measured in v e r s io n  r a te s  fo r  cy c lo h ex a n e-d ^  from -1 1 7 °  to  - 24°

coverin g  a range in  ra te  o f  over 500?000 and concluded th e ir  stud y  w ith

a thorough d is c u s s io n  o f the p e r tin e n t r e s u l t s .  They e s ta b lis h e d  a s e t

of thermodynamic param eters fo r  cyclohexane in  which a good d e a l o f

r e lia n c e  can be p la ced .

Anet and coworkers have p u b lish ed  r e c e n t ly  an in t e r e s t in g  extens:

/ 18sion  o f  the use o f d i f f e r in g  chem ical s h i f t s  in  cyclohexane s tu d ies '. 

D eterm ination  o f  the fA! va lu e  o f  the m ethyl group proves to  be an im;
A

tp o ss ib le  ta sk  by H n .m .r . sp ectroscop y  due to  the la ck  o f chem ical 

s h i f t  between conform ers, even a t the h ig h e s t  f i e l d  s tr e n g th s . Sxamin; 

sa tio n  o f  the spectrum o f  m ethylcyclohexane a t 6 3 .1 IEEIz. and a t  

- 1 10°C in d ic a te s  weak bands which could be unambiguously a ssig n ed  to  

the conformer w ith  m ethyl a x ia l .  The va lu e  o f the eq u ilib r iu m  con stan t  

observed was about 100, corresponding to  an A va lu e  o f 1 .6  k c a l . /m o le .



I f  we c a n  e s t a b l i s h  the  chem ica l  s h i f t s  of a g iv en  n u c le u s  a p p ro p r i ;  

s a t e  t o  t h e  p u r e  c o n f o r m e r s  i n  a  s y s t e m ,  t h e n  i t  i s  p o s s i b l e  t o  c a l c u l ;  

s a t e  t h e  c o n f o r m e r  r a t i o s  o f  m i x e d  s y s t e m s  f r o m  a n  o b s e r v a t i o n  o f  t h e  

a v e r a g e  c h e m i c a l  s h i f t  o f  t h e  n u c l e u s  i n  q u e s t i o n .  T h e r e  a r e  t w o  g e n e r a l  

a p p r o a c h e s  t o  t h e  p r o b l e m  o f  e s t a b l i s h i n g  t h e  p u r e  c o n f o r m e r  s h i f t s .  Ife 

c a n  d e r i v e  t h i s  i n f o r m a t i o n  f r o m

( a ) ,  t h e  l o w  t e m p e r a t u r e  s p e c t r u m  w h e r e  s e p a r a t e  s p e c t r a  o f  t h e  c o m  

s f o r m e r s  a r e  o b s e r v a b l e .  T h i s  m e t h o d  r e l i e s  o n  t h e r e  b e i n g  n o  c h a n g e  i n  

t h e  c h e m i c a l  s h i f t  i n  t h e  c o n f o r m e r s  o v e r  a  r a n g e  o f  t e m p e r a t u r e  o r  a t  

l e a s t  o n  o u r  b e i n g  a b l e  t o  o b s e r v e  a  t r e n d  i n  s u c h  c h a n g e s  s u f f i c i e n t  

f o r  u s  t o  r e l i a b l y  e x t r a p o l a t e  t h e m  i n t o  t h e  r e g i o n  o f  a v e r a g i n g  s p e c t r a .  

S u c h  m e t h o d s  a r e  u l t i m a t e l y  o p e n  t o  e r r o r  f r o m  a n y  e x t r a p o l a t i o n  w h i c h  

d o e s  n o t  i n  f a c t  £ o l d  u p  o v e r  t h e  r e q u i r e d  t e m p e r a t u r e  r a n g e .  S u c h  p r o b :  

s l e m s  a r e  f a m i l i a r  o n e s  i n  v a r i a b l e  t e m p e r a t u r e  n . m . r .  s t u d i e s .

00. t h e  s p e c t r a  o f  c o n f o r m a t i o n a l l y  b i a s e d  f o r m s .  T h e  m o s t  com m on  

e x a m p l e  o f  c o n f o r m a t i o n a l  b i a s i n g  i s  t h e  u s e  o f  ^ ' k - B u t y l  s u b s t i t u e n t s  

i n  c y c l o h e x a n e  s t u d i e s .  I n  p r i n c i p l e ,  t h e  t - b u t y l  g r o u p  w i l l  a l w a y s  b e  

d i s p o s e d  e q u i t o r i a l l y  b e c a u s e  o f  i t s  s i z e .  T h e  a p p l i c a t i o n  o f  t h i s  m e t h :  

: o d  i s  o b v i o u s l y  f r a u g h t  w i t h  d i f f i c u l t i e s .  TTe a s s u m e  n o t  o n l y  t h a t  t h e  

t —b u t y l  g r o u p  h a s  n o  e f f e c t  o n  t h e  n . m . r .  p a r a m e t e r s  o f  t h e  s y s t e m ,  a n d  

s u b t l e  e f f e c t s  a r e  o f t e n  o b s e r v e d  i n  c y c l o h e x a n e  s t u d i e s ,  b u t  a l s o  t h e  

c o n f o r m e r  w i t h  t h e  s u b s t i t u e n t  o f  i n t e r e s t  a x i a l  w i l l  b e  c o n f o r m a t i o n ;  

s a l l y  p u r e .  T h i s  i s  b y  n o  m e a n s  a s s u r e d  i f  R ( t h e  s u b s t i t u e n t )  i n t e r :  

s a c t s  a t  a l l  s i g n i f i c a n t l y  i n  t h e  a x i a l  p o s i t i o n .  R e s u l t s  a c h i e v e d  b y  

s u c h  m e t h o d s  m u s t  b e  t r e a t e d  w i t h  c a u t i o n .  One p a r t i c u l a r  e x a m p l e  o f  t h e  

e x t r e m e  e f f e c t s  t - b u t y l  s u b s t i t u e n t s  c a n  h a v e  i s  p r o v i d e d  b y  t h e  r e s u l t s
/1 9

o f  B a r i l i  a n d  c o w o r k e r s '  w h o  o b s e r v e d  t h a t  s u b s t i t u t i o n  o f  a  d i b r o m o ;  

s c y c l o h e x a n e  w i t h  t - b u t y l  c a u s e d  a  t w i s t - b o a t  c o n f o r m e r  t o  b e c o m e  r e l a . t :  

s i v e l y  s t a b l e  w h e n  c o m p a r e d  w i t h  t h e  c h a i r  f o r m s .  T h i s  t w i s t —b o a t  c o n t s  

s r i b u t e d  t o  a  s i g n i f i c a n t  e x t e n t  t o  t h e  c o n f o r m a t i o n a l  s i t u a t i o n .

A f u r t h e r  a p p l i c a t i o n  o f  c h e m i c a l  s h i f t  t e c h n i q u e s  a r i s e s  i n  t h e  

s u b s t i t u t i o n  o f  t h e  r i n g  w i t h  a n o t h e r  m a g n e t i c  n u c l e u s  s u c h  a s  f l u o r i n e .
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T h i s  t e c h n i q u e  h a s  b e e n  v e r y  s u c c e s s f u l  i n  m a n y  c i r c u m s t a n c e s '  p a r t i c :  

s u l a r l y  i n  m e d iu m  r i n g  c o m p o u n d s  h u t  i t  i s  a l s o  f a i r  c o m m e n t  t h a t  c o n :  

j f o r m a t i o n a l  r e s u l t s  o b t a i n e d  i n  t h i s  m a n n e r  a r e  n o t  d i r e c t l y  a p p l i c a b l e  

t o  t h e  p a r e n t  r i n g .  F l u o r i n e  a s  a  s u b s t i t u e n t  c a n  h a v e  a  s i g n i f i c a n t  

c o n f o r m a t i o n a l  e f f e c t  o f  i t s  o w n .

c o u p l i n g  c o n s t a n t s .

A c o n s i d e r a b l e  a m o u n t  o f  i n f o r m a t i o n  o n  p r o t o n —p r o t o n  c o u p l i n g  c o n :

j s t a n t s  h a s  b e e n  a c q u i r e d  i n  t h e  l a s t  f i f t e e n  y e a r s .  TTe s h o u l d  r e m a r k  a t

t h i s  s t a g e ,  t h o u g h ,  t h a t  t h e  s t a t e  o f  a f f a i r s  w i t h  r e g a r d  t o  c o u p l i n g s

i n v o l v i n g  o t h e r  n u c l e i  i s  n o t  y e t  s o  f a v o u r a b l e .  C o n s e q u e n t l y ,  w e w i l l

r e s t r i c t  o u r  a t t e n t i o n  t o  p r o t o n —p r o t o n  c o u p l i n g s  e n t i r e l y .  F r o m  p r o t o n

s t u d i e s ,  m a n y  u s e f u l  e m p i r i c a l  c o r r e l a t i o n s  h a v e  b e e n  d e v e l o p e d ,  t h e
,21 ,22

m o s t  s i g n i f i c a n t  o f  w h i c h  i s  t h e  K a r p l u s  r e l a t i o n ' .  T h i s  r e l a t e s

v i c i n i a l  ( 1 , 2 )  p r o t o n - p r o t o n  c o u p l i n g  t o  t h e  d i h e d r a l  a n g l e  b e t w e e n  t h e
/*23

p r o t o n s .  M any f o r m s  o f  K a r p l u s  r e l a t i o n  h a v e  n o w  b e e n  d e v e l o p e d '  b u t  

we w i l l  p o s t p o n e  m e n t i o n  o f  t h e s e  u n t i l  w e r e q u i r e  t h e m  s p e c i f i c a l l y  

l a t e r .  D e p e n d e n c e  o f  t h e  v i c i n a l  c o u p l i n g  c o n s t a n t s  o n  f a c t o r s  o t h e r  

t h a n  t h e  d i h e d r a l  a n g l e  w a s  i m p l i c i t  i n  t h e  o r i g i n a l  t r e a t m e n t s ,  y e t  

t h e  m a g n i t u d e s  o f  t h e s e  i n f l u e n c e s  i s  s u c h  t h a t  t h e y  c a n  b e  r e g a r d e d  

a s  p e r t u r b a t i o n s  o f  t h e  o r i g i n a l  K a r p l u s  e q u a t i o n .  T h e s e  p e r t u r b a t i o n s  

c o n c e r n

( a )  t h e  e l e c t r o n e g a t i v i t i e s  o f  s u b s t i t u e n t s .

0 0  t h e  o r i e n t a t i o n  o f  s u b s t i t u e n t s .

( c )  t h e  h y b r i d i s a t i o n  o f  c a r b o n  a t o m s .

(a) t h e  b o n d  a n g l e s .

( e )  t h e  b o n d  l e n g t h s .

M any s y s t e m s  o f  c o n f o r m a t i o n a l  i n t e r e s t  s h o w  a  c o n s i d e r a b l e  a m o u n t  

o f  c o u p l i n g  s t r u c t u r e  i n  t h e i r  s p e c t r a  a r i s i n g  f r o m  m a n y  s o u r c e s .  TTith  

s u c h  c o m p l e x i t y ,  i t  i s  o f t e n  d e s i r a b l e  a n d  e v e n  n e c e s s a r y  t o  e l i m i n a t e  

so m e o f  t h e s e  c o u p l i n g s  b y  i s o t o p i c  s u b s t i t u t i o n  t e c h n i q u e s .  S o ,  f o r  

e x a m p l e ,  we c a n  r e p l a c e  h y d r o g e n  b y  d e u t e r i u m  a n d  e m p l o y  w i d e  b a n d  d e u t :



serium d ecou p lin g  to  e lim in a te  some s p e c tr a l  com plexity* Horaonuclear 

(narrow band) d ecou p lin g  ( c . f .  h e tero n u c lea r  above) can a ls o  be employ; 

jed in  s p e c tr a l  a n a ly s is .

As w ith  chem ical s h i f t s ,  we can employ a s im ila r  approach to  the 

v a lu e s  o f  co u p lin g  c o n sta n ts  observed in  a system . I f  the spectrum we 

observe i s  an average o f two or more conformer sp e c tr a , then by esta b ;  

j l i s h in g  s u ita b le  model compounds, i t  may be p o s s ib le , from the cou p lin g  

co n sta n ts  observed in  the average sp ectru m ,to  e s t a b l is h  p o s s ib le  conform: 

:e r  r a t io s  in  the m ixtu re. Again the s e le c t io n  o f model system s i s  

fraugh t w ith  d i f f i c u l t y  and i s  p o s s ib ly  even more- prone to erro r  than 

the use o f models in  chem ical s h i f t  s t u d ie s .  TTe may a ls o ,  as p r e v io u s ly ,  

examine sp e c tr a  a t  low tem perature when the in d iv id u a l co u p lin g  co n sta n ts  

fo r  each conform er can be d ir e c t ly  measured. E x tra p o la tio n  o f coup ling  

co n sta n ts  in t o  unobservable region's i s  a f a i r l y  r e l ia b le  procedure a.s 

cou p lin g  co n sta n ts  g e n e r a lly  vary l i t t l e  w ith  tem perature.

Most a p p lic a t io n s  o f cou p lin g  co n sta n ts  do r e ly  on an im plem entation  

of the Karplus eq u ation  in  one form or an oth er. As the Karplus r e la t io n :  

ls h ip s  r e la t e  the v a lu e  o f the v ic in a l  cou p lin g  con stan t exp ected  in  

a system  to  the va lu e  o f the d ih ed ra l angle (<j>in f i g .  2 .1 )  between the 

coup ling  n u c le i ,  then a l l  o th er th in g s b e in g  eq u a l, which th ey  o fte n  

are, then the p a r t ic u la r  v a lu e  o f  the cou p lin g  con stan t observed in  a 

system  w i l l  g iv e  a v ery  good in d ic a t io n  o f the d ih ed ra l angle between  

the tiro n u c le i  in  q u e s t io n . D ihedral an g les are a s e n s i t iv e  in d ic a t io n  

o f m olecular geom etry, p a r t ic u la r ly  in  c y c l i c  system s, and con seq u en tly  

we can use cou p lin g  c o n sta n ts  as s e n s i t iv e  probes of (r in g )  geom etry.

I f  we are ab le  to  observe cou p lin g  co n sta n ts  fo r  v a r io u s  p a ir s  o f nuci 

t l e i  around a r in g , then the p red ic ted  d ih ed ra l an g les  around t h is  r in g  

w i l l  d e fin e^ q u ite  unambiguously in  many c a se s , the conform ation o f the  

r in g  to  w ith in  q u ite  c lo s e  l im i t s .

A p a r t ic u la r  refinem ent o f such lo g ic  i s  con ta in ed  in  the use o f  

*H! v a lu e s . / 2 "̂ These v a lu e s  are d im en sio n less  q u a n t it ie s  (th e  r a t io s



o f p a ir s  o f  cou p lin g  c o n sta n ts )  and a re  ind ep en d en t  of  f a c t o r s  such as 

s u b s t itu e n t  e l e c t r o n e g a t iv i t i e s ,  depending on ly ( t o  a f i r s t  approximat; 

sio n ) on r in g  conform ation* C ertain  changes in  * R* va lu e from the r in g  

norm are encountered as d is to r t io n s  o f the r in g  are encountered* M ulti; 

sp le  * R* va lu e  d eterm in ation s around the r in g  in  q u estio n  can he used 

to  d e fin e  r in g  geom etry w ith  a h igh  degree o f  c er ta in ty *  Other attem pts  

to  e s t a b l is h  d im en sio n less  co n sta n ts  which shed l ig h t  on the conform: 

ta t io n  o f  a r in g  have been made in c lu d in g  the most recen t 1 D ihedral
/  5

Angle E stim ation  by the R atio  Method* o f S le s s o r  and Tracey*

The a p p lic a t io n  o f  com plete lin esh a p e  s tu d ies^ w ith  in form ation  det 

jr iv e d  from in d iv id u a l conform er sp e c tr a  a t low tem p eratures^ is d escr ib :  

sed la t e r  in  t h i s  thesis^  as i s  an a p p lic a t io n  o f  geom etry d e f in i t io n  

from co u p lin g  co n sta n t in form ation* These two methods i l l u s t r a t e  the  

power o f  n*m.r* sp ectro sco p y  in  e s t a b lis h in g  both  s t a t i c  and dynamic 

param eters fo r  conform ation a l system s*



R eferences (lI.M.R. S t u d ie s )*

. Thomas, Tf. A ., "Nuclear Magnetic Resonance Spectroscopy in  Conform; 

s a t io n a l A n a ly s is” in  Mooney, E .F. ( e d i t . ) ?  Ann. R evs. IT. M. R. S p ec t. ,  

1 9 6 8 ,1 ,4 3 .

2 . E l i e l ,  E .L ., A llin g e r , IT. L ., Angyal, S . J . , M orrison, G. A ., "Confor: 

sm ation al A n a ly s is” , W iley I n te r s c ie n c e , 1965? Ch.2 .

3 . Hanack, M., ’’Conformation Theory” , Academic P r e ss , 1965, Ch.3 .

4 .*  in  part E l i e l ,  E .L ., A n gew .C h en .In ter .E d it., 1965,1,761'.

5 . F ran k lin , N .C ., Feltkam p, H ., A ngew .C hem .Inter.E d it., 1965,1 ,774*

6 . W ilson, E .B ., C hem .Soc.R evs., 1972,1 ,293*

17 . B ooth, H ., " A p p lica tio n s o f H n u c lea r  Magnetic Resonance Spectros  

copy to  the Conform ational A n a ly sis  o f  C yclic  Compounds” in  Emsley, 

J .F . , Feeney, J . ,  S u t c l i f f e ,  L .H .. ( e d i t s . ) ,  Prgrs.IT .M .R .Spectr.,

1 9 6 5 ,5 ,1 4 9 .

(a )  p . 157•

W  p . 158 .

8 . P h i l l i p s ,  ¥ .D . , J . Chem.Phys., 1955,23., 1363*

9* E l i e l ,  E .L ., " S tereoch em istry  o f  Carbon Compounds", MacGraw-Hill,

1962.

(a )  p .8 7 .

(b ) p . 124*

10. P r e lo g , V . , Pure and A pplied Chem., 1971.25*465*

11. Jon es, R .A .Y ., "General Review o f Proton Magnetic Resonance" in  

Mooney, E .F .; ( e d i t • ) ,  Ann.Rev.IT.M.R. S p e c tr ., 1 9 6 8 ,1 ,1 .

12. see  r e f .  5 *

13* Lemieux, R .U ., K u lln ig , R .K ., B ern ste in , H .J . , Schneid er, W.G.,

J .A .C .S ., 1957,22?1°°5*

14. B u sh w eller , C .II., Y esow itch, G .E ., B i s s e t t ,  F .H ., J.Org.Chem.,

1972,31 ,1449*

15** the *A’ va lu e  is 'd e f in e d  as fo llo w s:



100.

R T .ln (x) 
A 8 -AG° » 1000

1 6 .*  such tech n iq u es as e le c tr o n ic  in te g r a to r s  are used  and th ese  are 

g e n e r a lly  not s u f f i c i e n t l y  a ccu ra te .

17. A net, F .A .L ., Bourn, A .J .R ., J .A .C .S ., 1 9 6 7 ,8 9 ,7 6 0 .

18. A net, F .A .L ,, Bra,dley, C .H ., Buchanan, G. IT., J.A . C .S ., 1971 ,2 3 ,2 5 3 .

19* B a r i l i ,  P .L , , B e l lu c c i ,  G ., In grosson , G ., I-Iarioni, F . , Ho re H i ,  I . ,

T et. 1 9 7 2 ,2 8 ,4583.

2 0 .*  e .g .  Spassov, S .L ., G r i f f i t h ,  D .L ., G lazer, E .S .,  Nagarajan, K ., 

R oberts, J .D ., J .A .C .S ., 1967, 8 1 , 8 8 .

21 . K arplus, M., J.C hem .P hys., 1959,30,11>

22. K arplus, M., J .A .C .S ., 1 9 6 3 ,8 1 ,2 8 7 0 .

2 3 .*  P a c h ler , K .G .R ., J .C .S .P e r k .I I . , 1972 ,1936 .

24« Lambert, J .B . ,  Accounts.Chem .Research, 1971,1 ,87*

25* S le s s o r , K.3ST., Tracey, A .S ., Can.J.Chem., 1971 *4 9 .2874*



A T h e o r e t i c a l  Approach to  Conforma t i ona l  A n a l y s i s .

" T h e  . i d e a  t h a t  o n e  m i g h t  c a l c u l a t e  i n  d e t a i l  t h e  - e n e r g y  o f  a  g i v e n

m o l e c u l a r  c o n f o r m a t i o n  h a s  l o n g  i n t r i g u e d  c h e m i s t s ,  a s  i t  o f f e r s  p r o m :

: i s e  o f  t h e  p r e d i c t i o n  o f  t h e  m o s t  s t a b l e  c o n f o r m a t i o n s  o r  t h e  i n t i m a t e

t r a n s i t i o n  s t a t e  g e o m e t r y  a n d  e n e r g y  i n  o r g a n i c  r e a c t i o n s .  A n u m b e r  o f

/ * 1s u c h  c a l c u l a t i o n s  h a s  b e e n  m a d e '  w i t h  v a r y i n g  s u c c e s s ,  a n d  i t  i s  w e l l

 t o  o f f e r  a  b r i e f  s u m m a r y  o f  t h e  p r o b l e m s  i n v o l v e d  i n  s u c h  c a l c u l ' .
/* 2

l a t i o n s ' .  T h e  f i r s t  a n d  m o s t  f o r m i d a b l e  d i f f i c u l t y  i s  t h a t  o f  s e l e c t :  

s i n g  t h e  p a r t i c u l a r  f u n c t i o n s  w h i c h  r e l a t e  e n e r g y  t o  g e o m e t r i c a l  p a r a :  

s m e t e r s  o f  t h e  m o l e c u l a r  c o n f o r m a t i o n s  b e i n g  e x a m i n e d ;  s u c h  f u n c t i o n s  

. . . . • • a r e  g e n e r a l l y  d e r i v e d  i n d i r e c t l y  f r o m  v a r i o u s  e m p i r i c a l  s o u r c e s  

a s  s p e c t r o s c o p i c  o r  t h e r m o d y n a m i c  d a t a .  S e c o n d l y ,  o n e  m u s t  c h o o s e  a  

p a r t i c u l a r  c o n f o r m a t i o n  o n  w h i c h  t o  a p p l y  t h e s e  f u n c t i o n s .  I n  o r d e r  t o  

a s c e r t a i n  t h e  m o s t  s t a b l e  c o n f o r m a t i o n  o f  a  g i v e n  m o l e c u l e ,  i t  i s  t h e o r ;  

s e t i c a l l y  n e c e s s a r y  t o  c a l c u l a t e  t h e  sura o f  e n e r g i e s  r e l a t e d  t o  t h e  v a r ;  

s i o u s  g e o m e t r i c a l  p a r a m e t e r s  o f  a  g i v e n  c o n f o r m a t i o n ,  a n d  t o  m i n i m i s e  

t h i s  su m  w i t h  r e s p e c t  t o  i n d e p e n d e n t  v a r i a t i o n  o f  e a c h  o f  t h e s e  p a r a m e t  : 

: e r s  ( i . e .  b y  p r o g r e s s i v e  d i s t o r t i o n  o f  t h e  g i v e n  c o n f o r m a t i o n ) .  T h i s  

s t a t e m e n t  o f  a p p r o a c h  t o  t h e  p r o b l e m  s e r v e s  t o  u n d e r s c o r e  t h e  v a s t  

c o m p l e x i t y  o f  t h e  c a l c u l a t i o n s  i n  a n y  m o l e c u l e  o f  o r g a n i c  c h e m i c a l  i n :  

: t e r e s t ,  s i n c e  t h e  n u m b e r  o f  i n d e p e n d e n t  g e o m e t r i c a l  v a r i a b l e s  c a n  b e  

o v e r w h e l m i n g  w h i l e  t h e  c a l c u l a t i o n  o f  t h e  t o t a l  e n e r g y  o f  a n y  s i n g l e  

s e t  o f  g e o m e t r i c  p a r a m e t e r s  i s  i t s e l f  e x t r e m e l y  p o n d e r o u s .  I n  o r d e r  t o  

r e d u c e  t h e  p r o b l e m  t o  w o r k a b l e  d i m e n s i o n s ,  i t  i s  g e n e r a l l y  n e c e s s a r y  

t o  s i m p l i f y  i t  b y  c e r t a i n  a s s u m p t i o n s  o f  c o n f o r m a t i o n  o r  o f  p a r a m e t e r  

c o n s t a n c y ,  a n d  f r e q u e n t l y  b y  s i m p l i f y i n g  o r  s i m p l y  i g n o r i n g  c e r t a i n  o f  

t h e  r e l e v a n t  e n e r g y  f u n c t i o n s  t h e m s e l v e s .  T h e s e  s i m p l i f i c a t i o n s ,  h o w  

l e v e r ,  t o o  o f t e n  s o  d r a s t i c a l l y  a l t e r  t h e  c o m p l e x i o n  o f  t h e  p r o b l e m  a s

/3
t o  r e n d e r ,  t h e  a n s w e r s  e i t h e r  s u s p e c t  o r  u n r e a s o n a b l e . " '

The b a s i s  o f  t h e  w o r k  o f  H e n d r i c k s o n ,  a  f o u n d e r  f i g u r e  i n  t h i s  

f i e l d ,  w a s  t o  b r e a k  t h r o u g h  t h e  b a r r i e r  o f  u n d u e  s i m p l i f i c a t i o n  b y  emV
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: p l o y i n g  computers  f o r  the  c a l c u l a t i o n s ,  so a l lo w in g  f a r  g r e a t e r  raathe; 

i m a t i c a l  e f f o r t ^ i n  a  r e a s o n a b l e  t i m e ^ w i t h  u n t i r i n g  a c c u r a c y  a n d  a  c o n ;  

t s e q u e n t  c a p a b i l i t y  o f  a  m o r e  i n t i m a t e  p r o b i n g  i n t o  t h e s e  p r o b l e m s  t h a n  

i s  p o s s i b l e  b y  h a n d  c a l c u l a t i o n .  T h e  a p p l i c a t i o n  o f  s u c h  c o m p u t e r  m e t h ;  

t o d s  i s  n o w  c o m m o n p l a c e  a n d ; a l t h o u g h  t h e  e a r l y  i n t u i t i v e  u n d e r s t a n d i n g  

o f  t h e  r e l a t i v e  s t a b i l i t i e s  o f  c o n f o r m e r s  h a s  n o t  b e e n  o v e r t u r n e d ,  t h e  

d e g r e e  o f  s u b t l e t y  a n d  p r e c i s i o n  n o w  p o s s i b l e  i n  t h i s  w o r k  i s  r e m a r k ' ,  

t a b l e .

H e n d r i c k s o n ,  f o r  t h e  p u r p o s e s  o f  c a l c u l a t i o n ,  r e c o g n i s e s  f o u r  c a t e ;  

t g o r i e s  o f  i n t e r a c t i o n  e n e r g y ,  n a m e l y  b o n d  a n g l e  s t r a i n  ( B a e y e r  s t r a i n ) ,  

b o n d  l e n g t h  s t r a i n ,  t o r s i o n a l  o r  e c l i p s i n g  s t r a i n  ( P i t z e r  s t r a i n ) ,  a n d  

t h e  s t r a i n  o f  n o n - b o n d e d  i n t e r a c t i o n s .  The p r o b l e m s  o f  s e l e c t i n g  f u n c :  

t t i o n s  t o  r e p r e s e n t  t h e s e  s t r a i n s  h a v e  o c c u p i e d  c o n s i d e r a b l e  d i s c u s s i o n  

i n  t h i s  f i e l d  a n d  s e v e r a l  a u t h o r s  h a v e  s e l e c t e d  d i f f e r i n g  s e t s .  The u n i  

l a v o i d a b l e  e m p i r i c a l  p a r a m e t e r s  i n v o l v e d  i n  a l l  t h e s e  f u n c t i o n s  r e q u i r e  

t o  b e  o p t i m i s e d  w i t h  e x p e r i m e n t a l  d a t a  f r o m  o n e  s o u r c e  o r  a n o t h e r .  The  

n a t u r e  a n d  s u i t a b i l i t y  o f  t h e  s o u r c e  e m p l o y e d  i s  o p e n  t o  d i s c u s s i o n .

T h e  v a s t  m a j o r i t y  o f  t h e  a p p l i c a t i o n s  o f  t h i s  t e c h n i q u e  h a v e  b e e n  

i n  t h e  f i e l d  o f  m e d iu m  r i n g  c o n f o r m a t i o n a l  s t u d i e s .  T h i s  s t e m s  f r o m  t h e  

r e q u i r e m e n t  f o r  a  c h a l l e n g e  o f  m a n a g a b l e  p r o p o r t i o n s  f o r  t h e s e  m e t h o d s ,  

t o  a l l o w  t e s t i n g  a n d  o p t i m i s a t i o n  o f  t h e  t e c h n i q u e s .  I n  h i s  f i r s t  p u b l :

A
l i c a t i o n  o n  t h i s  s u b j e c t ,  H e n d r i c k s o n ' ,  a f t e r  c o n s i d e r i n g  i n  d e t a i l  t h e  

n a t u r e  o f  t h e  f u n c t i o n s  h e  w a s  t o  e m p l o y  i n  h i s  c a l c u l a t i o n s ,  c o n s i d e r ;  

t e d  t h e  c o n f o r m a t i o n a l  s i t u a t i o n  i n  c y c l o p e n t a n e ,  c y c l o h e x a n e  a n d  c y c l o  

t h e p t a n e .  H i s  o b s e r v a t i o n s  o n  t h e  e n e r g y  c o n t e n t  o f  v a r i o u s  c o n f o r m a t :  

l i o n s  o f  t h e  t w o  n o r m a l  r i n g s  w e r e  i n  g o o d  a g r e e m e n t  w i t h  t h o s e  e n e r g i e s  

a d u c e d  e x p e r i m e n t a l l y .  H i s  d e t a i l e d  d i s c u s s i o n  o f  t h e  c o n f o r m a t i o n s  p o s s  : 

t i b l e  i n  c y c l o h e p t a n e s ^  a n d  t h e  i n t e r c o n v e r s i o n  r o u t e s  l i k e l y  t o  b e  f o i l * ,  

t o w e d  b e t w e e n  c o n f o r m a t i o n s ^  h a s  l a i d  t h e  b a s i s  f o r  m a n y  s p e c t r o s c o p i c  

s t u d i e s  o f  c y c l o h e p t a n e  s y s t e m s .

T h e  c o n f o r m a t i o n a l  s i t u a t i o n  p r e s e n t e d  b y  r i n g s  a b o v e  c y c l o h e x a n e



i n  s i z e  i s  g r e a t l y  c o m p l i c a t e d  by t h e  g e n e r a l  f l e x i b i l i t y  o f a l l ,  i n *  

i e l u d i n g  t h e  m o s t  s t a b l e ,  c o n f o r m a t i o n s « T h e r e  i s  a  c o n s e q u e n t  l a c k  o f  

d e f i n i t i o n ,  n o t  e x p e r i e n c e d  i n  c y c l o h e x a n e ,  i n  t h e  n a t u r e  o f  t h e  p o s i t *  

t i o n  o f  s u b s t i t u e n t s  o n  ' t h e s e  r i n g s ,  I t  i s  p o s s i b l e ,  t h o u g h ,  t o  d e f i n e  

s u b s t i t u e n t s  a s  a x i a l  o r  e q u a t o r i a l  i n  a  l o o s e  s e n s e ^ i n  a s  m u ch  a s  t h e  

l a t t e r  a r e  m o r e  i n  t h e  p l a n e  o f  t h e  c a r b o n  s k e l e t o n  w h i l s t  t h e  f o r m e r  

a r e  m o r e  p e r p e n d i c u l a r  t o  i t .  H o w e v e r ,  i n  e a c h  c o n f o r m a t i o n ,  e a c h  s k e l s  

t e t o n  p o s i t i o n  d i f f e r s  f r o m  i t s  n e i g h b o u r  i n  t h e  q u a l i t y  o f  i n t e r a c t i o n s  

e x p e r i e n c e d  b y  t h e  s u b s t i t u e n t  g r o u p ,  b e  i t  o n l y  h y d r o g e n .  T h e s e  c h a r a c t ;  

t e r i s t i c s  w i l l  d i f f e r  f r o m  c o n f o r m a t i o n  t o  c o n f o r m a t i o n .  I t  i s  t h e n  p o s s  

t i b l e ,  b e a r i n g  t h e s e  o b s e r v a t i o n s  i n  m i n d ,  t o  c o n s i d e r  i n  d e t a i l  c o n f o r m !  

t e r  s t a b i l i t i e s  a n d  t h e  e n e r g e t i c s  o f  i n t e r c o n v e r s i o n  p a t h w a y s  b e t w e e n  

c o n f o r m a t i o n s .  I n  t h i s  m a n n e r ,  m a n y  o f  t h e  n . m . r .  o b s e r v a t i o n s  o n  s u c h  

r i n g s  a t  l o w  t e m p e r a t u r e s  h a v e  b e e n  r a t i o n a l i s e d .

O n c e  t h e  s t a b i l i t i e s  o f  u n s u b s t i t u t e d  r i n g  c o n f o r m a t i o n s  h a v e  b e e n

e s t a b l i s h e d  a n d  t h e  e n e r g e t i c s  o f  r o u t e s  f o r  c o n v e r s i o n  b e t w e e n  t h e m

e s t i m a t e d ,  t h e  n e x t  o b v i o u s  t a s k  i s  t o  c o n s i d e r  t h e  s t a b i l i t i e s  o f  v a r ;

t i o u s  c o n f o r m a t i o n s  f o r  s u b s t i t u t e d  r i n g s .  I n  t h e  s e c o n d  p a p e r  i n  h i s

/ 4s e r i e s  o n  " M o l e c u l a r  G e o m e t r y " ' ,  H e n d r i c k s o n  c o n s i d e r s  t h e  e n e r g e t i c s  o f  

t h e  s i t u a t i o n s  p e r t a i n i n g  i n  m e t h y l c y c l o h e x a n e  a n d  m e t h y l c y c l o h e p t a n e .

On t h e  b a s i s  o f  s u c h  i n f o r m a t i o n ,  t h e  c o n f o r m a t i o n a l  a n a l y s i s  o f  s u b :  

i s t i t u t e d  r i n g s  c a n  b e  d i s c u s s e d  a n d  t h i s  l e a d s  t o  i n t e r e s t i n g  c o n c l u s :  

l i o n s  a s  t o  t h e  r e l a t i v e  s t a b i l i t y  o f  m u l t i - s u b s t i t u t e d  r i n g  c o n f o r m a t *  

t i o n s .

PI n  p a p e r  I V  o f  t h i s  s e r i e s '  s a t u r a t e d  c a r b o c y c l e s  w i t h  e i g h t ,  n i n e  

a n d  t e n  m e m b e r s  a r e  d i s c u s s e d  a n d  a  v e r y  n e c e s s a r y  n o m e n c l a t u r e  t o  d e s *  

t c r i b e  t h e  t o p o l o g y  o f  t h e s e  a n d  o t h e r s  r i n g s  i s  i n t r o d u c e d .  (H e  s h a l l  

n o t  c o n c e r n  o u r s e l v e s  w i t h  t h i s  n o m e n c l a t u r e  h e r e . )  C o n s i d e r i n g  t h e  com ;  

t p u t e d  e n e r g i e s  o f  t h e  c a r b o c y c l e s  s o  f a r  d i s c u s s e d ,  H e n d r i c k s o n  n o t e d  

t h e  f o l l o w i n g  s i g n i f i c a n t  f a c t .  The m o s t  i m p o r t a n t  e n e r g y  c o m p o n e n t  f o r  

d e c i d i n g  t h e  c o n f o r m a t i o n a l  n a t u r e  o f  a  r i n g  s y s t e m  i s  t h e  t o r s i o n a l  

e n e r g y .  T h i s  i s  a  m a j o r  p a r t  o f  t h e  t o t a l  e n e r g i e s  i n  a l l  t h e  p r e f e r e d



f o r m s  a n d  i s  the  l e a s t  s u b j e c t  to  a l t e r a t i o n  w i t h i n  a f a m i ly  of  forms* 

N o n - b o n d e d  r e p u l s i o n s  c a n  g i v e  r i s e  t o  d e f i n i t i v e l y  l a r g e  e n e r g y  c o n ;  

: t r i b u t i o n s  b u t  a  s m a l l  i n c r e a s e  i n  b o n d  a n g l e s  n o r m a l l y  s e r v e s  t o  c a n :  

* c e l  t h e s e  o u t .  H e n c e  e a c h ,  i n v a r i a b l y  s y m m e t r i c a l ,  f a m i l y  o f  f o r m s  h a s  

a  m o r e  o r  l e s s  c h a r a c t e r i s t i c  t o r s i o n a l  s t r a i n ,  n o t  s u b j e c t  t o  m uch  v a r ;  

I i a t i o n  v i a  b o n d  a n g l e  o p e n i n g  a n d  w h i c h  u s u a l l y , t h e r e f o r e ,  d e t e r m i n e s  

w h i c h  f a m i l y  o f  f o r m s  w i l l  b e  t h e  p r e f e r r e d  o n e .  The d e t a i l e d  f o r m  w i t h :  

I i n  t h a t  f a m i l y ^ w h i c h  i s  t h e  m o s t  s t a b l e ,  i s  t h e n  d e t e r m i n e d  b y  a n g l e

v a r i a t i o n  l a r g e l y  t o  e l i m i n a t e  n o n - b o n d e d  r e p u l s i o n s .

/ 6I n  p a p e r  V o f  t h i s  s e r i e s ,  H e n d r i c k s o n  e m p l o y e d  e x p e r i m e n t a l  d a t a  

f o r  c y c l o a l k a n e s  a n d  n —b u t a n e  t o  r e —s t a n d a r d i s e  t h e  c o n s t a n t s  i n  t h e  

e n e r g y  f u n c t i o n s  a n d  t h e n  r e c a l c u l a t e d  h i s  p r e v i o u s  w o r k .  I n  t h e  f o l :
/7

j l o w i n g  p a p e r  ( V I '  ) ,  h e  c a l c u l a t e d  t h e  s t r a i n  e n e r g i e s  f o r  m e t h y e y c l o :  

l a l k a n e s  o f  s i x — t o  t e n - m e m b e r e d  r i n g s  f o r  a l l  p o s s i b l e  s u b s t i t u e n t  p o s i  

l i t i o n s  o n  e a c h  s y m m e t r i c a l  c o n f o r m a t i o n .  S u c h  r e s u l t s  a r e  a  n e c e s s a r y  

b a s i s  f o r  t h e  c o n f o r m a t i o n a l  a n a l y s i s  o f  s u b s t i t u t e d  c y c l o a l k a n e s .  S e v  

: e r a l  g e n e r a l i s a t i o n s  r e s u l t  f r o m  t h e s e  c a l c u l a t i o n s .  E q u a t o r i a l  a n d  

• i s o c l i n a l *  r i n g  p o s i t i o n s  a r e  v i r t u a l l y  a l l  s t r a i n  f r e e  w h i l s t  a x i a l  

p o s i t i o n s  a r e  a l l  s t r a i n e d ,  w i t h  o n e  i m p o r t a n t  e x c e p t i o n .

P a p e r  V I I  d e a l s  w i t h  m o d e s  o f  i n t e r c o n v e r s i o n  i n  m e d iu m  r i n g s ,  

c o n s i d e r i n g  b o t h  r i n g  i n v e r s i o n  a n d  p s e u d o r o t a t i o n  p a t h w a y s .  T h i s  i s  

f u r t h e r  e x t e n d e d  t o  s u b s t i t u t e d  s y s t e m s .  P s e u d o r o t a t i o n  p a t h w a y s  a r e  

c h a r a c t e r i s t i c a l l y  f o u n d  t o  h a v e  m u c h  l o w e r  b a r r i e r s  t o  i n t e r c o n v e r s i o n  

t h a n  i n v e r s i o n  p a t h w a y s .  T h e  f l e x i b i l i t y  o f  m a n y  o f  t h e  m e d iu m  r i n g s  

r e f l e c t s  t h i s  l o w  p s e u d o r o t a t i o n  b a r r i e r .  H o w e v e r ,  s u c h  a  b a r r i e r  m ay  

r i s e  c o n s i d e r a b l y  f o r  s u b s t i t u t e d  r i n g s  a n d  p s e u d o r o t a t i o n  m ay  i n  m a n y  

c a s e s  b e  b l o c k e d  c o m p l e t e l y  f o r  a l l  p r a c t i c a l  p u r p o s e s .

O f  c o u r s e ,  o t h e r  a u t h o r s  h a v e  c o n t r i b u t e d  t o  t h i s  f i e l d ,  t h o u g h ,  

w i t h  f e w  e x c e p t i o n s ,  t h e i r  w o r k  h a s  n o t  e x h i b i t e d  t h e  m e t i c u l o u s  d e t a i l  

o f  H e n d r i c k s o n ’ s  w o r k .  One s u c h  e x c e p t i o n  i s  t o  b e  f o u n d  i n  a  p a p e r  b y

B i x o n  a n d  L i f s o  T h e o r i g i n a l  c o n t r i b u t i o n  o f  t h e s e  a u t h o r s  w a s  t h e



a d j u s t m e n t  of  t h e  f u n c t i o n s  employed f o r  c a l c u l a t i n g  t h e  v a r i o u s  e n e r j

s g i e s  m e n t i o n e d  a b o v e .  I n  t h i s ,  t h e r e  i s  e v i d e n c e  i n  o n e  c a s e  t h a t  t h e y

h a v e  a c h i e v e d  a  c l o s e r  e s t i m a t e  o f  p h y s i c a l  r e a l i t y .  S r i n i v a s a n  a n d  
AO

S r i k r i s h n a n '  i n  c o n s i d e r i n g  t h e  r e s u l t s  o f  X - r a y  s t u d i e s  o f  c y c l o o c t j  

: a n e  r i n g  s y s t e m s  n o t e d  t h a t  d e v i a t i o n s  o f  t h e o r e t i c a l  f r o m  e x p e r i m e n t a l  

r e s u l t s  w e r e  l e a s t  f o r  B i x o n  a n d  L i f s o n ’ s  w o r k .  On t h e  o t h e r  h a n .d ? we  

c a n n o t  o v e r l o o k  t h a t  t h i s  i s  o n l y  o n e  r i n g  s y s t e m  e x a m i n e d  i n  t h e  s o l i d  

s t a t e  # a n d  t h i s  m ay  n o t  b e  t y p i c a l  o f  a l l  c y c l o a l k a n e s  u n d e r  a l l  c o n d i t j  

: i o n s •

A n e x t e n s i o n  o f  H e n d r i c k s o n f s  t e c h n i q u e  t o  u n s a t u r a t e d  c a r b o c y c l e s,11—14
h a s  b e e n  r e p o r t e d  b y  F a v i n i  a n d  c o w o r k e r s  i n  a  s e r i e s  o f  p a p e r s ' .

T h e s e  a u t h o r s  p r e s e n t  t h e i r  r e s u l t s  w i t h  l i t t l e  d i s c u s s i o n  a n d ^ a s  y e t ^  

a p p l i c a t i o n  o f  t h e s e  c a l c u l a t i o n s  h a s  n o t  b e e n  a s  e x t e n s i v e  a s  i n  t h e  

s a t u r a t e d  c a r b o c y c l e s .
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Conform at iona l  A n a ly s i s  o f  Medium Ring Sy s t e m s .

A s we h a v e  n o t e d ,  n o t  o n l y  w e r e  t h e  e a r l y  s t u d i e s ,  o f  m o l e c u l a r  

c o n f o r m a t i o n  i n i t i a t e d  h y  a n  i n t e r e s t  i n  r i n g  s y s t e m s ,  h u t  a  g r e a t  d e a l  

o f  t h e  r e c e n t  p r o g r e s s  i n  c o n f o r m a t i o n a l  a n a l y s i s  h a s  d e r i v e d  f r o m  n . m .  

r .  s t u d i e s  o f  c o n f o r m a t i o n s  i n  r i n g s .  T h e i m p o r t a n c e  o f  r i n g s  i n  c o n f o r :  

i m a t i o n a l  a n a l y s i s  i s  a  r e f l e c t i o n  o f  t h e  o h v i o u s  g e o m e t r i c a l  f a c t  t h a t  

a  c y c l i c  s y s t e m  i s  c o n s i d e r a b l y  m o r e  c o n f o r m a t i o n a l l y  r e s t r i c t e d  t h a n  

t h e  c o r r e s p o n d i n g  o p e n  c h a i n  s y s t e m .  T h i s  d o e s  n o t  m e r e l y  r e s t r i c t  t h e  

n u m b e r  o f  p o s s i b l e  i s o m e r s  i n  a  s y s t e m  b u t  f u r t h e r ,  g e n e r a l l y  g i v e s  

r i s e  t o  c o n s i d e r a b l y  h i g h e r  b a r r i e r s  t o  c o n f o r m e r  i n t e r c o n v e r s i o n  a n d  

a l l o w s  t h e i r  ’ s e p a r a t i o n 1 b y  a  w i d e r  r a n g e  o f  s p e c t r o s c o p i c  t e c h n i q u e s .

C o m m o n ly ,  a n a l y s e s  h a v e  b e e n  r e s t r i c t e d  t o  r i n g s  w i t h  s i x  m e m b e r s  

o r  l e s s ,  a  f u r t h e r  r e f l e c t i o n  o f  a  n e e d  f o r  a  r e s t r i c t i o n  o f  c o n f o r m :  

l a t i o n a l  p o s s i b i l i t i e s  t o  m ake t r a c t a b l e  t h e  p r o b l e m s  i n v o l v e d .  We c a n  

n o t e  t h a t  t h e  m a j o r i t y  o f  c o n f o r m a t i o n a l l y  d e f i n e d  r i g i d  s y s t e m s  p o s s :  

l e s s  r i n g s  o f  f i v e  o r  s i x  m e m b e r s  a n d  a r e  t o  b e  f o u n d  a m o n g  t h e  v a s t  

n u m b e r s  o f  n a t u r a l  p r o d u c t s  f o r  w h i c h  m a n y  s o l i d  s t a t e  X - r a y  s t r u c t :  

l u r e s  h a v e  b e e n  d e t e r m i n e d .

D u r i n g  t h e  l a s t  d e c a d e ,  c o n s i d e r a b l e  a d v a n c e s  h a v e  b e e n  m ade i n  

a d v a n c i n g  c o n f o r m a t i o n a l  s t u d i e s  i n t o  t h e  f i e l d  o f  m e d iu m  r i n g s .  The  

e x t e n s i o n  o f  n . m . r .  a n a l y s e s  t o  r i n g s  w i t h  s e v e n  a n d  m o r e  m e m b e r s  i s  

n o w  s o  f a r  a d v a n c e d  t h a t ,  n o t  o n l y  m u s t  a n a l y s e s  o f  s i x  m e m b e r e d  r i n g s  

b e  c o n s i d e r e d  r o u t i n e ,  b u t  t h e  a n a l y s i s  o f  m e d iu m  r i n g s  c a n  b e  c o n s i d ;  

l e r e d  a n  a c c u r a t e  t e c h n i q u e  c a p a b l e  o f  y i e l d i n g  c o m p l e t e l y  d e f i n i t i v e  

r e s u l t s .  S t u d i e s  o n  t h e s e  s y s t e m s  a r e  n o w  f r e q u e n t l y  p u b l i s h e d  i n  w h i c h  

a c c u r a t e  t h e r m o d y n a m i c  p a r a m e t e r s  a r e  q u o t e d  f o r  c o n f o r m a t i o n a l  p r o c e s s :  

s e s .

I n  p r o g r e s s i n g  t o  r i n g s  w i t h  s e v e n  o r  m o r e  m e m b e r s ,  t h e  c o n f o r m :  

l a t i o n a l  p o s s i b i l i t i e s  m u l t i p l y  r a p i d l y  a n d  t h e s e  r i n g s  s t i l l  p r e s e n t  a  

s i g n i f i c a n t  c h a l l e n g e  t o  o u r  t e c h n i q u e s .  S u c c e s s  i n  m e e t i n g  t h i s  c h a l l :  

l e n g e  r e s u l t s  m a i n l y  f r o m  t h e  a p p l i c a t i o n  o f  n . m . r .  s p e c t r o s c o p y  o n  t h e



on© hand and t e c h n iq u e s  of  t h e o r e t i c a l  ‘s t a b i l i t y 1 c a l c u l a t i o n s  on the

o t h e r .  T h e o r e t i c a l  c a l c u l a t i o n  o f  r i n g  con fo rm a t ion  s t a b i l i t i e s  s a t i s :

t f a c t o r i l y  d e f i n e s  t h e  l i m i t s  o f  m a n y  c o n f o r m a t i o n a l  p r o c e s s e s  a n d

a l l o w s  u s  t o  e l i m i n a t e  f r o m  c o n s i d e r a t i o n  m a n y  o t h e r w i s e  p l a u s i b l e  c o n :

j f o r m a t i o n s  w h i c h  w o u l d  p o s s e s s  t o o  h i g h  a n  e n e r g y .  W h i l s t  i n t u i t i v e

r e c o g n i t i o n  o f  s o m e  o f  t h e s e  u n l i k e l y  c o n f o r m e r s  h a s  a l w a y s  b e e n  p o s s :

l i b l e ,  t h e  q u a n t i f i c a t i o n  o f  t h e s e  i d e a s  l e n d s  p r e c i s i o n  t o  s u c h  c o n :

i c e p t s .  W i t h i n  s u c h  r e s t r i c t i o n s ,  n . m . r .  s p e c t r o s c o p y  o f t e n  u n a m b i g u o u s :

i l y  d e f i n e s  t h e  c h a r a c t e r  o f  t h e  m o s t  s t a b l e  c o n f o r m a t i o n s  o b s e r v e d ,

w h i l s t  s u b s t a n c e  i s  o f t e n  a d d e d  t o  t h e s e  c o n c l u s i o n s  b y  t h e  o b s e r v a t i o n

o f  s i m i l a r  c o n f o r m a t i o n s  i n  t h e  s o l i d  s t a t e  b y  X - r a y  s p e c t r o s c o p y .  O f

c o u r s e ,  t h e  e x i s t e n c e  o f  a n  a l t e r n a t i v e  c o n f o r m a t i o n  d e f i n e d  b y  X - r a y

w o r k  d o e s  n o t  d e n y  t h e  e x i s t e n c e  o f  o t h e r  c o n f o r m a t i o n s  i n  s o l u t i o n .

T h e c o m b i n e d  a p p l i c a t i o n  o f  t h e o r e t i c a l  m e t h o d s  a n d  p r a c t i c a l  n . m . r .

s p e c t r o s c o p y  i s  n i c e l y  i l l u s t r a t e d  b y  m a n y  o f  t h e  p a p e r s  o f  R o b e r t s  

/ * 1a n d  c o w o r k e r s ' .

A R e v i e w  o f  N .M .R .  S t u d i e s  o f  M ed iu m  R i n g  C o m p o u n d s .

Two u s e f u l  s u m m a r i e s  o f  t h e  f a i r l y  s p a r s e  e a r l y  w o r k  i n  t h i s  f i e l d

/ 2 / 3 a r e  a v a i l a b l e  i n  t h e  m o n o g r a p h s  o f  H a n a c k '  a n d  E l i e l  e t  a l ' .  I n  t h e  f o l L

l o w i n g  r e v i e w ,  we w i l l  c o n s i d e r  t h e  s t u d i e s  o f  e i g h t  m e m b e r e d  c a r b o c y c l :

l i e s  i n  s o m e  d e t a i l  a n d  b r i e f l y  s u r v e y  t h e  w o r k  o n  s e v e n ,  n i n e  a n d  t e n

m e m b e r e d  r i n g s .  H e t e r o c y c l i c s  a r e  v e r y  b r i e f l y  c o n s i d e r e d  w h e r e  r e s u l t s

i n  s u c h  s y s t e m s  a r e  p e r t i n e n t  t o  c a r b o c y c l i c  s t u d i e s .

e i g h t  m e m b e r e d  r i n g s .

c y c l o o c t a n e s .

" C y c l o o c t a n e  i s  u n q u e s t i o n a b l y  t h e  c o n f o r m a t i o n a l l y  m o s t  c o m p l e x  

c y c l o a l k a n e  o w i n g  t o  t h e  e x i s t e n c e  o f  s o  m a n y  f o r m s  o f  c o m p a r a b l e  e n e r g y  

a n d  t h i s  f a c t  h a s  c a u s e d  g r e a t  d i f f i c u l t y  i n  t h e  i n t e r p r e t a t i o n  o f  p h y s :

/4
t i c a l  d a t a . *  T h e  m o s t  s t a b l e  c o n f o r m e r  i s  c a l c u l a t e d  t o  b e  t h e  ‘b o a t —



2 . c h a i  r —ch a i  r •1 . b o a t - c h a i r . 2 . o h a i r - c l i a i r . 3 . b o a t - b o a t .

t w i s t - t u b .

F ig . 1.1 -  1 .6 .
4 . tw is t - c h a ir - c h a ir . 5 * t w is t -b o a t -c h a ir .
c h a ir 1 ( f i g .  1 . 1) ,  but w ith in  2 k c a l./m o le  o f t h is  form e x i s t  f iv e  

more sym m etrical form s: !c h a ir -c h a ir 1 (extended  crown), ^ o a t - b o a t 1 

(s a d d le ) , 1t w is t - c h a ir - c h a ir 1, 1t w is t -b o a t -c h a ir 1 and the 1 tw is t—tu b 1 

( f i g .  1 .2 -6  r e s p e c t iv e ly ) .  These s ix  conform ations o f n ea r ly  eq u al 

energy rep resen t d is c r e te  energy minima on complex in ter c o n v e rs io n  prof:
/* 5

l i l e s '  and i t  would th ere fo re  be no su p r ise  to  f in d  s u b s t it u t io n  o f  

the parent r in g  g iv in g  r is e  to  alm ost any o f the above conform ations as 

the most s t a b le .

The e a r l i e s t  r e s u l t s  b ear in g  on cyclo o cta n e  conform ations in  so l:  

lu t io n  g e n e r a lly  in v o lv ed  the a p p lic a t io n  o f i . r .  and d ip o le  moment
A 7

s t u d i e s  o n  s u b s t i t u t e d  r i n g s .  A l l i n g e r  i n  1 9 5 9  f r o m  s t u d i e s  o n  c y c l o :

loctan on es concluded th a t th ese  r in g s  e x is t e d  as a m ixture o f extended

crown and b o a t-c h a ir  form s, but he la t e r  changed h is  mind in  the l ig h t

o f fu r th e r  ev id en ce and favoured the e x is te n c e  o f on ly  one conform er,

/®the s tr e tc h e d  crown form' in  cy c lo o c ta n o n e . G en era lisa tio n  o f  th ese  res:  

j u l t s  to  c y c lo o c ta n es  in  g e n e r a l, though not w arrented, was n ecessa ry  

by such an approach as cy c lo o cta n e  i t s e l f  was n ot s u f f i c i e n t l y  su scep t:  

l ib le  to  exam ination  by the tech n iq u es a p p lied  in  th ese  s t u d ie s .  This 

ev idence was, however, accorded con sid era b le  w eight a t  the tim e, even
/ * 9

.though some authors' p referred  oth er form s.

The f i r s t  co n c lu s iv e  n .m .r . study o f cyclo o cta n e  was p u b lish ed  by
,1 0

Anet and Hartman' in  1963, though e a r l i e r  papers by H arris and Sheppard
,11  ,12

' and by Meiboom' had p o stu la te d  ra th er  co n tra d ic to ry  r e s u l t s  from ob: 

:s e r v a t io n  o f n on -d eu terated  c y c lo o c ta n e . Anet, u s in g  p erd eu ter io cy c lo :

: octane measured a fr e e  energy o f a c t iv a t io n  fo r  the r in g  in v e r s io n  

p rocess o f 8 .1  k c a l./m o le  a t  - 1 1 1 .5°C. At the same time they argued th a t



110,

the e x is te n c e  o f on ly  two l i n e s  i n  the  low tem p era tu re  spec t rum of  the  

m on o-p rotio -cyclooctan e in d ic a te d  th a t on ly  one conform ation, or one 

group o f  e a s i l y  in ter c o n v e r ted  conform ations, e x i s t s  and th a t , fu r th e r ,  

the ev id en ce i s  in  accord w ith  the e x is te n c e  o f the 'skewed crown’ con: 

iform ation  in  cy c lo o c ta n e  and i t s  d e r iv i t i v e s .  An exam ination o f cyclo :  

ioctan e s u b s t itu te d  c i s  w ith  hydrogens in  the 1 ,2 and 5,6  p o s it io n s  

showed a v i c i n a l  co u p lin g  in  the low tem perature spectrum o f on ly  2 .8 5  

Hz. The absence o f a la rg e  c i s  v i c in a l  co u p lin g  supports a crown or 

s tr e tc h e d  crown conform ation .

/ 13In 1966 , Anet and S t .  Jacques' p u b lish ed  fu r th e r  n .m .r . observat;

lio n s  on cy c lo o cta n e  and s e v e r a l s u b s t itu te d  cyclo o cta n e  system s. Using

s p e c i f i c a l l y  d eu tera ted  c y c lo o c ta n es  they e s ta b lis h e d  the fo llo w in g

/ 9r e s u l t s .  F i r s t ly ,  the su g g e stio n  o f Dale' th a t cyclooctan e  e x i s t s  in  a 

'saddle*  conform ation i s  n ot c o n s is te n t  w ith  the f a c t s  and n e ith e r  i s  

the e x is t e n c e  o f  'tub* conform ations o f  any kind ( f i g .  2 . 1 - 2 . ) .  R esu lts  

are c o n s is t e n t  w ith  the crown or w ith  the s tr e tc h e d  or ' t w is t e d 1 crown 

( f i g .  2 .3 )  provided the la t t e r  two undergo rap id  averag in g . The b o a t-  

ch a ir  form a ls o  conforms w ith  o b serv a tio n s provided some p ro cess  i s  

a v a ila b le  to  average the ten  d if f e r e n t  protons o f th is  form in to  two

equal s e t s .  One such p rocess i s  pseudorotation ', a low energy p ro cess , 

which i s  l i k e l y  to  be s t i l l  f a s t  even a t th ese  low tem p eratures. A fu r}  

ith e r  p ro cess  i s  wagging o f a m ethylene group to  g iv e  r e v e r s ib le  format: 

l io n  o f a crown. By such p r o c e s se s , a m ixture o f crown form s, b o a t-

/*14
t

ch a ir  forms and tw is t  b o a t-c h a ir  forms ( f i g .  2 . 4 ) can a l l  be in c lu d ed  

in  the conform ation al m ixtu re.

1• sa d d le • 2• tu b .

3. s tr e tc h e d  crown. 4* tw is t—b o a t -c h a ir .

F ig . 2 .1  -  2 . 4 .



r e s u lt s  o f th e ir  s tu d ie s  on three m onosubstitu ted  cy clooctan e  system s*  

The sp e c tr a  o f m eth y l- and t-b u ty l-c y c lo o o ta n e  are tem perature depend: 

le n t  and e x h ib it  the same k ind  o f  behaviour as does the aceto n id e  o f  

cy c lo o c ta n e—tra n s—1,2 —d i o l  ( f i g .  3 .1 ) .  R eferrin g  to  th ese  cy c lo o c ta n es  

as I ,  I I  and I I I  r e s p e c t iv e ly ,  we can n ote  th a t I and I I  cannot e x i s t  

a t room tem perature in  one conform ation as do the corresponding cyclo; 

ihexane compounds. Tem perature-dependent s p e c tr a l  changes fo r  the meth: 

:y len e  protons occur between -100 and - 120° fo r  th ese  two compounds.

At the same tim e, the concurrent e x is t e n c e  o f two t - b u ty l  bands in  the 

r a t io  2 s 1 fo r  I I  was not taken as in d ic a t iv e  o f r e s t r ic t e d  r o ta t io n  o f  

the t —b u ty l group but as ev id en ce o f the same p ro cess g iv in g  r i s e  to  

the tem perature dependent e f f e c t s  on the m ethylene p ro to n s.

A la t e r  study o f the low tem perature sp e c tra  o f t -b u ty lc y c lo a lk a n e s

/ 16pu blish ed  by th ese  authors in  1968' in d ic a te d  th a t r e s t r ic t e d  r o ta t io n  

of the t —b u ty l group i s  observed in  th ese  system s a t vary in g  temperat*: 

:ures and in  p a r t ic u la r  th a t the s p e c tr a l e f f e c t s  observed above fo r  I I  

are a scr ib a b le  in  part to  h indered r o ta t io n  o f the t -b u ty l  group and 

n ot s o le l y  to  r in g  in v e r s io n  p r o c e s se s . However, the concurrent changes 

in  the r in g  m ethylene protons in d ic a te  th a t the r in g  in v e r s io n  p rocess  

proceeds a t :the same ra te  as t—b u ty l r e s t r ic t e d  r o ta t io n . In consequen: 

ic e ,  the co n c lu s io n s  o f the e a r l i e r  paper are s t i l l  v a l id .

Anet and S t .  Jacques developed  the fo llo w in g  argument in  favour  

of b o a t-c h a ir  conform ations fo r  cy clooctan e  system s. F i r s t ly ,  s in c e  the 

s p e c tr a l changes in  I and I I  occur in  the same temperature reg io n  as 

those in  n o n -su b s titu te d  system s, then t h is  s tr o n g ly  su g g e sts  th a t ess:  

l e n t i a l l y  the same k ind  o f p rocess i s  b e in g  observed . P a r t ic u la r ly  w ith  

regard to  I I ,  i t  w i l l  be n ecessa ry  fo r  any s ta b le  conform ation to  have 

unhindered 'e q u i t o r ia l '  s i t e s  a v a ila b le  fo r  p la c in g  the large  s u b s t it :

lu e n t. W hilst crown s p e c ie s  do have such 'e q u i t o r ia l '  s i t e s ,  in terco n ;

. /1T1v e r s io n  between se v e r a l crown form s, which from c a lc u la t io n s ' appears 

to  be ex trem ely  f a c i l e  even a t - 200° ,  averages a l l  th ese  E q u i t o r ia l '



s i t e s .  Consequently only  * a x i a l '  s i t e s  then  remain  to  p ro v id e  f o r  the 

second low tem perature reson an ce . This seems h ig h ly  u n lik e ly  in  I  and 

I I  and i s  im p o ssib le  in  I I I  ( f i g .  3*1)? which shows s im ila r  low temper: 

ja tu re e f f e c t s  though a t -7 0  to  -8 0 °  C.

D ir e c t in g  a t t e n t io n  to  b o a t-c h a ir  conform ations, the authors  

d evelop  arguments to  show th a t th ese  conform ations p o sse ss  two d i s t in c t  

s e t s  o f bondsj on ly  in ter c o n v e r ted  by r in g  in v e r s io n . The members o f each  

s e t  are in ter c o n v e r ted  by p seu d orota tion  or 'm ethylene wagging* process: 

l e s ,  both f a c i l e  p r o c e s s e s . The two s e t s  ( f i g .  4*1) are: s e t  A ( l e ,2 e ,  

3 e ,4 a ,5 a ,6 a ,1 e9Qe) , s e t  B ( la ,2 a ,3 a ,4 ® j5 e > 6 e ,7 a ,8 a ) . A large  group can 

be accomodated in  f iv e  e q u a to r ia l p o s it io n s  in  s e t  A and in  three pos: 

l i t i o n s  in  s e t  B. A lso , i t  i s  p o s s ib le  to  have two e q u a to r ia l su b s tit :  

suents on a d jacen t carbons in  each s e t  as req u ired  by I I I .  In tercon ver:

:s io n  between A and B req u ir e s  r in g  in v e r s io n  as in  cy c lo o cta n e  i t s e l f .  

At h igh  tem peratures t h is  lea d s to  a r e la t iv e l y  narrow l in e  fo r  the meth: 

ly le n e  protons ra th er  than a s in g le  sharp l i n e .  On b a la n ce , th e r e fo r e ,  

i t  seems more l ik e ly  th a t cy c lo o cta n e  and i t s  sim ple s u b s t itu te d  d er iv :  

l i t i v e s  p o sse ss  m ainly a b o a t-c h a ir  conform ation a t low tem p eratures. 

C on tr ib u tion s, to  a l e s s e r  e x te n t , from crown c o n tr ib u tio n s  cannot be 

com p lete ly  ru led  o u t.

I t  i s  in t e r e s t in g  to  note here^ by way o f an aside., how the a p p lic a t:  

lio n  o f  n .m .r . k in e t ic  tech n iq u es has advanced co n sid era b ly  over the few  

years rep resen ted  by the p u b lic a tio n  o f the above mentioned p ap ers. For 

in s ta n c e , the ob serv a tio n  o f r e s t r ic t e d  r o ta t io n  in  t -b u ty l  groups would 

once have been con sid ered  as alm ost im p o ss ib le . In a v ery  rec e n t public*.

* ss e q u it o r ia l .



11 h.
/16

la tio n ' the ra te  o f t -b u ty l  r o ta t io n  in  2- t - b u t y l  1 , 3-d ih e tero a to m ic  

r in g s  i s  con sid ered  in  the l ig h t  of the r o le s  o f bond .angle and bond 

len g th , w ith in  the r in g s , in  determ ining the s iz e  o f the r o ta t io n a l bar', 

t r i e r s .

A d if f e r e n t  approach to  the problem o f conform ational p ro cesses  in

r in g s  i s  e x em p lif ied  by the work o f Roberts and coworkers, in  p a r t ic u la r

th e ir  s tu d ie s  o f the conform ations and conform ational e q u i l ib r ia  in
/1 9

cy clooctan e  system s'. Conform ational p r o c esses  in  system s can be exam: 

lin ed  by the a p p lic a t io n  o f  s e v e r a l ’n u clea r  p rob es’ . O ften, the probe 

used i s  the hydrogen n u cleu s which i s  abundant in  organic chem ical sys: 

item s. This n u cleu s can be a ttach ed  d ir e c t ly  to  the carbon sk e le to n  

under c o n s id e r a t io n , or i t  can be p laced  in  a su b s titu e n t group on th is  

sk e le to n . The r e s u l t s  d er iv a b le  from th ese  two environm ents can d i f f e r  

somewhat, depending on the nature o f the s u b s t itu e n t . I t  i s  a ls o  poss*. 

l ib le  to  s u b s t it u te  o th er  m agnetic n u c le i ,  e i th e r  d ir e c t ly  onto the skel: 

le to n  or in to  s u b s t itu e n ts  and employ them as probes o f m olecular con: 

ifo rm a tio n . R oberts, in  p a r t ic u la r , employs f lu o r in e  in  t h is  approach.

The s im p li f ic a t io n  ach ieved  in  the sp ec tra  observed can be con sid erab le  

and i s  o ften  as conven ient as m assive d eu tera tio n  of the parent compound 

in  q u e s t io n . A fu r th e r  advantage d e r iv in g  from the use o f f lu o r in e  i s  

the co n sid era b ly  in crea sed  chem ical s h i f t s  encountered compared w ith  

hydrogen ’p ro b es’ . This s im p li f ie s  the s p e c tr a l d e t a i l s  to  f i r s t  order  

and a llo w s us to  r e so lv e  m agnetic environm ents which in  terms o f hydrog: 

len  would be too s im ila r  to  r e s u lt  in  c le a r ly  reso lv ed  chem ical s h i f t s .  

Should we w ish to  examine in  d e t a i l  the conform ational p r o cesses  in  a 

r in g  system , then by s u b s t itu t io n  a t v a r io u s p o s it io n s  on the r in g , we 

can fo llo w  s p e c i f i c a l l y  the p ro cesses  which each p a r tic u la r  n u cleu s on 

the r in g  un dergoes. The p ic tu re  b u i l t  up from a study o f s e v e r a l d i f f e r :  

le n t ly  s u b s t itu te d  r in g s  should provide d e f in i t iv e  comment on the confor: 

im ational p r o c esses  observed .

U n fo rtu n a te ly , th is  approach i s  su b jec t to  l im ita t io n s .  The g r e a t . .



j e s t  d i f f i c u l t y  en co u n te re d  i n  t h i s  f i e l d  i s  the e f f e c t  of  the  f l u o r i n e  

s u b s t itu e n t  on the conform ation o f the m olecule in  q u e s tio n . In many 

c a se s , p a r t ic u la r ly  c y c lo o c ta n e s , the r in g  conform ations a c c e s s ib le  by 

the m olecule do not d i f f e r  g r e a t ly  in  en ergy . I t  i s  q u ite  p o s s ib le  fo r  

the e f f e c t s  o f the d ip o le  moment o f the C-F bond to  so a l t e r  r e la t iv e  

s t a b i l i t i e s  in  the r in g  system  th a t ra th er  d if f e r e n t  conform ations are 

found to  be the most s t a b le ,  depending on the p o s it io n  of s u b s t itu t io n  

on the r in g . The in v e s t ig a t io n  o f  s u b t le t ie s  o f  t h is  nature i s ,  though, 

part o f the ch a llen g e  o f t h is  approach. In terms o f the parent r in g  

system , however, the use o f s e le c t iv e  d e u ter a tio n  to  ach ieve the same 

end i s  fr e e  from such e f f e c t s  but i t  does norm ally in v o lv e  more len gth y  

chem istry to  a rr iv e  a t a s p e c i f i c a l l y  ’h ydrogenated1 r in g .

U n t i l  r e c e n t ly , the m ajority  o f n u c le i^ o th er  than hydrogen and

f lu o r in e ,  were too in s e n s i t iv e  to  provide, r ea d ily ^ sp ec tr a  fo r  conform:

la t io n a l  pu rp oses. The advent o f commercial fo u r ie r  transform  n .m .r .

sp ectrom eters i s  b eg in n in g  to  make i t s  im pact in  the f i e l d  o f n .m .r .

13conform ational s t u d ie s .  The use o f C s tu d ie s  o f r in g  system s has pro: 

iv id ed  a pow erful new probe in to  the conform ations a ccessed  by the 

carbon r in g . The in form ation  d er ived  from such a r in g  stud y d i f f e r s  

from th a t a v a i la b le ,  fo r  exam ple, from a study o f gem inal proton s ig n a ls ,  

and i t  i s  by com bination o f s tu d ie s  from se v e r a l n u c le i th a t the most 

d e f in i t iv e  r e s u lt s  on r in g  conform ational p ro cesses  are a v a i la b le .

In t h e ir  s tu d ie s  o f 1 ,1 -d if lu o r o  and 1 , 1 , 4 , 4 - te tr a f lu o r o c y c lo o c t:
/19

lan e, Roberts and coworkers' found th a t b o a t-c h a ir  conform ations were 

p referred  a t low tem perature. At h igh er  tem peratures, p seu d orota tion  

w ith in  the b o a t-c h a ir  s e r ie s  o f compounds became rapid and, a t h igh er  

tem peratures s t i l l ,  e q u il ib r a t io n s  lea d in g  to  r in g  in v e r s io n  become 

rapid on the n .m .r . time s c a le .  In o th er words, the p ro cesses  deduced 

by Anet above are again encountered in  t h is  r in g  system . A concurrent 

study o f 1 , 1 , 2 , 2-te tr a f lu o r o c y c lo o c ta n e  in d ic a t e s ,  however, th a t flu or:  

tin e  can in f lu e n c e  the p referred  conform ation o f t h is  r in g  system , dep:



lend ing on the s u b s t i t u t i o n  p a t t e r n .  At low t e m p e ra tu re ,  the  t w i s t - b o a t  

conform ation appears to  be p re ferred , w h ils t  a t h igh er  tem peratures, 

p seu d orota tion  among ‘b o a t -b o a t’ (sa d d le ) conform ations becomes ra p id .

At s t i l l  h igh er  tem peratures, r in g  in v e r s io n  becomes ra p id . P erflu oro:

Icy c lo o cta n e  seems to p re fe r  e i th e r  tw is t -b o a t  or b o a t-b o a t conformat: 

l io n s  a t low tem perature.

This paper i s  an ex trem ely  good example o f n .m .r . sp ectroscop y  

b ein g  a p p lied  to  the d e f in i t iv e  a n a ly s is  o f r in g  con form ation s. Roberts 

has taken g r ea t care to  d evelop  h is  arguments on sound l in e s  and h is  

d is c u s s io n  o f cy c lo o cta n e  conform ations i s  p a r t ic u la r ly  i l lu m in a t in g .  

From read ing  t h is  paper, the scope and power o f n .m .r . methods are c lea r :  

i l y  dem onstrated.
,20

A v ery  rec e n t paper by S t .—Jacques and Prud'homme' d e sc r ib e s  in :

iv e s t ig a t io n s  o f the low tem perature conform ations o f c i s -  and tr a n s -

1 ,5 -d ia c e to x y c y c lo o c ta n e . Both m olecu les e x i s t  in  b o a t-c h a ir  forms a t

low tem peratures w ith  the a ceto x y  groups q u ite  p o s s ib ly  occupying pos:

/ 21i i t i o n s  on the r in g  c o n s is t e n t  w ith  those p o s it io n s  c a lcu la te d ' to  be 

the most favou rab le  fo r  su b s t itu e n t  groups. The s p e c tr a l changes on 

r a is in g  the tem perature req u ire  passage through a p seu d orota tion  c y c le  

fo r  the c i s  isom er and passage through an in v e r s io n  b a r r ie r  fo r  the 

trans compound.

Two u s e f u l  surveys o f the cy c lo o cta n e  f i e l d  have been p u b lish ed .
,22

In the f i r s t  Anet' rev iew s the problems and some o f the r e s u l t s  in  

the conform ational a n a ly s is  o f e ig h t  membered c a rb o cy c le s . Much o f t h is  

work has been con sid ered  elsew here in  th is  rev iew  and w i l l  n o t be ment: 

lio n ed  h e r e .

S ev era l X -ray s tu d ie s  o f  cyclooctan e  system s have been rep orted

/ 23and Dunitz review ed th is  f i e l d  in  1968'. S r in iv a sa n  and S rik rish n an  

have r e c e n t ly  provided our second u s e fu l  survey (o f  X-ray work to  d a t e ) .
/2 4

In th is '  th ey  noted th a t two d i s t in c t  typ es o f s o l id  s ta te  conform ation  

are met in  cy c lo o cta n e  d e r iv i t iv e s ,  namely the b o a t-c h a ir , which i s  the -



most commonly met,  and the crown which r e p r e s e n t s  a t h i r d  of  the  s o l i d

s ta te  conform ations so fa r  s tu d ie d . An in t e r e s t in g  comparison between

s o l id  s ta te  and t h e o r e t ic a l ly  p red ic ted  geom etries  o f  th ese  most s ta b le

conform ers i s  in c lu d ed  in  the summary o f S r in iv a sa n  and S rik rish n an  in

which i t  i s  found th a t the t h e o r e t ic a l  p r e d ic t io n s  o f  Bixon and L ifso n

/ 2 5are the c lo s e s t  to  th ese  s o l id  s ta te  r e s u lt s ' .  Nhether or n ot th is  

h o ld s true fo r  the s o lu t io n  s ta te  i s  another m atter, but i t  i s  a s a t is :  

i fa c to r y  r e f l e c t io n  on th e o r e t ic a l  methods th a t the amount o f agreement 

observed between the two s tr u c tu r e s  -  p r ed ic ted  and observed -  i s  as 

high  as i t  i s .

More r ecen t s tu d ie s  on e ig h t  membered r in g s  have a ls o  con sid ered
,26

oxygen h e te r o c y c le s .  In t h is  f i e l d  both B ale and coworkers' and Anet 

/ 7and coworkers' have p u b lish ed  v ery  s im ila r  r e s u l t s .  "The primary reas:

ion why c y c lo o c ta n e . . . . . .p r e f e r ( s )  the b o a t-c h a ir  to  the d iam on d -latt:

l i c e  type b o a t-b o a t conform ation i s  c le a r ly  the transannular rep u ls io n

th a t would e x i s t  between two p a ir s  o f 1 ,5-hydrogen  atoms .in the l a t t e r . ” 
,26

' On the p o s s i b i l i t y  th a t t h i s  r ep u ls io n  might be reduced or e lim in ;  

la ted  by s u b s t it u t in g  oxygen fo r  th ese  CBh u n i t s ,  s e v e r a l oxygen hetero:
/27

I c y c le s  have been s tu d ie d . A n et’s s tu d ie s '  a t  251 MSz. are the e a s ie r  

r e s u l t s  to  d ig e s t .  R esu lts  from 1-oxocane and 1,3 -d ioxocan e  are n ic e ly  

r a t io n a l is e d  on the b a s is  o f b o a t-c h a ir  con form ation s. In the l a t t e r  

c a se , two p o s s ib le  boat—ch a ir s  e x i s t  which cannot be com p lete ly  in te r ;  

icon verted  by p seu d o ro ta tio n . The rem aining compounds, 1 ,3 ,6 -tr io x o ca n e  

and 1 , 3 , 5> 7-‘te traoxocan e, show ra th er  s im ila r  b ehaviou r, though the de:

I t a i l e d  nature o f the sp e c tra  acquired su g g est there may be d if fe r e n c e s  

in  th e ir  low tem perature beh av iou r. I t  i s  p o s s ib le  th a t herej tw is te d  

b o a t-c h a ir s , tw is ted  c h a ir -c h a ir s  and sym m etrical crown forms should be 

invoked to  e x p la in  the s p e c tr a l  behaviou r.

u n sa tu rated  cy clooctan e  d e r i v i t i v e s .

I n te r e s t  in  e ig h t—membered carb o cy c les  has n ot m erely been con fin ed



to  sa tu ra ted  system s and u n satu rated  system s from cyclooctan on es on the 

one hand to  c y c lo o c ta te tr a e n e s  on the o th er have heen s tu d ied  hy n .m .r . 

sp ectro sco p y .

The t h e o r e t ic a l  work o f Hendrickson has heen extended hy Favin i

z28and coworkers to  c a lc u la t io n s  on un saturated  r in g  system s. Both c is^
/2 9

and trans^ cy c lo o c ten e  have heen s tu d ie d , though the d e ta ile d  mode o f

p r e se n ta tio n  o f r e s u l t s  employed hy Hendrickson i s  not fo llo w e d . The

c a lc u la te d  minimum energy form fo r  c is -c y c lo o c te n e  i s  a f la t t e n e d  struc:

itu re  somewhere between a true hoat and a true c h a ir . A fu r th e r  p u b lic :

ra tio n  from th ese  authors p resen ts  r e s u l t s  fo r  the three p o s s ib le  c i s -  
/3 °

cy c lo o c ta d ien es '. For both  c i s —1 ,3  and 1 , 4 -c y c lo o c ta d ie n e  a b o a t-c h a ir

conformer i s  c a lc u la te d  to  be the most s t a b le .  For c i s —1 ,5—o y clo o cta d ien e

a tw is t -b o a t  conform ation i s  c a lc u la te d  to  be the most s t a b le .

/ 31In 1966, Anet and coworkers' p u b lish ed  th e ir  o b serv a tio n s on a

number o f  u n satu rated  cy c lo o cta n e  sy stem s. O bservation o f the low temp:

rerature spectrum  o f 5 .-i“*k'U-tylcyclooctanone showed behaviour s tr o n g ly

rem in iscen t o f  t-b u ty lc y c lo o c ta n e  and in  consequence, th ey  p o stu la te d

a conform ation al p ic tu re  s im ila r  to  th a t observed in  t -b u ty lc y c lo o c ta n e .

This lo g ic  lea d s  to  the p o s tu la te  th a t 5-*'t-l)u ty lcy c lo o c ta n o n e  e x i s t s  as

a m ixture o f two s e t s  o f conform ers a t low tem p eratures. In terco n v ersio n

between members o f the same s e t  i s  rap id  but con version  between s e t s  i s

slow  a t  th ese  tem p eratures. These r e s u lt s  are in  agreement w ith  the
A32

e a r l i e s t  su g g e st io n s  o f  A llin g er ' fo r  cy c lo octan on es but con trary  to
33  &

h is  c o n c lu s io n s  exp ressed  in  1961 and 1962* These la t e r  r e s u l t s  are 

con sid ered  by Anet to  be u n r e lia b le  s in ce  they depend on the comparison 

of i . r .  sp e c tr a  in  the s o l id  and liq u id  p h a ses . Conform ational p u r ity  

cannot be e s ta b lis h e d  beyond doubt^merely because the i . r .  sp e c tra  o f  

the s o l id  and the l iq u id  are id e n t ic a l .  Tne p o s s i b i l i t y  o f s o l id  so lu t:  

l io n s  o fte n  in v a l id a te s  the lo g ic  o f  th is  approach.

C yclooctanone, c y c lo o c te n e , and 1 ,3 —cy clo o c ta d ien e  a ls o  show temper; 

la tu re  dependent e f f e c t s .  From sim ple c o n s id e r a t io n s , cyclooctan one



should e x i s t  in  a b o a t-c h a ir  form w ith  the carbonyl group a t the posit.* 

:io n  la b e l le d  3̂ ( f ig *  5*1)* The n .m .r . sp e c tra  o f  v a r io u s ly  proton-suh*.

s t i t u t e d  c y c lo o c a ta n o n e s -d ^  are c o n s is t e n t  w ith  t h is  view* The harr:

s ie r s  to  p seu d o ro ta tio n  and r in g  in v e r s io n  are f a i r l y  c lo se  in  t h is  com: 

Ipound u n lik e  5 - ‘fc-butylcyclooctanone where on ly  p seu d orota tion  can he

in d ic a te  th a t a form o f b oa t—c h a ir , perhaps tw is te d , i s  the p referred

low tem perature conforme The tem perature sp ec tra  o f d eu tera ted  

1j3 -c y c lo o c ta d ie n e  have y e t  to be rep orted  and the f u l l y  p r o tio  sp e c tra  

are too  complex to  a llow  d e ta i le d  c o n c lu s io n s , m erely th a t conform ation: 

: a l  p r o c esses  s im ila r  to  th ose occu rin g in  the cyclooctan on es were 

b ein g  observed .

I n t e r e s t in g ly ,  the n .m .r . spectrum o f  c is - c is ~ 1 ,5 - c y c lo o c ta d ie n e  

i s  tem perature independent* I t  seems u n lik e ly  th a t the in v e r s io n  b a r r ie r  

fo r  t h i s  r in g  should  be so  much lower than fo r  the o th er u n satu rated  

r in g s  met here, and i t  i s  more l ik e l y  th a t we are observ in g  a c c id e n ta l  

eq u iva len ce  o f  the m ethylene protons in  t h is  compound.

The f lu o r in e  la b e l l in g  technique has been ap p lied  to  the stud y o f
/34

1 -f lu o r o c y c lo o c te n e  a t low tem peratures'. t fe ig e r t  and Strobach discern*.

led  ev id en ce  fo r  both r in g  in v e r s io n  and p seu d orota tion  b ein g  s lo w . Anet 

/ 35and Degen' have r e c e n t ly  p u b lish ed  r e s u lt s  o f th e ir  s tu d ie s  o f  5-02:ocan: 

lo n e . Though n ot d ir e c t ly  p e r tin e n t to  any o f  the ca rb o cy c lic  s tu d ie s  

d e ta ile d  h e r e , t h is  paper i l l u s t r a t e s  the a p p lic a t io n  o f  h igh  f i e l d  n.m. 

r .  s tu d ie s  u s in g  two n u c le i  ( H and C) and i s  extrem ely  in t e r e s t in g  

in  t h is  r e s p e c t .  The in form ation  to  be d er ived  from the d if f e r e n t  n u c le i  

i s  d i f f e r e n t  and so th ese  s tu d ie s  complement each oth er n ic e ly  in  estab*.

I l i s h in g  the nature o f the low tem perature conform ation o f t h is  mole:



•J
: c u le .  d h i l s t  H sp ec tra  are s e n s i t iv e  to r in g  in v e r s io n  phenomena in  

13t h is  compound, C sp e c tra  only  e x h ib it  tem perature dependent e f f e c t s

w ith  r a d ic a l  changes o f r in g  geometry*
/3 6

Cone and coworkers' have s tu d ied  the r in g  in v e r s io n  in  the 2 ,4 -  

cy clo o cta d ien o n e  system s shown in  f ig *  6*1-2 and have e s ta b lis h e d  the

C ~ \  = 16.8  h e a l . 0H A = 19* 3 k o a l.
V /raole cHj ,—  ̂ _ . /m ole

CH3  1  v /  COOC  H j  1 -------------

“p : :  bP -
Fig* 6 .1  -  6 . 2 *

r in g  in v e r s io n  h a r r ie r s  shown. They argue fo r  a comparably la rg e  in ver:

ss io n  b a r r ie r  in  the parent cyclo o cta d ien o n e  though the h y p o th es is  i s

by no means f ir m ly  e s t a b lis h e d . A s im ila r  b a r r ie r  i s  observed in  the

H

l 17 k c a l./m o le  F ig . 7*1 -  7 .2 .
i f l  --------

d ib en zo cy c lo o cta d ien o n es' in  which through con ju gation  i s  n ot p r e se n t . 

However, in c r ea se d  r i g i d i t y  w i l l  be im parted to  the r in g 'b y  the aromat; 

: i c  r in g s  and con seq u en tly  no r ig o ro u s co n c lu s io n s  can be drawn from 

comparison o f th ese  r e s u l t s  ( f i g .  7*1>2).

Further in c r e a se s  in  the degree o f u n sa tu ra tio n  o f  cyclo o cta n e  

r in g  system s have been s tu d ied  by s e v e r a l a u th o rs. The in v e r s io n  barr: 

: ie r s  observed are co n sid era b ly  l e s s  than th ose im m ediately above fo r  

cyclo o cta d ien o n e  sy stem s. The b a r r ie r s  observed fo r  s e v e r a l compounds 

are g iv en  in  f i g .  8 .1 —3 . I t  i s  s ig n i f i c a n t  to  note th a t the in v e r s io n

c x

/d r
—-B r

13.0  6 .2  F ig . 8 .1  -  8 .3 .
k c a l./m o le

b a r r ie r  measured fo r  1 ,3 > 5 -c y c lo o c ta tr ie n e  i s  co n sid era b ly  lower than 

the oth er two r e la te d  compounds shown. The low ering o f the in v e r s io n  

b a r r ier  on go in g  from d ien es  to  tr ie n e s  can be ex p la in ed  q u ite  s a t i s :  

j f a c t o r i ly  by the in crea sed  con ju gation  in  any tr a n s it io n  s ta te  w ith



coplanar double  bonds* Such a t r a n s i t i o n  s t a t e  seems l i k e l y  f o r  the  in ;  

; t e r c  d iv e r s io n  o f s ta b le  b oat conform ers found in  th ese  system s* The 

marked d ecrease  fo r  the parent tr ie n e  in v e r s io n  b a r r ie r  cannot be r e a d ily  

r a t io n a l is e d  as y e t .

Further u n sa tu ra tio n  in  the cyclo o cta n e  system  lead s us to  cyclo: 

jo c ta te tr a e n e , a fa s c in a t in g  m olecule in  i t s  own r ig h t .  This m olecule
/41

e x h ib it s  the phenomenon o f  v a len ce  bond isom erism  d efin ed  by Vogel7 

as "a r e o r g a n isa tio n  o f  , or o f  and , e le c tr o n s  accompanied by 

changes in  in tera to m ic  d is ta n c e s  and bond a n g les  but w ith ou t m igration
/*42

o f  atoms or g r o u p s . I t  i s  "an in tra m o lecu la r  arrangement which

obeys f i r s t  order k in e t i c s ,  i s  p r a c t ic a l ly  u n c a ta ly sa b le , i s  independ:

:en t o f  s o lv e n t ,  and can be in flu e n c e d  on ly  by tem perature. I t  belongs
/4 3

to  th e c la s s  o f  fno mechanism* r e a c t io n s .M/ These f a s t  r e v e r s ib le

bond s h i f t s  can b a r e ly  be d e te c te d  by chem ical means, but can be recog*, 

jn ise d  by n .m .r . sp ectro sco p y  due to  k in e t ic  in f lu e n c e s  on the spectrum . 

I f  we co n sid er  c y c lo o c ta te tr a e n e , then we can see  th a t the m olecule can 

undergo th ree  d i f f e r e n t  iso m e r isa t io n s  as shown i n . f i g .  9« F i r s t ly ,

( n o

( 2 )

th ere i s  the r in g  in v e r s io n  ( 1a to  1a)^ due to  r o ta t io n  about C-C s in g le  

bonds. This i s  o f  the same ca teg o ry  as the conform ational changes consid: 

:ered in  the r e s t  o f  t h is  s e c t io n .  There i s  no r e o r g a n isa tio n  o f  bonding  

e le c tr o n s ,  so no v a len ce  bond isom erism . S econdly , (1a to  1b) i s  a rev: 

t e r s ib le  bond m igration  in v o lv in g  a l l  fou r double bonds. The m olecular



s t r u c t u r e  r e m a in s  u n c h a n g e d ,  h u t ,  i f  we number  t h e  c a r b o n s ,  o r  i d e n t i f y  

a carbon by a unique s u b s t itu e n t , then th ese  two s tr u c tu r e s  d i f f e r .  

T h ird ly , as fa r  as t h is  r e a c t io n  type i s  concerned, there i s  no r e a l  

d if fe r e n c e  between (1a  to  1b) and the dynamic eq u ilib r iu m  o f cy c lo o c ta ;

: te tra en e  w ith  b ic y c lo ( 4 ,2 ,0 ) o c t a - 2 ,4 ,7 - t r ie n e  ( la ,1 b  and 2 ) .  This again  

i s  a r e v e r s ib le  v a len ce  is o m e r is a t io n .

The f lu c t u a t io n  o f bonds in  c y c lo o c ta te tr a e n e  has been reco g n ised
/44 , 45 /46

u s in g  n .m .r . by Anet and coworkersy and Roberts and coworkers7

u s in g  f lu o r o c y c lo o c ta te tr a e n e . The p o stu la te d  p lanar tr a n s it io n  s ta te

fo r  bond is o m e r isa t io n  i s ,  furtherm ore, a l i k e l y  t r a n s it io n  s ta te  fo r
✓45

r in g  in v e r s io n . T his p o in t has been taken up by Anet7 u s in g  h e a v ily  

d eu tera ted  and s u b s t itu te d  c y c lo o c ta te tr a e n e s . He went on to  d is t in g u is h  

two p lan ar tr a n s t io n  s t a t e s .  In the t r a n s it io n  s ta te  fo r  bond s h i f t ,  the 

bond le n g th s  in  the p lan ar r in g  are a l l  eq u a l, w h ils t  in  the t r a n s it io n  

s ta te  fo r  r in g  in v e r s io n , the bond len g th s  a l t e r n a t e .  Such an a lte r n a t:  

: in g  system  would, by the J a h n -T eller  theorem a p p lied  to  .o r b ita l ly  degen: 

sera te  p lan ar s t a t e s ,  be more s ta b le  than the system  w ith  equal bond 

le n g th s .

seven  membered r in g s .

H endrickson, in  1961, in i t i a t e d  h is  s tu d ie s  o f m olecular geom etry  

by t h e o r e t ic a l  methods by s tu d ie s  which in c lu d ed  a c o n s id e ra tio n  o f  the
/47

conform ational minimum energy fo r  cy c lo h ep ta n e . In the su cceed in g  

papers in  t h i s  s e r ie s ,  he r e f in e d  h is  cycloh ep tane c a lc u la t io n s  and 

con sid ered  s u b s t itu te d  cycloh ep tan es and the in ter c o n v e rs io n  paths be:
/4 8 ,2 1 ,5

: tween v a r io u s  conform ers. The most s ta b le  conform ation o f un*.

s s u b s t itu te d  cycloh ep tan e i s  c a lc u la te d  to be a tw is t -c h a ir  form ( f i g .

1 0 .1 ) ,  but the problem o f  c a lc u la t in g  the s t a b i l i t i e s  o f s u b s t itu te d  

cycloh ep tan es i s  fa r  from s im p le . The in c r ea se  o f  the com p lex ity  o f  the  

problem on g o in g  from cyclohexane to cycloh ep tane i s  s ig n if ic a n t^  as 

there are no lo n ger  m erely two d i s t in c t  s i t e s  fo r  the su b s t itu e n t  in



t h e  most s t a b l e  co n fo rm a t io n  o f  the  u n s u b s t i t u t e d  r i n g ^ a s  i n  cyclohex:

:ane; but up to  f i f t e e n  i f  the e n t ir e  ch a ir  s e r ie s  o f conform ations i s

co n sid ered . The minimum energy form fo r  m ethylcycloheptane i s  a t w is t -
/48

ch a ir  form w ith  the m ethyl e q u a to r ia l (a s  we would ex sp ec t)'. S evera l 

in te r e s t in g , p o in ts  a r is e  about t h is  s u b s t itu te d  ch a ir  form o f  which the  

fo llo w in g  two should  be n o ted . The a x is  carbon o f  the tw is t -c h a ir  has 

two e q u iv a len t su b s t itu e n t  p o s i t io n s ,  u n lik e  any o f the o th er  carbons 

o f cy c lo h ep ta n e . The c a lc u la te d  energy o f  th ese  p o s it io n s  i s  v ir t u a l ly  

the same as th a t o f  the e q u it o r ia l  p o s i t io n s ,  so no energy p en a lty  i s  

paid  by groups occupying th ese  p o s it io n s  ra th er  than e q u it o r ia l  p o s it:  

: io n s  in  the tw is t—c h a ir . This has the im portant consequence th a t any 

1 , 1 -d is u b s t itu te d  cycloh ep tan e w i l l  probably take up the s in g le  conform', 

sa tio n  o f a tw is t -c h a ir  w ith  the s u b s t itu e n ts  on the ‘a x i s 1 carbon.

F ig . 1 0 .1 .

Secondly, th e  in te r a c t io n s  exp erien ced  by a x ia l  groups in crea se  consid: 

:era b ly  on p a ss in g  from r in g s ,o n  the one hand^to (Cg -  r in g s  on

the o th er  and r e s u l t s  from the v ery  sev ere  transann ular in te r a c t io n s  

which b u ild  up?p a r t ic u la r ly  w ith  the medium r in g s .

The minimum energy conform ation o f cycloh ep ten e has been c a lc u la te d  

to  be a ch a ir  form .w ith  C symmetry^ w h ils t  1 ,3 -c y c lo h e p ta d ien e  i s  cal:/ S i
: c ilia te d  to  be most s ta b le  in  a form w ith  symmetry in  which the plan:

sar ethene m o it ie s  do not occupy the same p la n e . Ho conform ational fr ee :

:dom i s  p o s s ib le  w ith  1 ,4 -cy c lo h ep ta d ien e  and on ly  a C sym m etricals

form i s  p o s s ib le .

As we have seen  above, the study o f  conform ational e q u i l ib r ia  and 

e q u i l ib r a t io n fby n .m .r .^ in  c y c l ic  compounds i s  co n sid era b ly  f a c i l i t a t e d  

by the u se  o f  **̂ F sp e c tra  from gem -d iflu oro  d e r iv i t iv e s .  R oberts has
/49

developed t h is  theme a t some le n g th . In h is  s tu d ie s  o f 1 ,1 —d iflu o r o :  

scycloheptane' Roberts rep orted  no chem ical s h i f t  d if fe r e n c e  between



t h e se  two f l u o r i n e s  down to  —130°C. In  consequence ,  i n v e r s i o n  i s  e i t h e r

very  f a s t ,  even a t such low tem peratures, or the low tem perature favour:

sed conform ation p o s se s se s  f lu o r in e s  which are eq u iv a len t due to  mole:

scu la r  symmetry. The former p o s s i b i l i t y  seems u n lik e ly  w h ils t  we have

seen  above th a t the tw is t - c h a ir  form o f cycloh ep ten e  has ju s t  the re;

squired  symmetry a x is .  A fu r th e r  p o s s i b i l i t y  i s  fo r  a f a c i l e  pseudorotatj

s io n  to  in v e r t  the co n fig u ra tio n  o f  the cycloh ep tan e r in g  w ith  s im ila r

r e s u l t s .  Again t h is  does not seem the most l i k e l y  e x p la n a tio n . However,

i f  we now co n sid er  1 ,1 ,3 ,3 - te tr a f lu o r o c y c lo h e p ta n e  then , u n le s s  an ins

sv ers io n  p ro cess  i s  f a c i l e  down to  —180°, we would observe a t l e a s t  one

p a ir  o f  non—eq u iv a len t f lu o r in e s . As no non—eq u iv a len ce  i s  observed , then

we must conclude th a t p seu d o ro ta tio n  (r a th er  than in v e r s io n ) i s  a f a c i l e

p r o c e ss . As H endrickson c a lc u la te d  an energy d if fe r e n c e  between the

tw is t - c h a ir  and pure ch a ir  forms o f  cycloheptane*w hich a lte r n a te  around
/4 8

the p seu d o ro ta tio n  c y c le , o f on ly  2 k c a l . /m o le ,  then we can conclude  

th a t th e f lu o r in e s  have had l i t t l e  e f f e c t  in  b lo ck in g  the p seu d o ro ta t: 

sion  c y c le  (presum ably s iz e  b e in g  the dominant fa c to r  in  any such b lock; 

s in g ) .  To d ec id e  between the two p o s s i b i l i t i e s  o f  in v e r s io n  and pseudo* 

s r o ta t io n , Roberts s tu d ied  1 , 1 -d iflu o r o -4 ?  4 -d .in ieth y lcycloh ep tan e. In 

t h is  m olecu le , we would ex sp ec t the m ethyl groups by v ir tu e  o f  th e ir  

s iz e  to  occupy the a x is  p o s it io n s  le a v in g  the f lu o r in e s  to  take up non 

e q u iv a len t a x ia l  and e q u it o r ia l  p o s it io n s  which w i l l  not be averaged  

u n le s s  in v e r s io n  or p seu d o ro ta tio n  o ccu rs. With gem m eth yls, • pseudorot: 

sa tio n  should  be fa r  l e s s  favou rab le  than fo r  cycloh ep tan e i t s e l f  or 

the gem -d iflu oro  compounds. In fa c t  1 , 1 -d iflu o ro -4 j4 -^ .in ie th y lcy c lo h ep t:  

sane e x h ib it s ,  a t -l63°C ^tw o resonances fo r  the f lu o r in e s  which i s  c o n s is :  

s te n t  w ith  the la ck  o f  both in v e r s io n  and p seu d orotation  p ro cesses  to  

average the f lu o r in e s  at t h is  tem perature. The conform ational p rocess  

averaging the f lu o r in e s  has an a c t iv a t io n  energy o f  about 6 k c a l./m o le  

at -1 6 0 °  and^since H endrickson's c a lc u la t io n  o f the p seu d orota tion  barr: 

s ie r  in  gem -dim ethylcycloheptane y ie ld e d  a b a r r ie r  o f  9*6 k c a l ./m o le ,



we can conclude  t h a t  i n t e r c h a n g e  r e s u l t s  from r i n g  i n v e r s i o n  in  t h i s  

system ^ w hilst the ex ceed in g ly  rap id  exchange in  1 ,1 ,3 ,-3 - te tr a f lu o r o c y c lo j  

:heptane in v o lv e s  p seu d o ro ta tio n .
/5 °

In a la t e r  p u b lica tio n ' Roberts and coworkers p u b lish ed  a compre*. 

sh en sive  rep ort on cycloh ep tane and cycloh ep ten e d e r iv i t iv e s .  The re: 

t s u i t s  d escr ib ed  above were corroborated  and fu rth er  s tu d ie s  in d ic a te d  

some o f  the p re ferred  low tem perature conform ations o f th ese  compounds.

4 . 4-< iif’lu o r o -1 9 1-d im eth y leyc loh ep tan e  e x i s t s  predom inantly in  a t w is t -  

ch a ir  conform ation w ith  the m ethyl groups on the a x is  carbon. 1 ,1 - d if lu :  

:oro -4 j 5 - ‘t *,ans-d ibrom ocycloheptane e x i s t s  predom inantly in  two d i f f e r :  

sen t tw is t - c h a ir  conform ations w ith  the f lu o r in e s  in  the a x is  p o s i t io n s .

5 . 5 -d if lu o r o c y c lo h e p te n e , a t  low tem peratures, e x i s t s  in  a s in g le  confor:

smation b e s t  rep resen ted  as a c h a ir .

/ 51S t . Jacques and Y a z ir i' have s tu d ied  r in g  in v e r s io n  in  cycloh ep i

sten e and deduced a b a r r ie r  to  in v e r s io n  o f  5 k c a l ./m o le . In terestin g ly ^

t h is  b a r r ie r  i s  low er than th a t observed fo r  5> 5 - d i f !luoro.cycloheptene

(7*4 k c a l./m o le )  and much low er than th a t observed fo r  4j4>6 , 6 -tetrad eu :

ster io b en zo cy c lo h ep ten e  (1 0 .9  k c a l . /m o le ) .  The fa c to r s  a f f e c t in g  the

conform ational b a r r ie r s  in  th ese  r in g s  are c le a r ly  complex and^w hilst

the authors in d u lge in  sp e cu la tio n  as to  the o r ig in  o f th ese  d if fe r e n c e s ,

no s a t is f a c t o r y  ex p la n a tio n  in  q u a n tita t iv e  terms i s  y e t  forthcom ing.

S tu d ies  on ben zocycloh ep ten es are w e ll rep resen ted  in  the l i t e r a t :

/ 52ju re . S t . Jacques and Y a z ir i'n u s in g  the Karplus re la tio r^  e s ta b lis h e d

the low tem perature conform ation o f benzocycloheptene as a c h a ir , w h ils t

/ 53Grunwald and P rice ' s tu d ied  1 ,1 ,4 j4 “ ‘te'ti,am eth y l-6 ,7 -b en zocycloh ep ten e

in  some d e t a i l .  They concluded th a t a t low tem peratures two conform ers

are p re se n t, a boat and a c h a ir . Q u a n tita tiv e  s tu d ie s  were a ls o  perform:

:ed on the p o s it io n  o f the conformer eq u ilib r iu m  and the r a te s  o f  in te r ;

scon version  o f  the two isom ers.

A la rg e  number o f r e s u l t s  on h e te r o c y c lic  ben zocycloh ep tenes appears
^*54,*55 

in  the German l i t e r a t u r e .

C onsiderably l e s s  work has been done on cycloh ep tad ien e system s.



I o  •

/ %
Crews has  p u b l i s h e d  a communication'  on the  n a t u r e  o f  the  geometry  of

the p re ferred  conform ation in  t h is  system  in  which he -refu tes the e le c t

/ 5Tstron  d i f f r a c t io n  r e s u l t s  o f  Chiang and Bauer' who found th a t the 1 ,3 -  

diene system  was com p lete ly  cop lan ar. This i s  in  c o n tra st to  the observ: 

jed s tr u c tu r e  o f c y c lo h e p t-1 , 3 , 5 - tr ie n e  which has a skewed o r ie n ta t io n  

a cro ss  the tr ig o n a l s in g le  bonds. From an a n a ly s is  o f the 300 MHz. pro: 

ston  spectrum o f  the 1 ,3 -d ie n e  Crews favoured a d is to r te d  tub model fo r  

the r in g  system . Bridged b ip h en y l system s which might be con sid ered  in  

the ca teg o ry  o f cy c lo h ep ta d ien es  (d ib en zo cy c lo h ep ta d ien es) have gained
/5B ,59

some a tten tio n '.

S tu d ie s  on c y c lo h e p ta tr ie n e s  are w e ll advanced. Part o f  t h is  in t:

s e r e s t  l i e s j o f  course^ in  the p o s s i b i l i t y  in h eren t in  th ese  compounds

fo r  v a len ce  tautomerism to  y ie ld  n o rca ra d ien e . Anet has s tu d ied  r in g  in:
,60  .

sv ers io n  in  c y c lo h e p ta tr ie n e ' and has d iscern ed  th a t the m olecule i s

non-p lanar a t  -1 5 0 °  where the a c t iv a t io n  energy fo r  in v e r s io n  i s  6 .3

k c a l . /m o le .  This n o n -p la n a r ity  i s  c o n s is te n t  w ith  the f in d in g s  o f  Con:

/ 61:row and coworkers' who found n o n -p la n a r ity  in  a s e r ie s  o f  h e a v ily

a lk y la te d  c y c lo h e p ta tr ie n e s . Jensen and Smith have p u b lish ed  s im ila r

ev iden ce fo r  n o n -p la n a rity ^  and th ey  n oted  the absence o f  any ev idence

fo r  the e x is te n c e  o f norcarad iene ( f ig *  1 1 .1 ) in  eq u ilib r iu m  w ith  cyclo :
,63

rh ep ta tr ien e  conform ers. Heyd and Cupas' stu d yin g  7 -t -b u ty l-1 -m e th y lI

(1) 0> (2) ^  (3)
H F ig . 11.1 -  1 1 .3 .

: c y c lo h e p ta tr ie n e  observed slow  in v e r s io n  o f  the r in g  a t  room temperat:

su re . The conformer w ith  an 'a x ia l '  t -b u ty l  group i s  more s ta b le  than

the conform ation w ith  the 'e q u a to r ia l'  t -b u ty l  group. Furtherm ore, re:

s s t r ic t e d  r o ta t io n  o f  t h i s  t -b u ty l  group i s  observed in  the l e s s  s ta b le

conform er, the group g iv in g  r i s e  to  th ree s in g le t s ,  one from each m ethyl

o f the group. This i s  the f i r s t  o b serva tion  o f three d i s t in c t  methyl

s ig n a ls  from the t —b u ty l group. The fa c to r s  in f lu e n c in g  the s t a b i l i t i e s

h, d.



of  th e se  two conformers  a r e  d i s c u s s e d  i n  some d e t a i l  i n  t h i s  p a p e r .

The a x i a l - e q u i t o r i a l  e q u i l i b r a t i o n  of  s u b s t i t u e n t  groups  on c y c lo h e p ta ;

s tr ie n e  has been observed by B ushw eller and coworkers fo r  the case o f
/64

7“ cy a n o cy c lo h ep ta tr ien e /l Ho norcaradiene v a len ce  tautomer was observed  

in  t h is  system .

S tu d ies  o f  t h is  system  by f lu o r in e  la b e l l in g  have been rep orted  by
/65

Roberts and h is  coworkers'. They could  n ot d e te c t  an in v e r s io n  b a r r ie r  

in  7 j7 - l> is tr if lu o r o m e th y lc y c lo h e p ta tr ie n e  even a t -1 8 5 °  and a scr ib ed  

t h is  to  a reduced puckering o f  the r in g  w ith  7 j7 s u b s t it u t io n . This 

lea d s  to  a v ery  low b a r r ie r  to in v e r s io n .

n ine membered r in g s .

T h e o r e tic a l c a lc u la t io n s  on n in e membered r in g s  were in i t i a t e d  by 

/ 1?H endrickson in  1964. The most s ta b le  form o f  cyclononane has been ca lt

scu la ted  to  be a tw is t—b o a t-c h a ir  form d e fin ed  in  H endrickson’s papers 

/ 4o f  1967• G eom etries o f u n sa tu ra ted  c y c lo -9  compounds have been ca lcu l?

sated  by F a v in i and cow orkers. The most s ta b le  form o f c is-cy c lo n o n en e
,28

i s  a p lan ar sym m etrical b o a t-b o a t s tr u c tu r e 7 w h ils t  the c i s ,  c is-cyclo* .

snonadienes show an asym m etrical form fo r  the 1 ,4  isom er and a b o a t-
/66

ch a ir  w ith  a plane o f symmetry fo r  the 1 ,5  isom er.

H .m .r. s tu d ie s  in  n in e  membered r in g s  have been l im ite d , by and 

la r g e , by the in crea sed  com p lex ity  o f the system  compared w ith  seven  

and e ig h t  membered r in g s .  Dale has examined 1 ,1 ,4>4“‘fce'k;ram iethylcycloi
✓67,68

snonane and some o f  i t s  d e r iv i t iv e s  a t low tem perature by n .m .r .

He ob serves th a t on ly  the D̂  form o f cyclononane -  the tw is t -b o a t -  

ch a ir  form -  can f i t  the s p e c tr a l  o b serv a tio n s  and e n e r g e t ic  req u ire:  

sm ents. In th e ca se s  o f  7 - s u b s t i tu t io n  a ls o  s tu d ied , the argument h o ld s  

good. The h igh  b a r r ie r s  observed to  conform ational exchange are probab*. 

s ly  a r e f l e c t io n  o f the b lo ck in g  o f p seu d orota tion  c y c le s  by s u b s t it :  

suents as the in s id e  o f  the cyclononane r in g  i s  crowded w ith  hydrogens. 

The b a r r ie r s  observed then^ conform to true in v e r s io n s . I t  i s  su ggested



t h a t  t h i s  h igh  i n v e r s i o n  b a r r i e r  i s  p r e s e n t  i n  many medium s i z e d  r i n g s ,  

but i t  i s  not n o rm a l ly  measured due to  the p seu d orota tion  c y c le  a ch iev in g  

s im ila r  r e s u lt s  to  an in v e r s io n  p r o c ess . There are , however, ca ses  on 

record (among the cycloh ep tan es fo r  in s ta n c e )  where t h is  has been demon: 

i s t r a te d  not to  be the c a se . The above ev idence r e fe r s  to  r in g s  which 

are r e la t iv e l y  h e a v ily  s u b s t itu te d  and i t  can be argued th a t the in f lu :  

:ence o f s u b s t itu e n ts  i s  such th a t we cannot g e n e r a lis e  th ese  r e s u lt s  

to  u n su b s titu te d  cyclon onane. Further, X-ray d i f f r a c t io n  s tu d ie s  p resen t  

a v a ry in g  p ic tu r e  fo r  the conform ational s i tu a t io n  in  cyclononane d er iv :
/ 9  1

s i t i v e s .  Anet and Wagner7 have p u b lish ed  251 Khz. H contin uous wave 

13and C fo u r ie r  transform  r e s u l t s  fo r  cyclononane i t s e l f .  Both s e ts  o f  

sp e c tra  show tem perature dependent behaviour and to g e th er  w ith  r e s u lt s  

from 1 , 1-d im ethy1cyclon onane, lend support to  the tw is t -b o a t -c h a ir  

s tru c tu re  fo r  cyclononane.

ten  membered r in g s .

A gain, H endrickson, in  19^4> performed th e o r e t ic a l  c a lc u la t io n s  on 

/ 17ten  membered r in g s . The most s ta b le  form o f  cyclodecane has been c a l:  

:c u la ted  to  be a b o a t-c h a ir -b o a t form d e fin ed  in  H endrickson’s pacers
/4  /29

of 1967* F a v in i and coworkers7 have c a lc u la te d  the s t a b i l i t y  o f c i s -  

cyclod ecen e con form ation s. The r e s u lt s  are not c le a r ly  in  favour o f  any 

one conform er and a s e r ie s  o f conform ers la b e lle d  as b o a t-c h a ir  w ith  a 

plane o f  symmetry, c h a ir -c h a ir  w ith a plane o f symmetry, c h a ir -c h a ir  

w ith an a x is  o f  symmetry and ch a ir -b o a t w ith  an a x is  o f symmetry are a l l  

o f comparable en ergy .

N .m .r. s tu d ie s  on non-bridged ten  membered r in g s  have not been
/7 °

w id ely  rep o rted . Roberts and Hoe7 have stu d ied  r in g  in v e r s io n  in  1 ,1 -  

d iflu o ro cy c lo d eca n e  and the r e s u lt s  were in ter p r e te d  in  terms o f a 

b o a t-c h a ir -b o a t conform ation . The d is c u s s io n  in clu d ed  w ith  t h i s  paper 

i s  thorough and d e ta i le d .  X-ray s tu d ie s  on cyclodecane sp e c ie s  in v a r ia b ly  

show a b o a t-c h a ir -b o a t ( f i g .  1 2 .1 ) conform ation and i t  seems l ik e ly  

th a t t h is  r ep re sen ts  a s ig n i f ic a n t  energy minimum fo r  i t  to  turn up as
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F ig . 1 2 .1 .

commonly as t h i s .  Roberts fu r th e r  d is c u s s e s  the p o s s ib le  pathways fo r  

e f f e c t in g  r in g  in v e r s io n  in  t h is  system .

/ 71A fu r th e r  study p u b lish ed  by Roberts and coworkers', in  which

3 , 3 -d if lu o r o -tr a n s -c y c lo d e c e n e  was stu d ied  a t v a r io u s  tem peratures, le d

to  the c o n c lu s io n  th a t a t -1 5 2 ° , a t le a s t  f iv e  out o f  a p o s s ib le  e ig h t

conform ers were p r e se n t .

Dale has s tu d ied  the conform ation o f c i s ,c i s - c y c lo d e c a - 1 , 6-d ien e  
/72

and i t s  d e r iv i t i v e s .  The remarkable predominance o f  the c i s , c i s - 1 , 6 -  

isom er in  the thermodynamic eq u ilib r iu m  between f i f t e e n  p o s s ib le  c y c lo :  

id eca d ien es  has been ex p la in ed  on a b a s is  th a t t h is  i s  the on ly  isom er 

fo r  which a s tr a in  fr e e  conform ation can be found. The str u c tu r e  i s  one 

in  which a l l  bonds are c o r r e c t ly  staggered  and no transannular rep u lss  

s io n s  occu r. The n .m .r . spectrum o f t h is  compound a t h igh  tem perature 

and low i s  on ly  c o n s is te n t  w ith  t h is  s ta b le  1 arm chair’ conform ation

( f i g .  1 3 .1 ) •

H / F ig . 1 3 .1 .

A and A1 are the s ta b le  ground s ta te  ’arm chair’ conform ations, 

w h ils t  H i s  the p o stu la te d  h igh  energy ’hammock’ tr a n s it io n  s ta te  fo r  

in ter c o n v e rs io n  of ’arm chairs’ .



A Conformational Analysis of a Medium Ring Compound:-
/ 73syn—3,7-dibromo-cis,ci3—cyolooota-1,5~diene. 7

Br

h „ h 6h „ h . h 3, h 7 h 4„ h 8, H4. , H 8o

4 r 5 T 6 T I T

As we have seen  above, co n sid era b le  in t e r e s t  has cen tred  around

the conform ations o f e ig h t  membered carb o cy c les  and the common in c id en ce

o f b o a t -c h a ir  conform ations in  cy c lo o c ta n es  i s  w e ll known.

R elated  un saturated  system s p resen t a l e s s  coherent p ic tu re  and in

p a r t ic u la r , i t  i s  to  be noted  th a t c y c lo o c ta d ien es  have r ec e iv ed  l i t t l e
/31

a t t e n t io n . TThilst Anet7 has observed temperature dependent sp ec tra  fo r  

c y c lo o c ta -1 , 3 -d ie n e , though he did  not attem pt to  d erive  q u a n tita t iv e  

in form ation  from the e f f e c t s  observed, the low temperature spectrum o f



c y c lo o c ta -1 , 5 -d ien e  does not show v a r ia t io n s  due to the ob serv a tio n  

o f k in e t ic  e f f e c t s .  As i t  seems u n lik e ly  th a t the b a r r ie r s  to in v e r s io n  

or p seu d o ro ta tio n  in  c y c lo o c ta -1 , 5 -d ien e  are d ra m a tica lly  low er than in  

the o th er  u n satu rated  e ig h t  membered r in g s  s tu d ied , i t  must be accepted  

th a t the low tem perature forms o f c y c lo o c ta -1 , 5 -d ien e show a chem ical 

s h i f t  eq u iv a len ce  o f the m ethylene protons in  each p a ir  around the r in g .

An e le c tr o n  d i f f r a c t io n  stud y o f gaseous c y c lo o c ta -1 , 5 -d ien e (IV ) ( f i g .

n / 7 4  / 7 51 4 .1 )7 and a d ip o le  moment stud y o f  1 ,6 -d ic h lo r o -o c ta -1 , 5 -d ien e / both

in d ic a te  the predominant presence o f boat form s. A tw is t-b o a t  conform*.

ja t io n  has been observed in  ( a l l - a x ) —2 ,6 —d im e t h y lc y c lo o c ta - 3 ,7 -c is ,c is —
n e

d ie n e -1 , 5-dicarboxam ide by X-ray m ethods. On the o th er  hand, dibenzo: 

j c y c lo o c ta -1 , 5 -d ien e  has been found to  e x i s t  as a ch a ir  in  the c r y s ta l l :
/77

s in e  s t a t e .  A number o f  c r y s ta l  a n a ly ses  o f c y c lo o c ta -1 , 5 -d ien e  m etal
/*78

com plexes have been undertaken' though the r e s u lt s  cannot be taken to  

have any d ir e c t  b ear in g  on the p referred  conform ation o f  uncomplexed 

d ie n e . In  a l l  th ese  c a se s , a b oat form w ith  approxim ately symmetry 

i s  ob served .

The p o s s i b i l i t y  arose to  study e x h a u s tiv e ly  by a number o f  p h y s ic a l  

methods th e conform ational s i tu a t io n  in  both c r y s ta l  and s o lu t io n  o f  a 

d ib rom ocyclooctad ien e d e r iv i t iv e  (V ). This compound, sy n -3 »7-dibrom o- 

c i s , c i s - c y c lo o c ta -1 , 5-d ien e  ( f i g .  14*2) had a lread y  been b r i e f ly  report:
/7 9

sed by Cope w ith out an assignm ent o f  s tr u c tu r e . Techniques o f  X-ray

( 1) ( 2 )
F ig . 14»1 -  14>2.

cry s ta llo g r a p h y , n .m .r . sp ectro sco p y , i . r .  sp ectroscop y  and d ip o le  mom: 

sen t methods were a p p lied  in  e s ta b lis h in g  the conform ation o f  t h is  r in g
4

system  in  s o l id  and s o lu t io n .

The p rep aration  o f  t h is  compound i s  d escr ib ed  in  the ’p r a c t i c a l1 

s e c t io n  o f t h is  t h e s i s .
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/*80
m olecu lar s tru c tu re  in  the c r y s t a l . • .

The conform ation adopted by v  in  the c r y s ta l  i s  th a t o f  a t w is t -  

boat w ith  a d ih ed ra l angle o f approxim ately 74° between the mean mole: 

scu la r  p lan es con ta in in g  the double bonds. A m olecular drawing w ith  

the numbering o f the atoms used  fo r  id e n t i f ic a t io n  in  the X-ray anal:  

s y s is  i s  shown in  f i g .  15.1 *

Br

The d ih ed ra l angle between the p lan es d efin ed  by C (2), C(3) and 

C(4) and C (3 )? C(4) and C(5) (d e f in e d  as i s  6 5 ° . (The parameter

^2345 Proves importance in  in t e r r e la t in g  s o lu t io n  and c r y s ta l

co n fo rm a tio n s.) The C (3)-B r(2) bond i s  in c lin e d  a t an angle o f  57° to  

the symmetry a x is  o f the m olecu le .

a n a ly s is  o f  the proton magnetic resonance spectrum .
•j

The 100 M z . H n .m .r . spectrum o f  V ( in  CDCl^) i s  shown in  f i g .  

16.1 ( .f o ld -o u t  .) .  Although the ten  protons o f  the m olecule co rres:  

spond to  the g en era l type o f  sp in  system  AA’BB1CC’DD?E 3f , the appear: 

:ance o f  the spectrum i s  s im p lif ie d  due to  the absence o f  la rg e  trans;

: annular cou p lin gs J15’ J26 ’ J3 7 ’ J4a8*’ J4 8 8 ^ numberi“ s  soheme in  f i ®*

17*1 ( f o ld - o u t ) )  and the presence o f s u b s ta n tia l chem ical s h i f t s ,  the

sp in  system  approxim ating to  AAfBB’IlM'XX1 YY1.

I n i t i a l  v a lu es  o f the chem ical s h i f t s  and cou p lin g  co n sta n ts  were

obtained  in  an e s s e n t ia l ly  f i r s t  order manner. These param eters were

r e f in e d  u s in g  the computer program UEANMR (th e  non—it e r a t iv e  mode o f
/81 /*82 

USAITSr ) on a USTVAC 1100 computer equipped w ith CALCOI.EP p lo t t e r .

At the tim e o f  th is  work, a maximum o f seven n on -eq u iva len t sp in s  could
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T a b le  1.

H n . m  o r . p a r a m e te r s  for sy n -3 ,  7 -d ib r o m o -c i s ,  c i s -

c y c lo -o c ta -1 ,  5 -d ien e

Solvent C h em ica l  Shifts Coupling C onstants3"
(t p . p . m . ) (Hz)

vr  v s

v 2’ 

v , .  v

4.41

CD Cl

4.17

5 .37

Jl, 25 J5, 6 U ' 2 0 

J 2, 3; J 6, 7 S*6 5
J J 1

V4a, 8a 

V4p, 8|3

7.21

6 .4 4

J 3 , 4 a : J 7, 8a 5 ’ 28 J3 , 4 p ; J 7, 8p 12,2o 

J4a5: J 8 a , l  8*13 J 4p5: J8p , l  H  

J4a, 4p’ J 8a, 8(3 _13' 95

Vl ’ V5 4 .9 9

V  V6 4 .5 2

V 3 > 5 .9 2

v 4a’ v 8a
7 .7 4

CO.
00

>
CO.

6 .72

N o te s .

( a ) .  Line w idth v a r ia t io n s  in  the exp erim en ta l spectrum ( f i g .  1 6 .1 )  
r e f l e c t  in  part non-zero v a lu es  o f a l l y l i e  and h o m a lly lic  cou p lin gs;  
w h ile  no attem pt has been made to  a c cu ra te ly  ev a lu a te  th e se , approx: 
sim ate e st im a te s  are c o n s is te n t  w ith  sem iq u a n tita tiv e  p r e d ic t io n s  
o f cou p lin gs fo r  the conform ation found. Computer m atching o f the or: 
j e t i c a l  (w ith  and w ith out long range co u p lin g s) w ith  observed spec:
: tr a  j u s t i f y  the va lu e  of the main cou p lin gs shown in  the T able.

( b ) .  The va lu e  o f cou p lin gs found in  benzene-d^ s o lu t io n  are the same 
as those g iven  above fo r  CDCl  ̂ s o lu t io n .



be t r e a t e d  at any one t ime by the  computer program so a n o n - i t e r a t i v e  

.refinem ent o f  the s p e c tr a l param eters was performed fo r  each pro.ton in  

turn -  fo r  exam ple, was con sid ered  in  the co n tex t o f the seven sp in  

group (8<t, 8/2, 1, 2 , 3 , 4^? 4/5)* The f in a l  s e t  o f  c o n s is te n t  chem ical 

s h i f t s  and cou p lin g  co n sta n ts  i s  shown in  the upper p o rtio n  o f Table 1. 

The r e s u l t s  o f  a s im ila r  a n a ly s is  fo r  a s o lu t io n  o f 7  are in clu d ed

in  Table 1 and showed markedly a lte r e d  chem ical s h i f t s  but u n a ltered  

v a lu e s  o f  cou p lin g  c o n s ta n ts . Both s e t s  o f  sp e c tra  were f i n a l l y  checked  

fo r  com plete c o n s is te n c y  by the use o f  an o v er la y  o f th e o r e t ic a l  and 

exp erim en ta l spectrum . For t h is  a p lo t t in g  ro u tin e  was provided w ith  

a s u ita b le  v a lu e  fo r  the lin esh a p e  observed in  the spectrum and the  

t h e o r e t ic a l  spectrum output on the CALCOMP p lo t t e r .

An attem pt was made to  observe any k in e t ic  e f f e c t s  in  the spectrum  

by low erin g  the tem perature o f  a m ethylene c h lo r id e  sample to l e s s  than 

—60°C. Bo e f f e c t s  were ob served . Due to  the in s o lu b i l i t y  o f  7  in  any s o l  

:v e n t , low er tem peratures were not observed* Though the p o s s i b i l i t y  

o f  k in e t ic  e f f e c t s  b e in g  observed a t low er tem peratures y e t  must be 

born in  mind, i t  does n ot seem l i k e l y  from the gen era l r e s u l t s  to  be 

d escr ib ed  in  the fo llo w in g  p ages. Furtherm ore, bromine s u b s t itu t io n  

seems to  cause co n sid era b le  in c r e a se s  in  in v e r s io n  and (p a r t ic u la r ly )
/3 9

p seu d o ro ta tio n  b a r r ie r s  in  r in g  system s' and the non-observance o f  

k in e t ic  e f f e c t s  in  the spectrum by -6 0 °  would imply e i th e r  a ra th er  low  

b a r r ie r  and/or a v ery  sm all chem ical s h i f t  d if fe r e n c e  between s i t e s  fo r  

a g iv en  proton in  d if f e r e n t  conform ations. An exam ination o f p o s s ib le  

s ta b le  conform ations fo r  t h i s  system  in  a d d itio n  to  th a t p red ic ted  (and
/ 3°

found) to  be the most s ta b le '  in d ic a te  th a t t h is  i s  extrem ely  unlike*, 

s ly .  In consequence i t  i s  f a i r  to  conclude th at the conform ation observ: 

sed in  s o lu t io n  a t room tem perature accounts fo r  the la rg e  m ajority  o f  

sp e c ie s  p r e se n t . Further evidence to th is  e f f e c t  i s  p resen ted  in  the 

i . r .  s e c t io n ?  and a l l  the r e s u lt s  presen ted  here confirm  t h is  v iei^  th a t  

only one main conformer accounts n ic e ly  fo r  the r e s u lt s  observed in  so l* ' 

su tio n .



m o le c u la r  con fo rm a t ion  in  s o l u t i o n .

From the coup ling  con stan t in form ation  d er iv ed  fo.r V in  s o lu t io n

i t  i s  p o s s ib le  to  unam biguously d e fin e  the predominant conform ation

p r e se n t . The experim en tal v i c in a l  co u p lin g  co n sta n ts  o f  the -CH0-CHBr-

/ 83fragm ent have been in te r p r e te d  u s in g  a Karplus equation  in  the form'

J . = a + b cos#  + c cos2#  (1 )vlC

/* 8 4
where the con sta n t b̂  has been taken as - 1 .0  Hz. a f t e r  P ach ler  e t  al'.

,86f
I t  can be s h o w  th a t ja i s  n u m erica lly  eq u al to  d , the average v ic in :  

s a l  co u p lin g  co n sta n t o f  an ethane—lik e  -CH—CH— fragm ent, g iv en  by

J = 18 .0  -  (2 )av '

where ]T̂ E i s  the sum o f  the e le c t r o n e g a t iv i t ie s  o f  the atoms bonded

d ir e c t ly  to  the two c e n tr a l C atom s. In order to  determ ine Cj a second

eq u ation  r e la t in g  the v i c in a l  co u lin g  co n sta n t to  the d ih ed ra l angle

/ 87i s  req u ired . From a study o f  s u b s t itu te d  ethan es i t  was found' th a t  

the tra n s proton -proton  co u p lin g  d^gQ (d ih e d r a l angle 1 8 0 °), i s  a func: 

s t io n  o f  th e  e le c t r o n e g a t iv i t ie s  o f the s u b s t itu e n ts  a tta ch ed  to  the 

-CH-CH- fragm ent, and can be exp ressed  as fo llo w s

J 180 = 2 8 .4  -  1 .0 4 5 >  ( 3 ) .

S u b s t itu t in g  the va lu e  o f  d^gQ so d er ived  in to  the Karplus equation  (1 )  

y ie ld s  c_.

Huggins e l e c t r o n e g a t iv i t ie s  have been employed in  t h is  work. A

problem in  the use o f e le c t r o n e g a t iv i t ie s  a r is e s  here^ in  as much as

the e le c t r o n e g a t iv i t y  o f  an o l e f in i c  carbon i s  not d e fin ed  by H uggins. 
,88

Hinze and Jaffds have concluded th a t e le c tr o n e g a t iv i t y  i s  not a proper: 

xty o f atoms in  th e ir  ground s t a t e s ,  "but o f  atoms in  the same condit:
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: i o n s  in  which th e y  a re  found i n  m o lecu les ,  the  v a len c e  s t a t e " .  They

found th a t e le c t r o n e g a t iv i t y  could  on ly  he d e fin ed  m ean in gfu lly  fo r

bonding o r b it a l s  and adopted the term 'o r b it a l  e le c t r o n e g a t iv i t y ' fo r

the v a lu e s  they  obtained* We have accep ted  t h is  approach here and have

used an 'a d ju sted  Huggins e le c t r o n e g a t iv i t y ' fo r  the r in g  framework

o r b it a l s  o f the o l e f in i c  carbons. A reason ab le  v a lu e  fo r  the Huggins

e le c t r o n e g a t iv i t y  o f  an o l e f in i c  carbon i s  2 .8 5  w h ils t  v a lu e s  o f  2 .6 0

and 3*3 are accep ted  fo r  sp^ and sp h y b r id ised  carbons r e s p e c t iv e ly .

Given the opened r in g  a n g le s  G(8)—C(1 )—C(2) and C (1)-C (2)-C (3) found

in  the c r y s ta l  s tr u c tu r e  o f  t h is  compound^ i t  i s  reason ab le to  employ

an e x tr a p o la te d  va lu e  ( f o r  e x tr a p o la tio n  see  f i g .  18.1 ( in t e r le a v e d ) ) ,

o f  3*0 . C orrespondingly opened a n g les  are a ls o  found in  c y c lo o c ta -1 ,5 — 
,74

d iene vapour.

Applying the a r ith m etic  o f  the prev iou s page (eq u a tio n s ( l ) , ( 2 ) ,

( 3 ) ) ,  we c a lc u la te  v a lu es  fo r  the co n sta n ts  a and c o f  5*57 and 5»^4 Hz.

r e s p e c t iv e ly .  For the purposes o f  e s t a b lis h in g  the conform ation o f t h is

r in g  system , ta b le s  o f  d ih ed ra l angle v ersu s  'K arplus' co u p lin g  constan t

were computer c a lc u la te d  on a b a s is  o f  the above eq u a tio n s . This f a c i l :

: i t a t e d  v a r ia t io n  o f r in g  a n g les  to  ach ieve a b e s t  f i t  to  the observed

spectrum s in c e  there was no need to  la b o r io u s ly  r e c a lc u la te  cou p lin g

co n sta n ts  every  tim e the r in g  conform ation was d is tu rb ed .

The tr a n s-c o u p lin g  con stan t J. n proves to  be a key cou p lin g  in
d , 4p

d e f in in g  the conform ational s i tu a t io n  in  s o lu t io n . I ts  va lu e  o f  12.2 Hz. 

( in  both CDCl  ̂ and C^D )̂ im p lie s  by equation  (1 ) a 3 ,4  -d ih e d r a l angle  

o f 180°. Owing to  the dependence o f v ic in a l  cou p lin gs on fa c to r s  o th er
, 8 5 , 89

than e le c tr o n e g a t iv i t y  ( fo r  example, o r ie n ta t io n  o f  s u b s t itu e n ts ,

and changes in  H—C-C a n g le s )  equation  (1 ) i s  not expected  to  be a pre;
+ 0s e is e  r e la t io n s h ip  and an u n ce r ta in ty  o f  -10  maximum would be appro: 

sp r ia te  fo r  t h is  a n g le . This 12.2 Hz. cou p lin g  im m ediately preclu des  

the p o s s i b i l i t y  th at the conform ational s i tu a t io n  corresponds to  rapid; 

s ly  in te r c o n v e r t in g  ch a ir  conform ations f o r ,  as can be seen from mole:
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D ih e d r a l  A n gle  In terre la t ion  Table for Pseudorotat ion of the Boat F or 

of (II) (for one enant iomer of Sym metry  C2 throughout).
m:

D e s c r i p t io n  of Conformation2

Notes ,

( a ) .

D i h e d r a l  A n g le  
T y p e  f o r .v a lu e s  
•(in d e g r e e s )  
given  in row  .of
T a b le  : B1 TB1 SI TB 2 B2 TB3 S2 TB 4

o '*> 2345 0 +20 +40 +60 +80 +10 0
c

+120 +100 +80 +60 +40 +20 0 . -2 0 -40 -60 -8 0 -100 -120 -100 -8 0 -6 0 -4 0 -20 0 '

M2, 113 +15 

( +12

0

0

-2 0

-21

-4 0

-3 5

-5 8

-6 0

-7 5

-9 5

-115

-106

-162

-120

-174

-142

-170

-150

-165

-145

-156

-138

-135

-123

-120

-116

-100

-95

-80

-81

- 62 

-56

-45

-21

-5

-10

+42

+4

+54

+26

+C! 0

+34

--45 

+2 9

+36

+22 -12

H2, B r +135

(+128

+120 

+ 116

+100

+95

+80

+81

+62

+56

+45

+21

+5 

+ 10

-4 2

-4

-5 4

-2 6

-5 0

-3 4

-4 5

-2 9

-3 6

-2 2

-.15

-1 2

0

0

+20

+21

+40

+35

+58

+60

+75

+95

+115

+106

+162

+120

+174

+142

+17 0 

+15 0

+165

+145

+156 

+13 8 -12 3

K3, H4ci 0

( 0

+20

+20

+40

+40

+6 0 

+6 0

+80

+80

+100

+100

+120

+105

+100

+100

+00 

+ 80

+60

+60

+40

+40

+20

+20

0

0

-2 0

-2 0

-40

-40

-60

-60

-80

-80

-100

-100

-120

-105

-100

-100

-8 0

-3 0

-6 0

-6 0

-4 0

-4 0

-2 0

-2 0

0

0

ITS. H4£ +120 

( + 116

+140

+136

+16 0 

+156

+180 

+17 6

-160

-164

-140

-144

-120 

-13 9

-140

-144

-160

-164

+180

+176

+160

+156

+140

+136

+120 

+ 116

+100

+96

+80

+76

+60

+56

+40

+36

+2 0 

+ 16

0 

+ 11

+20 

+ 16

+40

+36

+60

+56

-8 0  

+7 6

+100

+96 —110

H 4a,‘ H5 -15 

( -12

-3 6

-2 2

-4 5

-2 9

-5 0
? A

-5 4

-2 6

-4 2

- 4

+5 

+ 10

+4-5

+21

+52

+56

+80

+31

+100

+95

+120 

+ 116

+135

+128

+156

+138

+165

+145

+17 0 

+150

+174

+142

+162 

+12 O'

+ 115 

+106

+75

+95

+58

+60

+40

+35

+2 0 

+21

0

0

-1 :1

H 4p. H5 * -135

(-1 2 8

-156 

-13 8

-165

-145

-170

-150

-174

-142

-162 

-12 0

-115

-106

-7 5

-9 5

-5 8

-6 0

-4 0

-3 5

-2 0

-21

0

0

+15

+12.

+3 6 

+22

+45

+29

+50

+34

+54

+26

+42

+4

-5

- 10

-4 0

-21

-62

-56

-8 0

-81

-100 

- ?5

-120 

- 116

' y*

F o r  t h e  v a l u e s  i n  rows w i t h o u t  p a r e n t h e s i s  i n  t h e  main body o f
th e  T a b l e ,  B1 s h o u l d  he r e a d  a s  B l ( u ) ,  TB1 a s  TB1( u ) e t c , ,  t h e
l e t t e r  ’u ’ i n d i c a t i n g  u n d i s t o r t e d  a n g l e s ;  f o r  t h e  p a r e n t h e s i s e d  
v a l u e s  (which  r e f e r  t o  t h e  d i s t o r t e d  a n g l e s  d e s c r i b e d  i n  th e  t e x t )  
B1 s h o u l d  be r e a d  as  B l ( d )  e t c ,

(b ) .  The r i n g  d i h e d r a l  a n g l e  ( i l l u s t r a t i v e  v a l u e s  g i v e n )  i s  t h e  a n g l e  
be tw e e n  th e  p l a n e s  d e f i n e d  by  C (2 ) ,  C(3) and  C(4) and C(3)* 0 (4 )  
and C ( 5 ) .  s e e  F i g .  15*1 f o r  n u m b e r in g  scheme.

( c ) .  Fo r  S l ( d )  and S 2(d)  t h i s  v a l u e  s h o u l d  be r e p l a c e d  by  an  app ros
: p r l a t e l y  s i g n e d  a n g l e  w i t h  m agn i tude  105 * The p r o b a b l e  e r r o r  i n  
a n g le  measurement o f  inode I s  i s  c a . —5 j th o u g h  th e  e s t i m a t i o n  o f  
a n g l e s  f rom d i s t o r t e d  D r e i d i n g  models  may be s u b j e c t  t o  a  somewhat 
g r e a t e r  u n c e r t a i n t y ,  ITote th e  i n h e r e n t  symmetry  a i d s  i n  c o n s t r u c t s  
l i o n  o f  the  T a b l e ,  e . g ,  a  row f o r  H2, Br when r e a d  i n  r e v e r s e  o r d e r  
w i t h  a l l  t h e  s i g n s  change d  g i v e s  t h e  c o r r e s p o n d i n g  row f o r  il4/5>



scu la r  m odels, the 180° d ih ed ra l angle i s  never r e a l i s e d  in  the c h a ir ,  

form. Indeed, rap id  in ter c o n v e rs io n  req u ired  to ex p la in  the observed  

spectrum ( f i g .  1 6 . 1 ) would imply a w eighted  mean from th ese  ch a ir  forms 

fo r  ^  o f  about 6 .7  Hz. in  harsh disagreem ent w ith  the observed  

f a c t .

The conform ational s i tu a t io n  fo r  the f l e x ib l e  n on -ch a ir  forms o f  

V i s  i l lu s t r a t e d  fo r  p seu d orota tion  o f  one enantiom er in  f i g .  19.1 ( in ;  

s t e r le a v e d ) .  There are two d i s t in c t  boat forms B1 and B2, two d i s t in c t  

skew forms S1 and S2, and an u n lim ited  number o f  tw is t-b o a t forms o f  

which fo u r  are shown, TB1, TB2, TB3 and TB4, th ese  r e p r e se n ta t iv e s  b ein g  

a r b it r a r i ly  d e fin ed  w ith  th e magnitude o f  the r in g  d ih ed ra l angle  

^2345 ec3ua  ̂ 60°« A ll  the conform ational p o s s i b i l i t i e s  in  the  

p seu d o ro ta tio n  c y c le  may be con sid ered  by re feren ce  to Table 2 . The top  

o f  t h is  ta b le  g iv e s  v a lu e s  o f  the r in g  d ih ed ra l angle ant^

main body o f  the ta b le  g iv e s  the corresponding v a lu e s  o f  the H-C-C-H 

d ih ed ra l a n g les  ( fo r  exam ple, 3 9 A p  i s  denoted H3 , H4/S)* Thusyfo r  any 

v a lu e  o f the r in g  d ih ed ra l angle^ a v e r t i c a l  c o r r e la t io n  e x i s t s  so th a t  

the corresponding H-C-C-H d ih ed ra l an g les  can be read o f f  in  th e approp:
,*90

: r ia t e  column. The s ig n s  have been r e ta in e d  w ith the d ih ed ra l an g les'

to  g iv e  a b e t t e r  in d ic a t io n  o f  r in g  geom etry during the p seu d o ro ta tio n

c y c le .  The v a lu e s  cu r re n tly  app ropriate are g iv en  outw ith  p aren th eses

and are measured to  - 5  fo r  the enantiom er o f  f i g .  1 9 *1. u s in g  the s ig n

/ 23con ven tion  employed by Dunitz'.

One ob serves from ta b le  2 th a t the in d ic a te d  180° d ih ed ra l angle

H3, H4/Q occurs on ly  tw ice  in  the p seu d orota tion  c y c le ,  once a t T 3 l(u )
,*91

and then again  a t TB2(u). Both TB1(u) and TB2(u) have the same va lu e  

o f r in g  d ih ed ra l a n g le , namely +60°. He may d iscr im in a te  between th ese  

two by co n s id er in g  the cou p lin g  con stan t observed between protons H(2) 

and H(3)» The d ih ed ra l a n g les  observed here are -4 0 °  fo r  TB1(u) and 

- 170° fo r  TB2(u). I t  i s  accep ted  th a t v ic in a l  cou p lin g  o f the type 

=CH-CH- i s  c lo s e ly  r e la te d  in  i t s  dependence on d ih ed ra l angle to  th a t
/ 89

in  f u l l y  sa tu ra ted  system s. Employing eq u ation  (1 ) w ith v a lu e s  o f  a_,



I I »

F ig . 2 0 .1 ,

H A

Fig. 2 0 .2 .



b_ and  c_ o f  5*88,  - 1 . 0  and 5*76 r e s p e c t i v e l y  c a l c u l a t e d  a s  shown above ,

w e w o u l d  p r e d i c t  a  v a l u e  o f  J 0 .. o f  6 . 1  Hz. f o r  T B 1 ( u ). a n d  1 2 . 3  Hz. f o r

TB2(u). The observed va lu e o f 5 .6 5  Hz. fo r  J . i s  th ere fo re  in  good
c. ,  3

agreement w ith  the e x is te n c e  o f TB1(u ) and  at var ian ce  w ith the presence  

o f  TB2(u) as a major co n tr ib u to r  to the observed conform ational spectrum  

as t h is  would lea d  to  a h igh  p red ic ted  average co u p lin g .

The o r ig in a l  form o f  the Karplus eq u ation  i s  shown in  eq u ation s ( 4 )
I 9 2

and th ese  have been used by S le s so r  and Tracey as the b a s is  o f  a meth: 

:od th ey  term “D ihedral Angle E stim ation  by the R atio Method", in  sh ort  

DAERM.

= k .j .c o s2^  -  c 0 < 9 ^  < 9 0 °

J2 = k2 .c o s 20 2 -  o 9 O < 0 2 < 18O °

where and k^ are the Karplus c o n s ta n ts , 

and c i s  a c o n s ta n t. ( 4 )

Their p r e se n ta tio n  can be g e n e r a lis e d  as fo l lo w s .  I f  we co n sid er  the 

Newman p r o je c tio n  o f  the co u p lin g  path in  an e th a n e - lik e  fragment as  

shown in  f i g .  20.1 ( in te r le a v e d )  then we can show th a t th e fo llo w in g  

h o ld s .

2J„ + c k„ cos
j   =  . . j ------------ _ L  ( 5 )

J2 + C k2 cos 02

k  ̂ a p p lie s  to  an g les  in  the range 2 7 0° -

k2 a p p lie s  to  an g les  in  the range 90  ̂ -  27 0 ^.

now i f  we d e fin e  w as ( 2 -  ^ ), thus i s  the te tr a h e d r a l a n g le ,

then e v e n tu a lly  we can show th at

k  ̂ J2 + c

tan 0 ^  = 0 0 tw  i  k2 + c ( 6 )

s in  o >



From the t h e o r e t i c a l  parameters c a lc u la te d  hy Karplus, the r a t io  k^/k^ 

i s  very  n ea r ly  constant and equal to O.9 . The t h e o r e t i c a l  va lu e  o f  £  

i s  0 .2 8 .  To com plete ly  g e n e r a l i s e  equation  ( 6 ) ,  we may rew r ite  i t  as  

f o l l o w s .

kA JB * 0
tan 0 s  cotu> ^ k^ J. + c ( 7 )A B A v '

s i n  u>

So. depending on the magnitude o f  0 . and 0  ̂ the v a lu e s  o f  k ,  and k^7 A B A B
w i l l  v a r y ,  where &^ a n d # ^  are d e fin ed  in  f i g .  2 0 .2 .

There are a t o t a l  o f  tw elve  p o s s ib le  s o lu t io n s  to  equation  (7)» The

m ajority  o f  th ese  are redundant or o f  no i n t e r e s t  in  a g iven  s i t u a t i o n .

We must s e l e c t  the appropriate  s o lu t io n s  fo r  the p a r t ic u la r  s i t u a t io n

o f  i n t e r e s t .  In many in s ta n c e s  we ach ieve  on ly  two s o lu t io n s .  I t  i s  then

p o s s ib le  to  d i s t in g u is h  between th ese  by two su i ta b le  p r o c e s s e s .  We may

e l im in a te  one p o s s i b i l i t y  from the ev idence obtained from another v ic in :

s a l  cou p lin g  in  the same ethane—l i k e  fragment, or we may s u b s t i t u te  the

v a lu es  found fo r  the d ih ed ra l a n g les  back in to  the equation  and ca lcu l:

sa te  v a lu e s  fo r  the Karplus co n sta n ts  k^ and k^. Only a c e r ta in  range

o f  co n sta n ts  i s  a p p lic a b le  and d ih ed ra l angle  s o lu t io n s  g iv in g  r i s e  to

unreasonable k v a lu e s  can be r e j e c t e d .  This approach i s  c l e a r ly  demon.:
/9 2 ,9 3

s s tr a te d  by the p u b l ic a t io n s '  in  which the DAER1I method i s  employed.

In the current study o f  V, t h i s  method y i e l d s  r e s u l t s  as f o l lo w s .

With w equal to  120°, d ih ed ra l an g les  o f  -2 9 °  and -149°  are eva lu ated

fo r  the d ih ed ra l a n g les  H. c- and H... c- o f  TB1(u ) ,  th ese  b e ing  in  moder:
4 a ,  j  4p>P

sa te  agreement with the observed v a lu e s  (deduced above) o f  - 50° and

-1 7 0 ° .  The v a lu e  o f  the coup ling  J-. A , 5*28 H z., i s  g r e a te r  than th at~> j da-
p red ic ted  fo r  TB1(u ) where a d ih ed ra l angle o f  60° y i e l d s  a p red ic ted  

coupling  o f  2 .2  Hz. This d iscrepancy  i s ,  however, almost c e r t a in ly  a 

r e f l e c t i o n  o f  the non-Karplus dependence o f  coup ling  on su b s t i tu e n t
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Table 3>

\

Bond Lengths and E . S . D . S .

B r ( 2 ) - C ( 3 )  1 .963  + 23 &

C(l)-C(2)  1.371 + 30 X

C (2 ) - C (3 )  1.491 + 2 9 1

C ( 3 ) - C (4 )  1 .507  + 30 1

C (4 ) - C (5 )  1 .467  + 35 1

Interbond A n g le s  and E 0S.D.S«>

B r ( 2 ) - C ( 3 ) - C ( 2 )  1 0 6 . 4 + 1 3 °

B r ( 2 ) - C ( 3 ) - C ( 4 )  110.9 + 17°

C ( l ) - C (2 ) -C ( 3 )  1 2 8 . 3 + 2 1 °

C ( 2 ) - C ( 3 ) - C ( 4 )  1 1 8 . 9 + 1 7 °  .

C(3) -C(4)  -C (5)  113.3 + 21°

C(4) -C(5)  -C (6)  130 .2  + 20°

In te r m o le cu la r  Contacts b e lo w  4 1

B r . . , . B r  iv 3 . 7 2  1 B r . . . . C ( 2 )  y  3 . 9 8  1

B r . . . . C ( I )  i i  3 . 9 2  1  B r . . . . C ( l )  i  4 . 0 0 1

Br....C(l) iii 3 .951
<2*



o r ie n t a t io n .  D ir e c t ly  analogous 'behaviour has "been observed in  other

systems^
94

Tfhilst the above ev idence  i s  unequivocably in  favour o f  TBl(u) as

the p re ferred  conform ation, in s p e c t io n  o f  u n d is to r te d  D reid ing  models

in d ic a te s  an u n accep tab le  sh ort C ( 4 ) . . . .C ( 8 )  transannular co n ta c t  o f

about 2 . 3X f o r  t h i s  conform ation. This compares with minimum transannul:
/23

sar C . . . .C  d is ta n c e s  in  cyclodecane systems l i s t e d  by Dunitz' which

are a l l ,  to  a g r e a te r  or l e s s e r  e x te n t ,  over 3$.*

There i s  l i t t l e  doubt th a t  the s o lu t io n  to t h i s  apparent contrad ic:

: t i o n  l i e s  in  the markedly opened r in g  a n g le s  which are commonly found

in  medium-sized c a r b o c y c le s .  Such opened r in g  an g les  are confirmed fo r

the s o l i d  s t a t e  s tr u c tu r e  o f  t h i s  compound. Table 3 provides the necessj

sary s t r u c tu r a l  data  deduced in  the X-ray a n a ly s i s .  In order to  consid:

ser  forms which are almost c e r t a in ly  more r e a l i s t i c  in  terms o f  r in g

a n g le s ,  we have employed D reid ing  models w ith r in g  an g les  at o le f in ic*

carbon o f  128° and the remaining C—C-C a n g les  a t 117° (th e  mean an g les  

/ 74found' fo r  IV in  the vapour phase): the H-C-II and H-C-Br a n g les  were

kept a t  109°28f , w ith  the b i s e c t o r s  o f  th ese  an g les  a ls o  b i s e c t i n g  the  

appropriate  r in g  a n g le .

D ihedral an g les  fo r  t h i s  d i s t o r t e d  model as a fu n c t io n  o f £ r . ~ AC
2345

are g iven  in  p a ren th es ised  rows in  Table 2 . Again a d ih ed ra l angle of  

180° fo r  E3, H4j2 occurs on ly  tw ice in  the pseudorotation  c y c le ,  once
/  *91

c lo s e  to TBl(d) and again c lo s e  to TB2(d). This occurs a t  forms both

having the common value o f  ^2345 +^5°* For the p o s i t io n  c lo s e  to

TBl(d) the r e s p e c t iv e  magnitudes o f the d ih ed ra l an g les  H2, H3; H3, H4a;

H3, H4/&; H4*, H5; H40, H5 are 38°,' 64° ,  180°, 33°, 149° and the corres-

sponding v a lu e s  fo r  the form c lo se  to TB2(d) are 149°> 84° ,  180°, 78°,

3 8 ° .  Considering the coupling  , which i s  found to be 5*65 Hz. experir
 ̂> ~>

tm en ta lly , the form with a va lue o f  2345 d o s e  to TBl(d) which

has a p red ic ted  va lue  o f  6 .5  Hz. i s  in d ic a te d ,  and not the a l t e r n a t iv e  

form near TB2( d ) which has a p red ic ted  coup ling  o f 9*4 Hz. For the form.



near TB1(d) the method o f  S le s s o r  and Tracey' (DASRM) with w = 116°

g iv e s  c a lc u la te d  d ih ed ra l an g les  II4a, H5 and H4/8, H5 o f  31° and 147°

as the only  r e le v a n t  s o lu t io n  in  s a t i s f a c t o r y  agreement with the measurj

red a n g les  fo r  t h i s  form. The magnitude o f  the r in g  d ih ed ra l angle  fo r

the form c lo s e  to TB1(d) found above i s  65° and the C-Br bonds make an

angle o f  about 55° w ith the C2 symmetry a x i s ,  common to a l l  forms in

the pseu d orota tion  c y c l e .  In t h i s  form, the transannular C ( 4 ) . . . .C ( 8 )

sep a ra t io n  now takes the va lue  o f  about 3*0$, corresponding to an enor:

smous red u ctio n  in  transannular s t r a in  energy over the u n d is to r te d

form T B l(u ). This va lu e  o f  3«oS. i s  c o n s i s t e n t  with the transannular

/ 23d is ta n c e s  in  cyclodecane systems reviewed by Dunitz' and mentioned

e a r l i e r .

However, the p o s s i b i l i t y  th a t  the s p e c t r a l  o b servat ion s  a r i s e  from 

r a p id ly  in te r c o n v e r t in g  d i s t o r t e d  ch a ir  conform ations must be consider:  

r e d ,d e sp ite  the q u a l i ty  o f  the r e s u l t s  der ived  above. Examination  

o f  'opened a n g le '  ch a ir  forms lea d s  to a p red ic ted  ^  cou p lin g  o f  

9*9 H z., again  in  ra th er  s e r io u s  disagreem ent w ith the observed va lue  

o f  12.2 Hz. That ch a ir  forms might co n tr ib u te  to  the observed s p e c tr a l  

parameters cannot be e n t i r e l y  e l im in a ted  on th ese  grounds but the over*, 

r a i l  q u a l i ty  o f  the r e s u l t s  obtained would be degraded by a llo w in g  more 

than an in s i g n i f i c a n t  amount o f  ch a ir  forms to con tr ib u te  to the o v e r a l l  

conform ational p ic tu r e .

I f  we compare the deductions above concerning the s o lu t io n  conform: 

ra t io n  w ith  the conformation in  the s o l i d  in  which c i s  65° and
2345

the C-Br bonds make an angle o f  57° with the symmetry a x i s ,  then there  

i s  l i t t l e  doubt that a common conformation e x i s t s  in  s o l i d  s t a t e  and 

in  s o lu t io n .  'Whilst major amounts o f  other  conformations in  s o lu t io n  

would be expected  to cause a n o t ic e a b le  disagreement between a t  l e a s t  

one w eighted coup ling  and the observed v a lu e ,  minor pop ula tions o f  other  

conform ations cannot be excluded on t h i s  b a s i s  owing to the l im ite d  

accuracy o f  r e la t io n s  o f  the Karplus typ e . In fact^ ev id en ce  to De pres:  

.rented shortly^ does suggest the e x is te n c e  of o th er  conformations to a



minor e x te n t  in  so lu t io n *  I t  should fu r th e r  he mentioned th at the t w i s t -  

hoat conformation found as the major form above i s  in h e r e n t ly  n o n -r ig id  

(b e in g  su b jec t  to  p seu d orota tion  m otions) and th at the observed coupling  

co n sta n ts  found in  s o lu t io n  would a ls o  be compatible w ith  a l im ite d  deg: 

:ree o f  t o r s io n a l  o s c i l l a t i o n  about ^2345 = +^ °  on tlle P seudorotation  

c y c le .

d ip o le  moment measurement.

In order to  check the i d e n t i t y  o f  the conformation in  s o lu t io n  

and c r y s t a l  phases the m olecular d ip o le  moment expected  fo r  the cry s t!  

: a l  conformation has been c a lc u la te d  a t 2 .2  D, u s in g  a va lue  o f  2 .0  D
,95

fo r  the p a r t i a l  moment a long  the C-Br bond'. An experim ental d ip o le  

moment in  benzene s o lu t io n  (n e g le c t in g  atomic p o la r i s a t io n )  o f  2 .4  B i s  

c o n s i s t e n t  w ith  the v iew  th a t the predominant conformation in  s o lu t io n  

corresponds to th a t  found in  the c r y s t a l .

comparison o f  c r y s t a l  and s o lu t io n  in fra red  s p e c t r a .

A g en era l  comparison o f  c r y s t a l  (KBr d i s c )  and s o lu t io n  (CS^)
- 1  - 1in fra r e d  sp e c tra  in  the range 1200 cm. to  550 cm. was made u s in g  

a Perkin Elmer 225 Grating In frared  Spectrophotometer w ith the fo l lo w in g
__ -j

r e s u l t s .  In frared  spectrum o f  Y, y  in  cm. (CS0 ): 1163 (m); 1148max. d.
( s ) 5 1113 (w)j 1025 (w); 980 (w); 9^5 (w)s 935 (w); 925 (w )5 910 (w)j

838 (m); 785 ( s ) ;  749 ( s ) 5 720 ( s ) ;  714 (m); 7O8 ( s h ) ;  575 (ra)* Infra:
— 1jred  spectrum o f  V, y in  cm. (KBr d i s c ) :  1165 ( m) 5 1150 ( s ) ;  1110max.

(m); 1040 (w); 1030 (w); 984 (w); 972 (w); 921 (w); 908 (w); 838 ( s ) ;

780 ( s ) ;  750 ( s ) ;  718 (m)j 705 ( s ) ;  575 (m). This shows an extrem ely  

c lo s e  correspondence. However, the most i n t e r e s t in g  fea tu re  o f  the infra*. 

:red spectrum d e r iv es  from the short transannular co n ta c t  o f  3*04 X 

( s e e  f i g s .  17.1 and 21.1 ( in t e r le a v e d ) )  between the symmetry r e la t e d  

carbons o f  the methylene groups -  C(4 ) and C (8). This va lu e  compares 

with th a t ,  3 .0 6  observed in  1-p-bromobenzenesulphonyloxymethyl-5~



m eth y l'b icyc lo (3 j3 j 1 )nonan~9”*°l and s im ila r  d is ta n c e s  in  o ther  carbocy:
/ 9 M 7

: c l i c  b i c y c l o ( 3 } 3 , 1 )nonane d e r iv i t iv e s ' .  In a l l  th ese  compounds,
—1abnormal methylene s c i s s o r in g  bands near 1490 cm. are observed and

are c r e d it e d  to  the transannular in t e r a c t io n  o f  methylene protons in
/*98

eaoh o f  th ese  compounds. S evera l authors7 concur in  t h i s  assignment 

o f  the abnorm ality to  hydrogen-hydrogen non-bonded r e p u ls io n s  across
✓97

the r in g s  in  q u es t io n .  I n t e r e s t in g ly ,  E g lin to n  and coworkers7 observed  

th ese  abnormal bands in  both s o l i d  s t a t e  and s o lu t io n  and thereby deduc; 

:ed m olecular conformation as an e x tr a p o la t io n  o f  the s o l i d  s t a t e  conj 

5form ation determined by X-ray s t u d ie s .  In the l i g h t  o f  t h i s  we might 

ex p ec t  a s im i la r  band f o r  V whose methylene groups are a ls o  forced  

in to  c lo s e  proxim ity  acro ss  the r in g .  Such an absorption  i s  in  f a c t  ob*. 

sserved  at 1487 cm. (m), about 4 cm.“ in  the s o l i d  (KBr d i s c ) .

A s im i la r  band i s  observed in  s o lu t io n  at 1488 cm.”"** (m), AVi about

5 cm. ( i n  CCl^) and hence we are sa fe  in  concluding th a t  the main

conformer in  s o lu t io n  i s  the same as t h a t . i n  the c r y s t a l .  I t  should

-1be mentioned though, th a t  in  the reg ion  1400 to 1500 cm. , on p ass in g

from the s o l i d  s t a t e  to  s o lu t io n ,  two new bands appear a t  1428 and 1473 
- • J

cm. • These bands are both weak, each having a v a lu e  o f  apparent e x t in c  

: t i o n  c o e f i c i e n t  no g r ea ter  than a ten th  o f  the 'abnormal* band. This  

would su g g est  th a t  r e l a t i v e l y  minor amounts o f  o ther  conform ations could  

c o e x i s t  w ith the main form in  s o lu t io n .

2

c o n s is t e n c y  o f  the n .m .r .  data fo r  V.

"Whilst the major co n tr ib u t io n  to e s t a b l i s h in g  the conformation o f  

V in  s o lu t io n  was der ived  from a study o f  the n .m .r .  v i c i n a l  cou p lin g  

c o n s ta n ts  observed from the spectrum, i t  i s  u s e f u l  to  c ro ss  check the 

r e s u l t s  now ach ieved  by a c o n s id era t io n  o f  o ther  cou p lin g  co n sta n ts  

in  the system . F i r s t l y  though, we can remark upon the v a lu e  o f  that  

v i c i n a l  con stan t which was not tr e a ted  by means o f the Karplus eq u ation s  

above.



W hilst Cooper and Manaat' have su ggested  that i t  i s  p o s s ib le  to  

ob ta in  accurate  e s t im a te s  o f  bond an g les  about v in y l  systems by use of  

n .m .r ,  cou p lin g  c o n s ta n ts ,  the va lue  observed in  the current system can 

only  be used in  a confirm atory s e n se .  The c i s - o l e f i n i c  cou p lin g  constant
y*100

o f  11.2 Hz. i s  in  keeping^ w ith a -C=C-C- angle in  e x ce ss  o f  125°.

The c r y s t a l  va lu e  observed f o r  the angle C (1)-C (2)-C (3) i s  1 2 8 .3 ° .

Furthermore, i t  i s  p o s s ib le  to  co n s id er  the l in e  broadening in

the n .m .r .  spectrum produced by un reso lved  long  range c o u p lin g s .  Consid:

s e r a t io n  o f  the spectrum o f  V r e v e a ls  the f o l lo w in g .  The s ig n a l s  a r i s in g

from protons and jjj are the sh arp est l i n e s  in  the spectrum and hence

must exp er ien ce  l i t t l e  long  range co u p lin g . Examination o f  D reid ing  mod*.

s e l s  (w ith  expanded r in g  a n g le s )  in d ic a t e s  th a t  (a )  there are no planar
j  *101a

*¥• paths f o r  long range cou p lin gs  over fo u r  bonds' to  protons 2.

and £  r e s p e c t iv e ly ,  (b) the * a l l y l i c f paths to  protons 3. and r e sp e c t:
/*101b

s i v e l y  are a s s o c ia te d  w ith an angle o f  about 35 c o n s is t e n t  with

a very  sm all or zero couplingjand th at (c). there  are no oth er  appropri:

sa te  cou p lin g  p a th s .  Thus the proposed conform ation s a t i s f a c t o r i l y  rat:

s i o n a l i s e s  the appearance o f  the s ig n a l s  from protons J[ and Jjj. The sig.:

sn a ls  from protons 2_ and _6 are co n s id era b ly  broader than those  above

and exam ination o f the model r e v e a ls  (a )  th a t  an almost planar ’W path
/*101a

to  protons and 8et r e s p e c t iv e ly  i s  a v a i la b le '  and (b) a t  the same
/*101b

time a near p lanar fTTf , which i s  an a l l y l i c  path , i s  a v a i la b le  to

8& and a* r e s p e c t iv e ly .  Ho o th er  s i g n i f i c a n t  cou p lin g  paths are a v a i l j

sa b le ,  but th ese  two are s u f f i c i e n t  to  e x p la in  the almost t r i p l e t  (or

doublet o f  d o u b le ts )  ch aracter  o f  the 2_ and _6 resonan ces . S ig n a ls  from

3 and show a moderate degree o f  broadening which can on ly  a r i s e  (by
~  /* 1 0 1 o
exam ination o f the. model) from ’h om o a lly l ic  1 paths' 8a.and 8fi and 4°-

and zyQ r e s p e c t iv e ly .  The and 8^ s ig n a l s  are s im i la r ly  broadening due

to  the long range cou p lin gs  d e t a i l e d  above, th a t  i s  co u p lin g s  from to

protons are broader s t i l l .  Hom oallylic cou p lin g  to and 3. i s  p resen t



but the f u l l  width only seems r a t io n a l i s a b le  on the b a s i s  o f  an enhanced 

r e la x a t io n  o f th ese  n u c le i  by each other^ due to t h e ir  .c lose  proxim ity  

in  the p re ferred  conform ational form.

s t a b i l i t y  o f  the main conformer.

While r a t i o n a l i s a t i o n  o f  the predominance o f  the main conformer

found in  s o lu t io n  s t r i c t l y  req u ires  the a p p l ic a t io n  o f  s t r a in  c a lc u la t :

/ 30l i o n s ,  we may remark th a t  such c a lc u la t io n s  on Hr favour a tw is t -b o a t

over a boat or ch a ir  form. Examination of the in fra red  spectrum o f  IV

( c i s , c i s - c y c l o o c t a - 1 , 5 -d ien e )  shows a s im i la r  abnormal methylene s c i s s ;
_ • )

sorin g  band a t  14-87 cm. which can be taken as confirm ing the presence  

o f  a s im i la r  s tru c tu re  as in  V. The e le c tr o n  d i f f r a c t i o n  r e s u l t s  fo r
774

the gaseous conformation o f  IV' shows a boat form but i t  seems lik e ly ^

from the i . r .  r e s u l t s  on the neat l iq u id ^ th a t  some tw is t  i s  p resen t in

the r in g  causing  the abnormal methylene s c i s s o r in g  by transannular

hydrogen c o n ta c t s .

The p a r t ic u la r  tw is t -b o a t  conformation adopted by V s u f f e r s  n e i th e r  

(1 2 ) / 102Johnson a l l y l i c  A 9 ' s tr a in '  ( a r i s in g  from the e c l i p s i n g  or p a r t ia l  

e c l i p s i n g  o f  C-Br bonds w ith  the adjacent o l e f i n i c  C-H bonds (se e  ta b le  

2 ) )  o f  TB2(d) and TB3(d) or o f  B 2(d), nor the severe transannular  B r . . .  

•Br s t r a in  o f  TB4-(d) and S 2 (d ) ,  nor f i n a l l y ,  the H . . . .B r  r ep u ls io n s  o f  

B l(d )  and the c h a ir  forms.
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Conformational Analysis in Conjugated Systems.

Preludes n .m .r .  ob servat ion  of r o t a t io n a l  "barriers.

N .m .r. sp ectroscop y  p rov id es  the chem ist with a means of studying

in tram olecu lar  movements w ith  a c t iv a t io n  e n e r g ie s  from about 5 to about

25 k c a l . /m o le .  Below 5 k c a l . /m o le ,  p r o c esse s  are too f a s t  on the n .m .r .

time s c a le  to  a llow  d is c r im in a t io n  o f  the in d iv id u a l  conform ations con',

s t r ib u t in g  to  the observed p h y s ic a l  p r o p e r t ie s  of the system; the aver.'

sage spectrum observed i s  g e n e r a l ly  i n s e n s i t i v e  to the m olecular m otions.

Above 25 k c a l . /m o le ,  s p e c ie s ,  d i f f e r i n g  by some in tram olecu lar  motion,

are s u f f i c i e n t l y  long l iv e d  to provide com p lete ly  independent sp ec tra ,
*

again  i n s e n s i t i v e  to  the m olecular motion in  q u es t io n .  Though informat! 

s ion  o f  va lue  can be d er ived  from these sp e c tr a ,  thermodynamic con s id er:  

s a t io n s  r e l a t i n g  to  the in tram olecu lar  motion cannot be probed and in  

many in s ta n c e s ,  th ese  parameters are o f  primary i n t e r e s t .

We have a lread y  considered  c y c l i c  systems where a c t iv a t io n  b a r r ie r s  

in  t h i s  range are o f te n  met, and we have remarked upon the p o s s ib le  

sources o f  the b a r r ie r s  in  th ese  m o lecu les .  ITon-cyclic m olecu les  a ls o  

d is p la y  b a r r ie r s  to  in t e r n a l  motions, p a r t i c u la r ly  s i g n i f i c a n t  being  

b a r r ie r s  o f  a r o t a t io n a l  k ind  where one part o f  a m olecule can be v i s ;  

lu a l i s e d  as r o ta t in g  about a bond or bond system l in k in g  i t  to the r e s t  

o f  the m olecu le . The s im p le s t  o f  a l l  m olecules to  e x h ib i t  any b a r r ie r  

to  in t e r n a l  motion i s  ethane where a 3 k c a l . /m o le  a c t iv a t io n  b a r r ie r  to
,*1

r o ta t io n  about the C-C bond i s  e s t im a ted . The source o f  t h i s  b a r r ie r
,*2

in  ethane i s  s t i l l  very  poorly  understood. The v a r io u s  f a c t o r s  which 

are capable o f  r a i s in g  the r o ta t io n  b a r r ie r  in  m olecu les are f a r  b e t t e r  

understood , a t  l e a s t  in  a q u a l i t a t iv e  s e n se .  Before we can examine r o t ;  

s a t io n a l  b a r r ie r s  by n .m .r .  spectroscop y , we require  some a d d it io n a l  

hindrance to  r o ta t io n  from one or more o f th ese  so u rces .

Two major fa c to r s  are observed to cause notab le  in c r e a s e s  in  the 

b a r r ie r s  to  in t e r n a l  r o ta t io n  o f the c o n s t i tu e n t  parts  o f  m olecules
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r e l a t i v e  to one another. F i r s t l y ,  the s u b s t i t u t io n  o f  bulky groups at  

the ends o f  the oond system about which r o ta t io n  occurs can cause s t e r i c  

o b s tr u c t io n  o f  the r o ta t io n  w ith  a consequent in crea se  in  the measured 

a c t iv a t io n  b a r r ie r .  Perhaps one o f  the most in t e r e s t in g  f i e l d s  of study, 

where such s t e r i c  b a r r ie r s  are observed by n .m .r . ,  i s  th a t  concerning  

the hindered r o ta t io n  o f t - b u t y l  s u b s t i t u e n t s  in  va r io u s  system s. Bush:

: we H e r  and coworkers have measured the. thermodynamic parameters fo r  

t - b u t y l  r o t a t io n  in  t-butyld im ethylam ine and found a b a r r ie r  o f  6 .0  _+ 0 .1  

k c a l . /m o le  a t  -153 C ( Or)', A s l i g h t l y  h igh er  b a r r ie r  of 6 .4  + 0 .2  k c a l .

/m ole a t  -1 4 8 .2 °C . was measured f o r  t - b u t y l  r o ta t io n  in  t -b u ty ld ic h lo r o :

/ 4 / 5 sphosphine by the same sc h o o l .  Robert and Roberts' had e a r l i e r  measured

an alm ost i d e n t i c a l  b a r r ie r  fo r  the same compound. The a b i l i t y  to observe

such r o t a t io n a l  e f f e c t s  i s  an in d ic a t io n  o f  the power o f  n .m .r .  methods

to  probe su b t le  m olecular a c t i v i t y .  Secondly, in crea se  in  the bond order

about which r o ta t io n  occurs imparts r i g i d i t y  to  the system , again resu lt*

s in g  in  an in crea se  in  r o t a t io n a l  a c t iv a t io n  energy . I t  i s  w ith  t h i s

l a t t e r  group o f  system s th a t  we have been p r im a r ily  in t e r e s t e d  in  the

l a s t  few y e a r s .

However, we do n o t ,  by merely in c r e a s in g  the b a r r ie r  to  r o ta t io n  

about bonds so th a t  they l i e  somewhere w ith in  the reg ion  s p e c i f i e d  above, 

guaruntee th a t  the r o ta t io n  w i l l  be s u s c e p t ib le  to ob servat ion  by n .m .r ,  

sp ectro sco p y . Means o f probing the conform ational co n d it io n  o f the molec: 

su le s  w i l l  be req u ired . Two major requirem ents w i l l  need to be met.

I n i t i a l l y ,  the d i f f e r e n t  rotamers a r i s in g  from the r o t a t io n a l  move; 

:ment in  q u estion  must be d is t in g u is h a b le  by n .m .r .  sp ectro sco p y . For 

t h i s  to  occur we require a t l e a s t  that the n u c le i  being  observed reson;  

sate  a t d i f f e r e n t  fre q u e n c ie s  fo r  the d i f f e r e n t  rotamers under stud y .

Such d i f f e r e n t i a l  chemical s h i f t s  are o f te n  induced by oth er  (m agnetic;  

s a l l y  a n is o tr o p ic )  s u b s t i t u e n ts  included in  the m olecule , o f te n  fo r  

t h i s  s p e c i f i c  purpose. 'Then a g iven  nucleus reso n a tes  a t  d i f f e r e n t  

chem ical s h i f t s  in  d i f f e r e n t  rotamers, then we can observe temperature



dependent sp e c tra , the b a s is  io r  e s ta b l is h in g  thermodynamic param eters 

fo r  the r o ta t io n . The nature o f the in d iv id u a l rotamers may a ls o  be 

e s ta b lis h e d  from the o b serv a tio n  o f not on ly  the chem ical s h i f t s  induced  

by a g iv en  s u b s t itu e n t , but a lso  o f the v a r ia t io n  o f co u p lin g  co n sta n ts  

between n u c le i  which, as we have seen , depend on the angular re la tio n *  

t sh ip  o f the n u c le i  to each o th er . W hilst the p r e v io u s ly  rep orted  study  

o f the conform ation o f a medium r in g  system  r e l ie d  m ainly upon v a r ia t io n s  

in  sp in -sp in  cou p lin g  co n sta n ts  to  d e fin e  conform ation , the p resen t  

s tu d ie s  on conjugated  system s (to  be rep orted  below) r e ly  m ainly upon 

d if fe r e n c e s  in  chem ical s h i f t s  induced by m a g n etica lly  a n iso tr o p ic  groups, 

o fte n  in t e g r a l  p a r ts  o f the conjugated  system  under c o n s id e r a t io n .

S t r i c t l y  sp eak in g , any bond system  i s  l i k e l y  to be m a g n etica lly  

a n is tr o p ic  but g e n e r a lly , the o v e r a ll  symmetry o f the m olecu le , whether 

tim e averaged or n o t , w i l l  e lim in a te  any d i f f e r e n t ia l  s h ie ld in g  e f f e c t s  

from t h is  so u rce . However, in  ca se s  o f  r e s t r ic t e d  r o ta t io n , time averaged  

symmetry i s  not n e c e s s a r i ly  observed and in  consequence the m olecular  

asymmetry may be r e f le c t e d  in  a d i f f e r e n t ia l  s h ie ld in g  o f g iv en  n u c le i  

which, under averagin g c o n d it io n s  would be a t l e a s t  isoch ron ou s.

M agnetic a n istro p y  i s  p a r t ic u la r ly  pronounced in  system s w ith  ' f f

e le c tr o n s ,  o f which the arom atic r in g  i s  a c la s s ic  exam ple. Though the

e x a c t nature o f the areas o f s h ie ld in g  and d e sh ie ld in g  e f f e c t  to be

/ 6exp ected  from v a r io u s p o s s ib le  *jr-systerns i s  in  d ispute', the e x is te n c e  

o f th ese  e f f e c t s  i s  ex trem ely  fo r tu ito u s  fo r  many n .m .r . s t u d ie s .  In  

th is  way, g eo m etr ica l asymmetry i s  tr a n s la te d  in to  an observab le  s h i f t  

asymmetry in  the n .m .r . spectrum .

The c a lc u la t io n  o f thermodynamic parameters from n .m .r . sp ec tra  

req u ires  an accurate knowledge o f the appropriate s p e c tr a l param eters 

of the system . In c a lc u la t in g  a c t iv a t io n  thermodynamics, we w i l l  req u ire  

p r e c ise  measurements of two a d d it io n a l param eters to  those norm ally con; 

js id e r ed  n ecessa ry  to ch a r a c ter ise  the n .m .r . spectrum . These are the 

r a te s  o f exchange of the rotam ers in  the system  between the v a r io u s  

conform ations populated a t the p a r tic u la r  temperature o f measurement,



and an a c c u r a t e  measure o f  t h i s  p a r t i c u l a r  t e m p e r a t u r e • The need to  

der ive  ra te  parameters fo r  a s e r i e s  o f  d i f f e r e n t  temperatures a ls o  

imposes a requirement fo r  accurate temperature c o n t r o l , in  the n.m.r*

p a r t ic u la r  d i f f i c u l t i e s  t h i s  requirement c r e a te s  are d is c u s se d  f u l l y  

l a t e r  in  t h i s  t h e s i s .  The p r a c t i c a l  d e r iv a t io n  o f thermodynamic data  

i s  a ls o  d e a l t  w ith  l a t e r .

Conjugated System s.

The concept of ’reso n a n ce1 i s  "by now so  w e l l  e s t a b l i s h e d  in  the 

s t r u c t u r a l  theory o f organic  chem istry th a t  i t  needs no exp lan ation  here 

Any two IT-bond system s, when lin k ed  to g e th er  by a s in g le  bond as in  the 

s tr u c tu re  o f  H, IT—dime thy I f  ormamide ( f i g .  1 ) ,  cannot be p r e c i s e ly  rep res:  

jen ted  as n o n - in t e r a c t in g ,  as the va len ce  bond formula I  would su g g e s t ,  

but req u ire  to  be rep resen ted  as a hybrid of I and I I  ( f i g .  1 .1 ,2 ) ;  th at  

i s ,  as some s tru c tu re  which i s  n e ith e r  I  nor I I  but a compromise between  

them. In terms o f  m olecular o r b i t a l  theory , the e le c tr o n s  of the Tr-bond 

systems are d e lo c a l i s e d  to some e x te n t  over the in term edia te  s in g le  bond 

So the -K -electron system i s  to  some .degree extended over the e n t ir e  

len gth  o f  the 0=C-tT chain in  N,IT-dime thy I f  ormamide (DMF). This may be 

r e s ta te d  in  terras o f  the s in g le  bond (C-TT) acq u ir in g  p a r t i a l  double bond 

ch aracter  w ith  a consequent in crea se  in  r i g i d i t y  a s so c ia te d  w ith  double 

bonds. At the same tim e, the formal double bonds of a system lo s e  some 

o f  t h e ir  double bond ch aracter  w ith a r e s u l t in g  decrease in  the b a r r ie r  

to  r o t a t io n  about th ese  bonds. This decrease i s  r a re ly  s u f f i c i e n t  to  

permit ob servat ion  of r o t a t io n a l  isomerism about these bonds by n .m .r .  

sp ectro sco p y .

sam p le ,a t  temperatures in  the range -180°C to +200°C or h ig h er .  The



I t  shou ld  he n o t i c e d  t h a t  we have c o n s id e r e d  i n  the  p r e s e n t  case  

in t e r a c t io n  of n-ir e le c t r o n s  on n itro g en  with p-ft e le c tr o n s  on carbon 

and oxygen I t  i s  fu r th e r  p o s s ib le  to extend resonance in t e r a c t io n  beyond 

th a t  shown in  DMF by in te r p o s in g  fu r th e r  ^ -sy stem s  between carbon and 

n itr o g e n .  These systems are n ea r ly  always p-7*- -  p—Tt systems as found in  

carbon -  carbon double bonds, t r i p l e  bonds or the d e lo c a l i s e d  ^r^-electrons 

found in  aromatic s t r u c t u r e s .  The v in y lo g o u s  amide I I I  ( f i g .  2 .1 )  i s  an 

example o f  such a system as i s  the s u b s t i t u te d  pyrrole  IV ( f i g .  2 . 2 ) .

The d ip o la r  nature o f  s e v e r a l  common-ft-electron system s i s  w e l l  

known. This i s  i l l u s t r a t e d  by the va len ce  bond d e s c r ip t io n  o f  DMF in  

which the carbonyl fu n c t io n  withdraws e le c t r o n s  from the r e s t  o f  the 

molecule by an in d u c t iv e  e f f e c t ,  and, more s i g n i f i c a n t l y  fo r  our present  

i n t e r e s t s ,  by a-resonance e f f e c t  as shown. The magnitude o f  t h i s  reson;  

lance e f f e c t  w i l l  determine the degree o f  double bond ch aracter  in  the 

C(*0) -IT bond and in  consequence the a c t iv a t io n  b a r r ier  to r o ta t io n  about 

t h i s  bond. This p o s tu la te  has been amply confirmed in  p r a c t i c e .  At the  

same tim e, we a ls o  observe th a t  the e x is t e n c e  o f  the lone p a ir  of e l e c ;  

i t r o n s  on n itro g e n ,  a source of e le c tr o n  d e n s i ty ,  means th a t  the e le c ?  

i tr o n  withdrawing tendency of the carbonyl fu n c t io n  i s  r e in fo r c e d  by 

the presence of t h i s  e l e c tr o n  lone p a ir .  Had the dimethylamino fu n c t io n  

been rep laced  by an e le c tr o n  withdrawing group such as another carbonyl,  

then no enhanced b a r r ie r  to r o ta t io n  would have been observed about the 

C(=0)-C(=0) bond of the d ik e to n e .

A tten u ation  o f the e f f e c t  o f  a group such as carbonyl i s  achieved  

by in te r p o s in g  a v in y l  fu n c t io n  between the carbonyl and the n itro g en

(m) || (IV)

F ig .  2 .1  -  2 . 2 .



lone p a ir .  The e f f i c i e n c y  of the v in y l  group fo r  tran sm ission  o f the 

e le c t r o n ic  e f f e c t s  of such s u b s t i t u e n t s  i s  observed to  be n o ta b ly  l e s s  

than 100$, and con sid erab le  i n t e r e s t  fo c u s se s  around the e n e r g e t ic  de;

: t a i l s  of th ese  i n t e r a c t io n s .  Perhaps the most in t e r e s t in g  fu n c t io n  to  

in terp o se  in  the b a s ic  DMF system i s  the aromatic benzene n u c le u s .  The 

e x te n t  o f  i n t e r e s t  in  benzene chem istry and the many attem p ts , i n i t i a t e d  

by Hammett's r e la t io n s h ip ,  to  d escr ib e  q u a n t i t a t iv e ly  aromatic r e a c t :  

8 iv i t y  lend a c e r ta in  s ig n i f i c a n c e  to the attem pts to  understand the 

e n e r g e t ic s  o f  the '||,-bond system in  t h i s  s t r u c tu r e .  I t  i s  w e l l  recogn ised  

th a t  the 'jt—e le c tr o n s  in  benzene are by and large  r e sp o n s ib le  fo r  i t s  

unique chem ical behaviour.

Many other  g eo m etr ica l  arrangements o f  TT-electron systems are 

f e a s i b l e ,  and one type which has a t t r a c te d  a good d e a l  o f  study i s  th a t  

i n  which two e le c tr o n  withdrawing groups s i t u a t e d  a t extreme ends o f  a 

conjugated system  compete f o r  the e le c tr o n s  donated by some group placed  

somewhere in  the system between them. Two examples o f  t h i s  are provided  

by the benzamides V and the cinnamamides VI ( f i g .  3 . 1 , 2 ) ,  and in  a d i f f :  

l e r e n t  fa s h io n  by the fo rm a n il id es  VII ( f i g .  3 . 3 ) .  C onsideration  of the 

r e s u l t s  from such system s w i l l  be t r e a te d  very  b r i e f l y  in  the fo l lo w in g  

review  s e c t i o n s .

WV / e~\ ‘CHj

(V) (VI)

F i g . 3 .1  — 3«3 •

I t  i s  c le a r  from what was sa id  e a r l i e r  about the requirem ents fo r  

ob servat ion  o f  r o t a t io n a l  b a r r ie r s  by n .m .r .  sp ectroscop y , th a t  these  

conjugated systems are, by and la r g e ,  w e l l  s u i t e d  to  study in  t h i s  

manner. The n ecessary  b a r r ier s  to r o ta t io n  are provided by the e le c tr o n  

d e lo c a l i s a t i o n  in  the system . The geo m etr ica l asymmetry i s  assured



alm ost as a m a t t e r  of course by the a sy m m etr ica l  nature of most Tp-elec: 

stron  sy stem s. The tr a n s la t io n  in to  an observab le n .m .r . s h i f t  asymmetry 

i s  ach ieved  by the m agnetic a n istro p y  o f the fu n c t io n a l groups norm ally  

p resen t in  the m olecu le . However, d e sp ite  the pronounced a n is tro p y  o f  

many o f  the fu n c t io n a l groups commonly in c lu d ed  in  conjugated  system s, 

the a tte n u a tio n  o f  the a n iso tr o p ic  e f f e c t s  i s  such th a t more d is ta n t  

s i t e s  may exp erien ce  l i t t l e  or even no chem ical s h i f t  d if fe r e n c e  between  

the exchanging s i t e s  on the r o ta t io n a l  iso m ers . In many c a se s , though a 

d i f f e r e n t ia l  s h i f t  i s  s t i l l  induced , i t  i s  so  sm all th a t i t  i s  o f l i t t l e  

use to  the s p e c tr o s c o p is t  as e s s e n t ia l  s p e c tr a l  d e t a i l  i s  con cea led  w ith: 

s in  lin ew id th  e f f e c t s .

One obvious p o s s ib le  s o lu t io n  o f t h is  problem i s  to  acq u ire the 

sp e c tr a  a t  a h igh er  spectrom eter m agnetic f i e l d ,  as the in c r ea se  in  

f i e l d ,  w h ils t  m ain tain ing s p e c tr a l  r e s o lu t io n , w i l l  in c r ea se  the separ: 

sa tio n  o f  ch em ica lly  s h i f t e d  resonances in  the spectrum . In many c a se s ,  

however, t h i s  course o f  a c t io n  i s  not a p p ro p ria te , e i th e r  due to  the  

in a b i l i t y  to  ach ieve  a s u f f i c i e n t l y  h igh  f i e l d  to sep ara te  ex trem ely  

c lo s e  reso n a n ces , or more mundanely due to  the n o n - a v a i la b i l i t y  o f the  

n ecessa ry  in stru m en ta tio n .

The s o lu t io n  o f  t h is  problem can o fte n  be ach ieved  by th e use o f
,*7 &

Aromatic S o lven t Induced S h if t s  (ASIS)-. Hatton and Richards' in  study:

s in g  the e f f e c t  o f v a r io u s  arom atic so lv e n ts  upon the m ethyl s h i f t s  ob:

sserved  in  DMF and H,lT-dim ethylacetam ide (DMA), n o tice d  th a t the so lv e n t

induced s h i f t  d if fe r e d  between the m ethyls c i s  and tran s to  the carbonyl

oxygen. The amount o f  s h i f t  which each m ethyl r e c e iv e s  depends upon the

co n cen tra tio n  o f  arom atic so lv e n t  p r e se n t . The o v e r a ll  e f f e c t  v a r ie s

w ith  the arom atic so lv e n t  u sed , but g e n e r a lly  the m ethyl s ig n a ls  con:

:verge upon one another and alm ost in v a r ia b ly  cro ss  over and d iv erge

from one another a g a in , now in terchanged  in  the spectrum , as the concen:

s tr a t io n  o f arom atic so lv e n t  i s  in c r e a se d . I t  seems l ik e ly  th a t t h is

e f f e c t  a r is e s  from a s t e r e o s p e c i f ic  a s s o c ia t io n  o f the arom atic so lv e n t

w ith  the DMF or DMA m o lecu le . The p o s i t iv e  end o f the s o lu te  m olecular



d ip o le ,  s i t u a t e d  on the amide n itro g e n ,  i s  l i k e l y  to  a s s o c ia t e  w ith  the 

aromatic r in g  o f  the s o lv e n t  , perhaps ly in g  planar to  the plane o f  the 

s o l u t e .  The n e g a t iv e  oxygen o f  the amide can then be v i s u a l i s e d  as being  

d isp la c e d  as fa r  as p o s s ib le  from the n e g a t iv e  'fy-clouds of  the aromatic 

r in g .  In t h i s  fa s h io n ,  asymmetric s o lv a t io n  i s  ach ieved . This o r ie n ta t  

: io n  o f s o lu te  and s o lv e n t  can be rep resen ted  as in  f i g .  4 (from Hatton
A f t

and Richards' ;•  These authors' observed s im i la r  e f f e c t s  in  o th er  planar

z 8F ig .  4 . '

conjugated systems such as m e s i ty l  ox id e , though the a c tu a l  s h i f t s  ob:

: served were sm aller  than those observed w ith  amides. In the course o f

the current s tu d ie s  to  be reported  below, s im i la r  ASIS have been employ:

:ed to magnify d i f f e r e n t i a l  chem ical s h i f t s  in  para s u b s t i t u te d  dim ethyl:  
/ i °  

sa n il in es ' .

There a re ,  u n fo r tu n a te ly ,  d isadvantages  in  the use o f ASIS e f f e c t s .  

In the f i r s t  p la c e ,  we may wish to  study a g iv en  system in  a s p e c i f i c  

s o lv e n t  (or  so lv e n t  m ixture) and the requirement to  use aromatic s o lv e n t s ,  

perhaps even in  vary in g  con cen tra tion s  which may be required  to induce 

s a t i s f a c t o r y  s h i f t s  in  a s e r i e s  of compounds, imposes s e r io u s  l im i t a t io n s  

on the data to  be der ived  from any s e t  of measi-.rements. The very  nature  

o f  the e f f e c t  induced by aromatic s o lv e n ts  su g g ests  th a t  the in t e r a c t io n  

o f  s o lu te  and so lv e n t  i s  by no means t r i v i a l .  This w i l l  be r e f l e c t e d  in  

the thermodynamic parameters derived  fo r  the r o t a t io n a l  b a r r ie r s  and i t  

i s  o f  i n t e r e s t  to  con s id er  the p o s s ib le  nature o f  these com plexes.

S e v era l  authors have attempted to show th a t  the in t e r a c t io n  between  

aromatic s o lv e n t  and s o lu te  m olecules can be descr ib ed  in  terms o f  f ix e d  

s to ic h io m e tr y  where d ip o le -d ip o le  in t e r a c t io n s  are the b in d in g  force  

hold in g  the complex to g e th e r .  Ronayne and IT illiam s/ have su ggested  th at  

benzene so lv e n t  m olecules w i l l  s o lv a te  e le c t r o n  d e f i c i e n t  s i t e s  of l o c a l



d ip o le s  in  s o lu te  m o lecu les ,  probably in  t r a n s ie n t  1:1 a s s o c i a t i o n s .

The o r ie n ta t io n  of the "benzene s o lv e n t  m olecu les may w e l l  be non-planar

in  the a s s o c ia t io n s  w ith  the benzene r in g  as f a r  away from the n egative

end o f  the d ip o le  (which may be lo c a l  or m olecular) as p o s s i b l e ,  M hilst

the ev idence f o r  1:1 com pleting presented  by th ese  authors was not good,

a p o in t  they  reco g n ised , th ey  n e v e r th e le s s  considered  the expediency of

employing some simple model to  d escr ib e  the s o lu t e - s o lv e n t  in t e r a c t io n

/ 12as s u f f i c i e n t  j u s t i f i c a t i o n  fo r  i t s  use meantime. Baker and Davis' in  

1968, advanced the su g g e s t io n  th at planar aromatic s o lu t e s  need not be 

so lv a te d  by aromatic s o lv e n t s  in  p a r a l l e l  la y e rs  but th a t  benzene so lv e n t  

might spread i t s e l f  between two e le c tr o n  d e f i c i e n t  s i t e s  in  two d i f f e r ;  

:en t  m olecu les  of a s o lu te  such as 2~isopropyl~5~m ethylbenzoquinone, 

where each s o lu te  molecule con ta in s  two e le c t r o n  d e f i c i e n t  s i t e s .

Matsuo, in  1968, was c r i t i c a l  of the concept of d ipole-induced-dip*. 

so le  in t e r a c t io n s  and proposed a contrary  model where van der Waals

/ 13f o r c e s  are considered  to  be the c r i t i c a l  f a c t o r  in  any a s so c ia t io n s ' .  

Further, the concept o f  1:1 a s s o c ia t io n  i s  considered  u n s a t i s f a c t o r y  in  

t h i s  l i g h t  and a more g e n era l  concept of s o lv e n t  c lu s t e r s  i s  d e v ised  to  

rep la ce  s p e c i f i c  a s s o c ia t io n  models. The importance o f  d ip o le  in t e r a c t ;  

s io n s ,  though not considered  to  be c r i t i c a l  by Matsuo, i s  invoked to  

e x p la in  the o r ie n ta t io n  n ecessa ry  fo r  aromatic s o lv e n t  m olecu les which 

induce d i f f e r e n t i a l  s h i f t s .  Further, he a t t r ib u t e s  a g r e a te r  s i g n i f i ;  

scance to  s o lv e n t  m olecules in  the inn er  s o lv a t io n  s h e l l  o f  the s o lu te  

though s t i l l  su g g e s t in g  th a t  th ese  m olecules are in  rapid  eq u il ib r iu m  

w ith  the surrounding s o lv e n t  medium. In many r e s p e c ts  then , Matsuo*s 

model i s  not a r a d ic a l  a l t e r n a t iv e  to  s p e c i f i c  1:1 s o lv a t io n  models, 

but a l e s s  q u a n t i ta t iv e  and probably more r e a l i s t i c  v iew  of a complex 

s i t u a t i o n .
/ i 4

Baker and Milson' in  1970, observed a continuum of behaviour  

fo r  v a r io u s  s o lu te s  in  benzene between the extremes o f  s to ic h e io m e tr ic  

1:1 a s s o c ia t io n  and non—a s s o c ia t io n .  In many in s ta n c e s ,  the s to ich eiom e  

:ry  of a s s o c ia t io n  w ith  benzene was fa r  from simple and in  many ca ses
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could ‘barely  "be considered  m eaningful, though i t  was noteworthy th at in  

ca ses  where one p a r t ic u la r  approach o f  a benzene molecule to  a so lu te  

m olecule i s  g r e a t ly  favoured e n e r g e t i c a l ly ,  then 1 f 1 s to ic h e io m e tr y  was 

observed.

S evera l other v a lu ab le  c o n tr ib u tio n s  to t h i s  f i e l d  have been made 

but as some o f  the r e s u l t s  are p e r t in e n t  to l a t e r  s t u d ie s ,  we w i l l  p ost:  

ipone c o n s id e ra t io n  o f  them h ere .

A Review o f  N.M.R. S tu d ies  in  Conjugated System s.

I t  i s  not the in t e n t io n  o f  t h i s  review  to be thorough. Four very

u s e f u l  review s o f  the su b je c t  matter o f  t h i s  s e c t io n  have been published

in  the l a s t  few years  and, conseq uently , there i s  l i t t l e  p o in t in  du plic:

/ 15l a t in g  them h ere .  The review  by Binsch' pub lished  in  1968 i s  a con c ise

in tro d u c t io n  to the to p ic  and covers most of the e a r ly  work in  t h i s

f i e l d ,  though s tu d ie s  which employed approximate methods f o r  n .m .r .  cal*.

i c u la t io n s  were not covered in  any depth^as r e s u l t s  der ived  from them

were g e n e r a l ly  considered  to be su sp ect  to  a g r ea ter  or l e s s e r  e x te n t .

In 1970> K e ss le r  reviewed the d e te c t io n  o f  hindered r o ta t io n  by n .m .r .
,16

spectroscopy' and considered  amide s tu d ie s  in  some d e t a i l .  Other r o t a t i

l io n s  about bonds o f p a r t ia l  double bond character  he tr ea ted  l e s s  com!

/ 17i p l e t e l y .  A subsequent review  by Sutherland', published in  1971 > though

o n ly ■complete up to the beginning of 1970, provides comprehensive covers

I age o f  t h i s  f i e l d  under the gen era l rem it o f  n .m .r .  in v e s t ig a t i o n  of
,18

the k i n e t i c s  o f  conform ational change. F in a l ly ,  Stewart and S id d a ll '  

have reviewed the a p p l ic a t io n s  of n .m .r .  spectroscop y  to the s tu d ie s  of  

amides and th ioam ides, in c lu d in g  the measurement of r o t a t io n a l  b a r r ie r s  

and the r e la t e d  su b jec t  of isomer r a t i o s .  Consideration of a n i l id e  studv  

l i e s  i s  a ls o  in c lu d ed .

For our p resent purposes, i t  i s  u s e f u l  to c a te g o r is e  s tu d ie s  o f  con*, 

i ju g a ted  system s in  terms of the nature o f  the conjugated paths in vo lved  

r a th er  than in  terms of the p a r t ic u la r  chem ical compound con sid ered .
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Adm ittedly* th is  i s  only  a change o f em phasis, hut i t  i s  a u s e fu l  one 

in  th a t i t  a llow s us to  sy stem a tise  the r e s u l t s  along .l in e s  more pertin*  

le n t to  our p resen t s t u d ie s .

F u n ction a l groups in  organ ic chem istry  can he ch a r a c ter ised  e le c :  

i t r o n ic a l ly  as in te r a c t in g  hy in d u c tiv e  and mesomeric mechanisms. In 

terms o f  r o ta t io n a l  h a r r ie r s  in  con ju gatin g  system s, c le a r ly  the meso: 

im eric in te r a c t io n  i s  o f major im portance. M esom erically , groups can he 

c l a s s i f i e d  on a s c a le  va ry in g  from, stro n g  e le c tr o n  donar to stro n g  e le c t  

itr o n  a c ce p to r . C ooperative or com petetive  in te r a c t io n s  w i l l  he e s ta h :  

i l i s h e d  between such groups c o n ju g a tiv e ly  con n ected . So, fo r  exam ple, 

in  the g e n e r a lise d  s tr u c tu r e  V III ( f i g .  5)> we can vary the nature o f  

A, B and C w ith  consequent r e s u l t s  upon the r o ta t io n a l  h a r r ie r s  in  the 

system .

f t  — ( = 1 —  8  — s = ^ — C

(V III)

I f ,  fo r  ex-ample, B i s  an e le c tr o n  accep tor  as i s  C, then A as an 

e le c tr o n  donar w i l l  in t e r a c t  s tr o n g ly  w ith  B and cause co n sid era b le  

d e lo c a l i s a t io n  o f e le c tr o n s  in to  the con ju g a tin g  system  between A and B. 

The r o ta t io n a l  h a r r ie r s  in  t h is  part o f the system  w i l l  he in crea sed  hy 

t h is  in t e r a c t io n .  With in c r ea s in g  len g th  o f the con ju gation  ch a in , th a t  

i s  w ith  in c r ea s in g  x , the in te r a c t io n  w i l l  he a tten u a ted  w ith  a co rres:  

sponding d ecrease in  the r o ta t io n a l h a r r ie r s  to  he observed . As B and 

C are both e le c tr o n  a c ce p to rs , there w i l l  he l i t t l e  in te r a c t io n  between  

them (c o m p etitiv e  in te r a c t io n )  and r o ta t io n a l h a r r ie r s  in  the interm ed; 

s ia te  chain  w i l l  he low . I f ,  on the o th er hand, C were an e le c tr o n  donar, 

both A and C would compete to  donate e le c tr o n s  to  B and reduced h a r r ie r s  

in  the A -  B chain would he accompanied hy in crea sed  h a r r ie r s  in  the 

B -  C ch a in .
Much o f the in t e r e s t  in  r o ta t io n a l s tu d ie s  in  th ese  system s has



focu sed  on attem pts to  q u a n tify  the r o ta t io n a l b a r r ier s  observed in  

terms o f the v a r ia t io n s  of groups A, B and C in  the system s. However, 

fa c to r s  b e s id e s  the e le c tr o n ic  p lay  a p art in  e s ta b lis h in g  the observed  

r o ta t io n a l b a r r ie r s . The most im portant o f  th ese  a r is e s  from s t e r ic  

in te r a c t io n s  between s u b s t itu e n ts  o f v a r io u s  s iz e s  on the conjugated  

system . S te r ic  in t e r a c t io n s ,  which o fte n  operate to oppose p la n a r ity  

in  the conjugated  system , may p r o h ib it  some or a l l  o f the e le c tr o n ic  

in te r a c t io n s  between s u b s t itu e n ts  A, B and C and a f f e c t  the b a r r ie r s  

a c co r d in g ly . In some in s ta n c e s , however, the s t e r ic  in te r a c t io n  i s  such 

as to  d e s t a b i l i s e  the t r a n s it io n  s ta te  fo r  r o ta t io n  by cau sin g  large  

groups to  pass each o th er  during the m otion. In t h is  in s ta n c e , the r o ta t  

s io n a l b a r r ie r  w i l l  be r a is e d .

system s in v o lv in g  on ly  one in t e r a c t io n .

Such system s can be g e n e r a lise d  as in  f i g .  6 , where A and B are 

groups capable o f conjugated  in te r a c t io n s  .w ith  an in ter v e n in g  -ff-bond 

system  or w ith  each o th er .

f \ ----(— )-----6
'x

but where x = 0 .
F ig . 6 .

The prototype o f a l l  such system s, and a l l  r o ta t io n a l system s in  

g en era l to  be s tu d ied  by n .m .r . sp ectro sco p y , i s  N ,I!-dim ethylform am ide. 

The f i r s t  o b serv a tio n s  o f r o ta t io n a l isom erism  by n .m .r . sp ectroscop y
/19

were made by P h i l l ip s  in  1955 on DMF and DM. The N-methyl resonan ces  

in  th ese  system s e x h ib it  chem ical and m agnetic n on -eq u iva len ce  due to  

hindered r o ta t io n  about the c(=o) —IT bond, even a t room tem perature.

Lack o f ease  o f r o ta t io n  about t h is  bond can be a scr ib ed  to  the coopf 

J era tiv e  in te r a c t io n  o f the dim ethylamino and carbonyl fu n c tio n s  d escr ib  

:ed as a v a len ce  bond hybrid o f s tr u c tu r es  I and II  ( f i g .  1 .1 ,2 ) .  In



m olecular o r b ita l  term s, there i s  e le c tr o n  d e lo c a l is a t io n  from the

n itro g e n  lone p a ir  ('f t-o rb ita l) in to  the 'f t -o r b ita ls  o f  the carbonyl

group. The e le c tr o n  p o la r is a t io n  in  t h is  system  w i l l  cause the major

e le c tr o n  d e n s ity  to b u ild  up on the carbonyl oxygen atom, a p o in t r e in :

: fo rced  by the fa c t  th a t p ro ton ation  s tu d ie s  on DI-IP in d ic a te  th a t the
/2 0 ,21

p ro to n a tio n  s i t e  i s  predom inantly oxygen'. This coop era tiv e  conjug:

sa tio n  cau ses the DMF (and DMA.) m olecules to  be p lanar ( in  p a r t ic u la r

about n itro g e n ) w ith  amino m ethyl groups p laced  c i s  and trans to  the

carbonyl oxygen. The r e s u lt in g  m olecular asymmetry i s  r e f le c t e d  in  a

s h i f t  d if fe r e n c e  between th ese  two m ethyls induced by the m agnetic

a n iso tro p y  o f the carbonyl fu n c t io n .
,22

In 1956, Gutowsky and Holm/ d escr ib ed  m athem atically  the ra te  

dependence o f the s ig n a l  shapes from the exchanging m ethyls o f DMP and 

DMA.. U n fo rtu n a te ly , in  t h is  paper, s e v e r a l approximate r e la t io n s  were 

e s ta b lis h e d  between l in e  shape and ra te  o f  exchange o f the m ethyl groups 

and th ese  were used in  se v e r a l subsequent papers on amide r o ta t io n  barr: 

l i e r s  w ith  a r e s u lt in g  la rg e  inaccuracy  a tten d an t upon each e stim a te  o f  

the r o ta t io n a l  b a r r ie r . Only r e c e n t ly  have r e l ia b le  a c t iv a t io n  paramet: 

ser s  been obtained  fo r  amide r o ta t io n s  by t o t a l  l in e  shape comparison  

m ethods. W hilst e a r ly  r e s u l t s  showed f a i r l y  wide v a r ia t io n s  in  the para: 

im eters ob ta in ed , more recen t r e s u l t s  em ploying such methods are by and
/*23

large  in  agreement'.

The p resence o f the dim ethylam ino group in  DM? and DMA i s  p a r t ic ;  

ju la r ly  s u ite d  to l in e  shape s tu d ie s  in  as much as the system  approx: 

sim ates to  an AB system  i f  long range co u p lin gs to th ese  m ethyls are



n e g l e c t e d ,  Bumerou tu d ie H~dimethylamides have been r e p o r t e d

where the group R ( in  RC(sO)lIMe2 ) tak es v a r io u s  forms from sim ple a lk y l

groups to groups w ith  stro n g  in d u c tiv e  and con ju gative  in te r a c t io n s  w ith

the carbonyl fu n c t io n . A ta b le  o f such s tu d ie s  i s  provided by Stew art 
/2 4

and S id d a ll'. The importance of s t e r ic  e f f e c t s  o f the group R have been

remarked upon and K ess le  . He observes th a t large  s u b s t itu e n ts  upon 

the n itro g en  and in  the a c y l res id u e  of amides in crea se  the energy con: 

i t e n t  o f the alm ost p lan ar ground s ta te  because o f th e ir  s t e r ic  in te r :  

ta c t io n  w ith  the r e s u lt  th a t the energy d if fe r e n c e  to  the r o ta t io n a l  

t r a n s it io n  s ta te  becomes sm a lle r . This i s  g e n e r a lly  tru e , an ex cep tio n  

b e in g  the lo ck in g  o f the d ia lk y lam in o  group by large  s u b s t itu e n ts  on 

the phenyl r in g  o f  benzam ides. In t h is  c a se , the t r a n s it io n  s ta te  i s  

r a ise d  in  en ergy . O bviously though, co m p etitiv e  resonance e ffects^ w h ere  

R donates e le c tr o n s  m esom erically  to  the ca rb o n y l^ w ill cause red u ctio n s  

in  the C(=0)~H r o ta t io n a l  b a r r ie r  as in ^ fo r  example^the in s ta n ce  where 

R i s  phenyl (£G^ = 16 k c a l./m o le  c . f .  ca 21 k c a l./m o le  fo r  DMF)• The 

accum ulated data  i s  p r e se n t ly  too lim ite d  to a llow  any thorough break: 

idown of R group in f lu e n c e s  in to  s t e r i c  and e le c tr o n ic  components. Two 

more r ecen t s tu d ie s  of amide b a r r ie r s  as a f fe c te d  by R group v a r ia t io n s  

are g iv en  in  r e f s .  25 and 2 6 . In sta n ces  o f co m p etitive  mesomeric in t e r :  

:a c t io n  w i l l  be con sid ered  in  some more d e t a i l  la t e r .

In the b a s ic  mesomeric system  A -  B ( f i g .  6 ) where A r ep resen ts

the dim ethylam ino fu n ction ^ variou s sim ple v a r ia t io n s  o f B are p o s s ib le

and have been l i s t e d  in  the ta b le s  o f r e f s .  23 and 24 above. V a r ia tio n s

in  group A are a ls o  p o s s ib le  and some o f th ese  are l i s t e d  in  the review
/27

o f Stew art and S id d a ll' though a t the moment we w i l l  n ot co n sid er  ca se s  

o f co m p etitiv e  mesomerism a r is in g  from n itro g en  s u b s t itu e n ts .

Major s tr u c tu r a l a lt e r a t io n s  can be a f fe c te d  in  B by r ep la c in g  the  

oxygen atom by fo r  in sta n ce  su lph ur. S tu d ies  on thioam ides have become 

r e la t iv e l y  common in  recen t y e a r s . G en era lly , the b a r r ie r  to  r o ta t io n  

about the C(=S)-H bond i s  c a . 3 k c a l./m o le  la r g e r  than the b a r r ie r  

about the C(=0)~IT bond in  the corresponding id e n t ic a l ly  s u b s t itu te d



171.

/28
compound* A gain, Stew art and S id d a ll  provide a ta b le  o f such b a r r ier s '

/29
to g e th er  w ith  a comparison ta b le  fo r  amides and thioam ides'. Some con:

s tro v ersy  has a r ise n  r e c e n t ly  over the nature o f the fa c to r s  cau sin g
,30

t h is  in crea se  in  r o ta t io n a l  b a r r ie r . M oriarty and coworkers' have 

exp ressed  the op in ion  th a t th ese  in c r e a se s  a r is e  m ainly from s t e r ic

in te r a c t io n s  w ith  the su lphur atom. This v iew  has been opposed by TTalter 

/ 31and coworkers' who o f f e r  a ra th er  f u l l  argument to  e s t a b l is h  th e ir

h y p o th es is  th a t i t  i s  the e le c tr o n ic  e f f e c t  o f sulphur which i s  doming

sant in  the in crea sed  r o ta t io n a l  b a r r ie r s  observed fo r  th ioam id es.

S tu d ie s  on amidinium s a l t s ,  where sulphur i s  rep la ced  by

again  show enhanced r o ta t io n a l  b a r r ie r s  as we would ex p ect on the b a s is

/ 32o f mesomeric arguments'.

R o ta tio n a l b a r r ie r s  have been observed about 1T-1T bonds in  the case
/33

o f  d im ethyln itrosoam ine IX ( f i g . 7 ) •  P h i l l ip s  and coworkers' o r ig in a l ly

m = o

(XX) ( 1  o  ( x )

s tu d ied  t h is  m olecule in  1957 and. i t  has been s tu d ied  a number o f tim es
/34

sin ce'. V arious in v e s t ig a t io n s  o f the r o ta t io n a l  b a r r ie r s  in  a lk y l  

n i t r i t e s  X ( f i g .  7 ) bave been performed w ith  a c t iv a t io n  b a r r ie r s  in  

the r eg io n  o f 9 k c a l./m o le  b e in g  found compared w ith  c a . 22 k c a l./m o le  

f o r  IX.

system s in v o lv in g  extended con ju gation  p a th s .

Systems o f the type shown in  f ig u r e  . 8 w i l l  be con sid ered  h ere . 

These are system s where con ju gation  w ith  C=C system s i s  w holly  or p a r t ly  

resp o n s ib le  fo r  the ob serv a tio n  o f r o ta t io n a l  b a r r ie r s  about the A-C or 

B-C bonds. Ve w i l l  con sid er  f i r s t ,  th at ca tegory  where on ly  one group 

in t e r a c t s  m esom erically  w ith  the carbon double bond system .
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F ig . 8 .

The major compound o f note in  the f i r s t  ca tegory  i s  benaaldehyde,
/3 5

X I, s tu d ied  by Anet and Ahmad in  I964/. They d e te c te d  a 7 .9  k c a l./m o le

r o t a t io n a l  b a r r ie r  fo r  to r s io n  about the C (=0)-C (phenyl) bond. This com*.

/ / 36 spares w ith  a 1 .15  k c a l./m o le  b a r r ie r  in  aceta ldehyde' and h ig h lig h ts

the im portance o f mesomeric b a r r ie r s  in  arom atic compounds.

The e f f e c t  o f s u b s t it u t io n  para to  the aldehyde group in  benzalde:

shyde was a ls o  s tu d ied  by Anet and Ahmed. Such a system  can be regarded

as an amide w ith  extended con ju g a tio n  in  the in sta n ce  where the para

s u b s t itu e n t  i s  dim ethylam ino fo r  exam ple. The r o ta t io n a l  b a r r ie r  observed

fo r  X II (p-dim ethylam inobenzaldehyde) w a s .10 .8  k c a l ./m o le . The corres:

u A .
o F ig . 9 .1  -  9 . 3 .

spending b a r r ie r  in  the p-methoxy compound i s  9*2 k c a l./m o le  ( f i g .  9 )•  

R elated  s tu d ie s  by D a h lq v ist and Forsen and coworkers have e s ta b lis h e d
/37  /3 8

r o ta t io n a l  b a r r ie r s  in  2-form ylfuran^ 2 -a c e ty lfu r a n  and IT—m ethyl

s p y rro le—2-a ld eh yd e '9 as shown in  f ig u re  10

= 1 0 .5 6 (2 1 6°K)
k c a l . /m o le •

8.87(203°K )

\ o \
H

I .O

Mj2-

ca .1 1 .5 (2 1 6°k )

I
S o  A . /

the, H
F i g .  -1 Q .1 . -  1 Q .1

S im ila r ly , r e la te d  s tu d ie s  in  non-arom atic system s have been
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,40
p u b l i s h e d .  Lin  and S o r v i s 7 have observed  r o t a t i o n a l  i somerism in  the

a c y l f lu o r id e s  X III ( f i g .  1 1 .1 ) w ith  a c t iv a t io n  e n e rg ie s  betw een 5 .5

/  / * 4 1  and 7*5 k c a l ./m o le . K ozerski and Dabrowski7 have s tu d ied  h indered rot;

\  /  “

J Z  (XV)

/  \
C H

o  /  x
c-u

/  M v .
(X III) F (XIV) /

Me,
F ig . 11.1 -  1 1. 3.

ja t io n  in  enamino aldehydes and k eton es XIV ( f i g .  1 1 .2 ) ,  n o tin g  v a lu es  

fo r  Cy-F and r o ta t io n s  in  the sy stem s. V alues range between c a . 11

and ca . 15 k c a l ./m o le . A wide v a r ie t y  o f  r e la te d  compounds, some e x h ib it :

z 42s in g  co m p etit iv e  mesomeric e f f e c t s  are ta b u la ted  by Sutherland7. This
/  43

author a ls o  ta b u la te s  the r e s u l t s  o f s im ila r  s tu d ie s  in  fu lv e n e s7. An 

in t e r e s t in g  example o f the a tten u a tio n  e f f e c t  o f  in c r e a s in g  con ju gation  

between two m esom erically  in te r a c t in g  s u b s t itu e n ts  i s  provided by the  

cyanine dyes XV ( f i g .  1 1*3) where the a c t iv a t io n  energy fo r  dim ethylamino  

r o ta t io n  d ecrea ses  in  the order 17 to  10 to  7 k c a l./m o le  as 11 goes from 

1 to  2 to  3 .

system s e x h ib it in g  co m p etitiv e  mesomeric in t e r a c t io n s .

Many groups o f authors have been in te r e s te d  in  system s, in  the main 

arom atic, in  which a mesomeric group o f in t e r e s t  i s  flan k ed  on e ith e r  

s id e  by o th er  mesomeric groups which may or may not in te r a c t  w ith the 

c e n tr a l group in  a co o p era tiv e  se n se . So, fo r  example, in  s tr u c tu r e s
/4 4  /45

XVI7 and XVII7 ( f ig *  1 2 .1 ,2 )  the c e n tr a l amino fu n c tio n  in te r a c ts  

c o o p e r a t iv e ly  w ith the carbonyl or n itr o so  group, w h ils t  a t the same 

tim e, the p o s s i b i l i t y  o f in te r a c t io n  w ith the arom atic system  i s  p r e se n t.  

The main in t e r e s t  in  th ese  system s l i e s  more in  the e f f e c t  o f  s t e r ic  

in te r a c t io n s  between the arom atic r in g  ortho s u b s t itu e n ts  and the carbon: 

s y l or n itr o s o  groups.
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I c. h«1 c h  c W j

(XVl) (XVIl)

F ig .  12.1 -  1 2 .2 . 

Perhaps one o f  the s im p le s t  system s in  which to  observe the e f f e c t s
/4 6o f  com p etit ive  in t e r a c t io n  i s  in  the carbamates* Machacek and Vecera  

observed reduced b a r r ie r s  to r o ta t io n  about the C-1T bond in  the carbarn: 

l a t e s  XVIII ( f i g .  1 3 .1 )  where R i s  phenyl or ©C-naphthyl. I n c id e n t ly ,

o 

- <
(XVIII) n -4-

( \ -------  O

J  W a . U . 1 .
/47

I n g l e f i e l d  and Kaplan' have observed large  n egative  e n tr o p ie s  fo r  t h is  

r o t a t io n a l  b a r r ie r  in  ca ses  where R i s  methyl f o r  both carbamate and 

th iocarbam ate . These were not observed f o r  XVIII. Numerous v a r ia t io n s  

w ith in  the co n tex t  o f  t h i s  b a s ic  s tru c tu re  have been rep orted .

One o f  the most p r o l i f i c  f i e l d s  fo r  such s tu d ie s  has been th at where 

the s u b s t i t u e n t  corresponding to O-phejiyl in  XVIII above has been a 

s u b s t i t u te d  aromatic r in g  d i r e c t l y  bonded to the carbonyl carbon or
/48

bonded v i a  a conjugated carbon chain . Thus Spassov and coworkers' 

have examined the N-C(=0) r o t a t io n a l  b a r r ie r s  in  a s e r i e s  o f  meta- and 

para— s u b s t i t u te d  dimethylcinnamamides XIX ( f i g .  14•1) where moderately  

good c o r r e la t io n s  with va r io u s  s u b s t i tu e n t  con stan ts  f o r  the aromatic  

r in g  s u b s t i t u e n t s  have been observed. These c o r r e la t io n s  in d ic a te  the 

in f lu e n c e  o f e le c tr o n  withdrawal in to  the aromatic r in g  upon the r o ta t :  

i i o n a l  b a r r ie r .  The s e n s i t i v i t y  o f  the b a r r ie r  i s  not high as we would 

exp ect w ith the in terp osed  carbon double bond a tten u a tin g  mesomeric 

e f f e c t s .  De Boer and coworkers, in  a s e r i e s  of papers, have examined
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/49

H , H - d i m e t h y l b e n z a m i d e s  a n d  c in n a m a m id e s ^  a n d  s e v e r a l  c o r r e l a t i o n s  o f
/5 0

p a r a m e t e r s  f o r  t h e s e  s y s t e m s  w i t h  S w a in  a n d  L u p t o n ' s '  s u b s t i t u e n t  c o n ;
/5 1 ,5 2  /53

i s t a n t s  h a v e  b e e n  d e r i v e d .  J a c k m a n  a n d  c o w o r k e r s '  h a v e  c o r r e l a t e d

r o t a t i o n a l  b a r r i e r s  i n  IT, IT—d im e  t h y  l b e n z  a m id e s  w i t h  H a m m e tt a  a n d  s u b :
/54

s s t i t u e n t  c o n s t a n t s .  H iw a ' h a s  e x a m in e d  H a m m ett c o r r e l a t i o n s  i n  m e t a -

a n d  p a r a -  s u b s t i t u t e d  f o r m a n i l i d e s  a n d  h a s  o b s e r v e d  t h e  n e e d  f o r  t h e .

+  —
u s e  o f  o' a n d  & s u b s t i t u e n t  p a r a m e t e r s  f o r  s t r o n g l y  m e s o m e r i c a l l y  i n t e r *  

: a c t i n g  p a r a -  s u b s t i t u e n t s .

H o t  a l l  s t u d i e s  i n  t h i s  c a t e g o r y  o f  c o m p e t i t i v e  m e s o m e r is m  s t u d y  

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

/54
: i o u s  s u b s t i t u e n t  c o n s t a n t s .  H a l t e r ,  S c h a u m a n n  a n d  R o s e '  h a v e  s t u d i e d  

r o t a t i o n a l  b a r r i e r s  i n  u r e a ,  t h i o u r e a  a n d  s e l e n o u r e a .  T h e r o t a t i o n a l
/5 5

b a r r i e r  i n  f o r m a m id e  h a s  b e e n  s h o w n  t o  b e  1 7 . 8  k c a l . / m o l e  i n  d i g l y m e '  

T h e s e  a u t h o r s  a r g u e  t h a t  s e v e r a l  f a c t o r s  w i l l  t e n d  t o  r e d u c e  t h e  r o t a t *  

J i o n a l  b a r r i e r  i n  u r e a  a n d  i t s  h o m o l o g u e s .  F i r s t l y ,  " r e p l a c e m e n t  o f  t h e  

f o r m y l  h y d r o g e n  i n  f o r m a m id e  b y  t h e  a m in o  g r o u p  w i l l  r a i s e  t h e  s t e r i c  

s t r a i n  i n  t h e  p l a n a r  g r o u n d  s t a t e  a n d  t h u s  i n c r e a s e  i t s  e n e r g y " .  S e c o n d s  

" t h e  l o n e  e l e c t r o n  p a i r s  o n  b o t h  h y d r o g e n  a t o m s  c o m p e t e  i n  t h e  m e s o ;  

s m e r i c  i n t e r a c t i o n  w i t h  t h e "  f u n c t i o n a l  g r o u p  JC " o r b i t a l s  p r o d u c i n g  i n  

e a c h  h a l f  o f  t h e  m o l e c u l e  a  w e a k e r  p a r t i a l  d o u b l e  b o n d  t h a n  i n  fo r m a m id e '.’ 

T h i r d l y ,  " w h e n  o n e  a m in o  g r o u p  i s  t u r n e d  o u t  o f  t h e  p l a n e  o f  t h e  m o l e c u l e  

d u r i n g  t h e  r o t a t i o n a l  p r o c e s s ,  u n d i s t u r b e d  m e s o m e r is m  i n  t h e  o t h e r  h a l f  

o f  t h e  m o l e c u l e  i s  p o s s i b l e  a n d  t h u s  t h e  e n e r g y  o f  t h e  t r a n s i t i o n  s t a t e  

i s  l o w e r e d " .  He c a n  t h e r e f o r e  s e e  t h a t  t h e  f a c t o r s  i n v o l v e d  i n  e s t a b l i s h :  

s i n g  t h e  v a l u e  o f  a n y  r o t a t i o n a l  b a r r i e r  a r e  c o m p l e x ,  a n d  e x a m i n a t i o n  o f .



th ese  v a r io u s  fa c to r s  fr e e  from in te r fe r e n c e  from each o th er , though 

d i f f i c u l t ,  i s  e s s e n t ia l  fo r  a com plete understanding o f the con tr ib u t;  

:io n s  to the energy of the system s under stu d y .

S tu d ies on Aromatic System s.

"The d eterm in ation  o f e le c tr o n ic  in te r a c t io n s  in  arom atic m olecu les

has lon g  been the aim o f  many ch em ists . Sure knowledge o f the mechanisms

and m agnitudes o f  such in te r a c t io n s  would a llow  the p r e d ic t io n  o f many

p h y s ic a l p r o p e r t ie s , r e a c t io n  r a te s ,  and eq u ilib r iu m  c o n s ta n ts , and a lso

a s s i s t  in  the c o r r e la t io n  o f the mass o f  e x is t in g  d ata ."  Furthermore,

"arom atic and, in  p a r t ic u la r , benzene d e r iv i t iv e s  have provided the maj:

j o r i t y  o f  the s e r ie s  o f compounds used by p h y s ic a l organic ch em ists to

examine c o r r e la t io n s  between s tru ctu re  and r e a c t iv i t y .  The benzene nuc:

: le u s  co n ta in s  both the u s u a lly  d is t in g u ish e d  typ es o f bond; the <s bond

has c y l in d r ic a l  e le c tr o n ic  symmetry about the bond d ir e c t io n  w hile the

3r bond has a node in  the bond a x is .  The qr e le c tr o n s  in  benzene can a lso

be regarded as d e lo c a l is e d  and we thus have a r e la t iv e l y  sim ple and syms

jm e tr ic a l system  o f  f ix e d  geom etry a llo w in g  in v e s t ig a t io n  o f fe a tu r e s  o f
/%

the major bonding co n cep ts ." '

Major in t e r e s t  in  the bonding system  of benzenes fo c u s se s  on the if 

c o n tr ib u tio n , and w h ils t  we cannot r ig o r o u s ly  sep arate 6  and 77 compon: 

le n ts  in  any p a r t ic u la r  bond, fo r  a l l  p r a c t ic a l  purposes-we can regard  

bonds sim ply as composed o f vary in g  d is c r e te  co n tr ib u tio n s  from both  

th ese  so u r ce s . I t  i s  now g e n e r a lly  recogn ised  th a t the <r c o n tr ib u tio n  

to  the in te r a c t io n  o f a s u b s t itu e n t  w ith  a benzene system  i s  o f  l im it :  

sed s ig n i f i c a n c e . Far more im portant i s  the e l e c t r o s t a t i c  f i e l d  e f f e c t  

a su b s t itu e n t  may e x er t a t cen tres  o f in t e r e s t  w ith in  the m olecule q u ite  

fa r  removed from i t s  p o in t o f attachm ent. Such an e f f e c t  i s  o fte n  r e fe r :  

:ed to under the g en era l term ’in d u ctiv e  e f f e c t 1 though no im p lic a tio n  

th a t the e f f e c t  i s  o p era tive  v ia  a o" bonding tran sm ission  should be un: 

:d er sto o d . Further, fo r  s im p lic it y ,  i t  i s  o ften  assumed th a t the f i e l d  . 

e f f e c t  o f a su b s t itu e n t  (th e  in d u ctiv e  e f f e c t )  has no a c tio n  upon IT e le o



i tr o n s  in  the molecule * This c l e a r ly  cannot he the ca se ,  hut the task of 

u n r a v e l l in g  the in t e r - r e l a t e d  e f f e c t s  o f  one group of e l e c tr o n s  upon 

another i s  complex. Extremely crude measures o f these e f f e c t  are o ften  

qu ite  s u f f i c i e n t  fo r  the m ajority  of purposes.

The exact  nature of i> in t e r a c t io n s  i s  not free  from d isp u te  e i t h e r .

/ 57I t  has heen suggested  hy Clark7 , fo r  example, that the major part of  

^ e le c tr o n  d istu rb ance caused hy s u b s t i t u e n t s  having free  e le c tr o n s  on 

the atom attach ed  to  the r in g  i s  caused hy non—bonded r ep u ls io n  between 

th ese  e le c t r o n s  and the benzene /Tf e le c t r o n s  ra th er  than by mesomeric
/ 5 8

in t e r a c t io n .  An e le c tr o n  d i f f r a c t i o n  study o f  a n i l in e 7 which in d ic a te s  

s u b s t a n t ia l  bending o f the amino group r e l a t i v e  to the r in g ,  has been 

in te r p r e te d  as provid ing  supportive  ev idence  o f t h i s  e le c tr o n  r e p u ls io n .  

However, in  p - s u b s t i tu te d  a n i l in e  d e r i v i t i v e s ,  the ev idence i s  e n t i r e l y  

c o n s i s t e n t  with enhanced mesomeric in t e r a c t io n ,  there even b e ing  a sugs 

: g e s t io n  o f  -H bond sh o rten in g . This i s  c o n s i s t e n t  with a s trong  

through resonance in t e r a c t io n  with the p - s u b s t i t u e n t .

Hammett r e l a t i o n s h i p s .

He have a lready considered  in  some d e t a i l ,  the o r ig in s  o f  Hammett 

o p  r e la t io n s h ip s .  The va lue  o f  p  v a r ie s  w ith the e l e c t r o n ic  demands o f  

the r e a c t io n  or property measured. The nature o f  o i s  more complex, o’ 

i s  a measure of the tra n sm iss io n  of the s u b s t i t u e n t ’ s e l e c t r o n ic  e f f e c t  

to the r e a c t io n  s i t e  and as such, i t  i s  not dependent ju s t  on an in t e r :

: a c t io n  with the benzene r in g .  I f  the r e a c t io n  s i t e  i s  e s p e c i a l l y  capabs 

: l e  of in t e r a c t in g  with the s u b s t i tu e n t ,  by a through resonance e f f e c t  

f o r  example, then an enhanced e f f e c t  i s  observed fo r  the s u b s t i tu e n t  

and an enhanced <T va lue must be employed. This i s  a somewhat u n s a t i s :  

: fa c to r y  s t a t e  o f  a f f a i r s  and s e v e r a l  attem pts have been made to der ive  

a more fundamental s e t  o f  s u b s t i tu e n t  c o n s ta n ts .  So, fo r  in s ta n c e ,  Taft
/59

and coworkers7 p ioneered attem pts to s p l i t  c v a lu es  in to  in d u ctiv e  and 

’r e so n a n ce ’ c o n tr ib u tio n s}  in d u ctiv e  covered e f f e c t s  a r i s in g  from <T bond



mechanisms and through space f i e l d  e f f e c t s .  S u b stitu en t param eters have

sin ce  p r o lif e r a te d  in  the l i t e r a t u r e ,  but as po in ted  o.ut in  a recen t
/60

communication by Brownlee and Topson/ , t h is  i s  g e n e r a lly  u n necessary

as most c o r r e la t io n s  can be exp ressed  in  terms of vary in g  c o n tr ib u tio n s

o f  6 and ft fa c to r s  d escr ib ed  by <r and c  ° .  The p r e c ise  m ixture o f th esei  it
two c o n s t itu e n ts  to  d ecrib e  the observed e f f e c t s  w i l l  vary w id ely  and in

-L « -
consequence, the use o f r e la t iv e l y  sim ple ff and or param eters fo r  exams 

:p le ,  i s  sometimes favoured on the grounds o f s im p lic i t y .  Though in  some 

in s ta n c e s , i t  may be n ecessa ry  to  use th ese  sim pler param eters due to  

la ck  o f in form ation , n ecessa ry  to  d e fin e  p rop er ly  the c o n tr ib u tio n s  o f  

and i t  i s  b e t t e r  to  attem pt to o b ta in  s u f f i c i e n t  d ata  to  a llow

d e f in i t io n  o f r e s u l t s  in  terms o f the more g en era l c o n s ta n ts .

n .m .r . o b serv a tio n  o f  Hammett r e la t io n s h ip s .

A s ig n i f i c a n t  number o f  n .m .r . s tu d ie s  o f v a r io u s k inds on arom atic

system s have rev ea led  c o r r e la t io n s  between v a r io u s  param eters o f  the

system , such as chem ical s h i f t s  and co u p lin g  c o n s ta n ts , and Hammett sub:

i s t i t u e n t  c o n s ta n ts . In p a r t ic u la r , s tu d ie s  o f  v a r io u s s u b s t itu te d  a n il :

s in e s  have provided a number o f s ig n i f i c a n t  c o r r e la t io n s .

S ev era l authors have sought c o r r e la t io n s  between su b s t itu e n t  con:

s s ta n ts  and r o ta t io n a l b a r r ie r s  in  arom atic s u b s t itu te d  am ides. Jackman 

/ 53and coworkers' s tu d ied  C-H r o ta t io n  b a r r ie r s  in  e ig h te e n  s u b s t itu te d  

H ,H -dim ethylbenzam ides by com plete lin esh a p e  a n a ly s is  o f  the m ethyl s ig :  

s n a ls .  The b a r r ie r s  to  r o ta t io n  a re , to  a f i r s t  approxim ation, sen

s s i t i v e  to  e f f e c t s  which m an ifest th em selves in  the ground s ta te  ra th er  

than the t r a n s it io n  s t a t e .  Thus in  f i g .  15> s u b s t itu e n ts  R̂  which are 

e le c tr o n  d on ating  and R̂  and R̂  which are e le c tr o n  withdrawing are ex: 

sp ected  to  reduce the r o ta t io n a l b a r r ie r . The e x is te n c e  o f non-bonded 

in te r a c t io n s  between R and R̂  and R̂  w i l l  a ls o  lower the b a r r ie r  s in c e  

th ese  in te r a c t io n s  are reduced in  the t r a n s it io n  s t a t e .  In the current  

in s ta n c e , the study o f a s e r ie s  o f m- and p -s u b s t itu te d  benzamidos w i l l  .
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a llow  ug to  examine the e f f e c t s  of e le c tr o n ic  fa c to r s  in  i s o la t io n  from

v a r ia t io n s  in  s t e r ic  fa c to r s  s in c e  a l l  non-bonded in te r a c t io n s  w i l l  res

smain e s s e n t i a l l y  th e  same.  The c o r r e l a t i o n  be tw een  AG^ and Hammett <5

co n sta n ts  i s  f a i r  ( c o r r e la t io n  c o e f f i c i e n t  r = O .93) w h ils t  c o r r e la t io n

w ith  cr+ i s  b e t t e r  (r  = O .97 ) This b e t t e r  c o r r e la t io n  w ith  <y+ im p lie s

th a t the b a r r ie r  i s  s ig n i f i c a n t ly  in flu e n c e d  by mesomeric e le c tr o n  dons

sa tio n  by s u ita b le  p - su b s t itu e n ts  w ith  through con ju gation  from e le c tr o n

donars such as OMe or IWiê  to  the carbonyl group o f the amide. The v a lu e s

o f p and p o f  +1.56 and +1.13 r e s p e c t iv e ly ,  in d ic a te  th a t the b a r r ie r

i s  r e la t iv e l y  s e n s i t iv e  to  e le c tr o n ic  e f f e c t s ,  the (+) s ig n  s ig n ify in g

th a t the b a r r ie r  r i s e s  w ith  in crea sed  e le c tr o n  w ithdraw al. I n te r e s t in g :

: l y ,  c o r r e la t io n s ,  though r e la t iv e l y  poor ones, e x i s t  between the d i f f e r :

+ ^sences in  chem ical s h i f t s  o f  the m ethyl s ig n a ls  and or, <s and AG7", t h is

la s t  showing the s tr o n g e s t  c o r r e la t io n  (r  = 0 *976) .

/ 61Korver and coworkers' nave a ls o  s tu d ied  IT,IT-dimethylbenzamides but 

th e ir  treatm ent o f  s u b s t itu e n t  e f f e c t s  fo llo w s  van Bekkum, Yerkade and
/6 2 ,63

W epster and Swain and Lupton', both  of which h ig h lig h t  the importance 

o f  through resonance co n ju g a tio n  to  the carbonyl group where p o s s ib le .

R, K  h 1 / * *

//
-N 

\

748
Spassov and coworkers' have s tu d ied  r o ta t io n a l  b a r r ie r s  in  m~ and 

p -s u b s t itu te d  cinnamamides and have observed c o r r e la t io n s  between AG7̂  

end s u b s t itu e n t  c o n s ta n ts . The b e t te r  c o r r e la t io n  observed i s  w ith  <T 

ra th er  than <r+ co n sta n ts  (r  = 0 .9 5  and r = 0 .9 0  r e s p e c t iv e ly ) .  This im: 

: p l i e s  a d ecreased  s ig n if ic a n c e  fo r  through resonance e f f e c t s  and t h is  

reduced s ig n if ic a n c e  of e le c tr o n  w ithdrawal in  enhancing the b a r r ie r  i s  

r e f le c t e d  in  p and p+ v a lu e s  o f O.85 and 0 .6 0  r e s p e c t iv e ly .  This i s  not

- = 1  N 0

F ig . 15.1 -  15*2.
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u n expected  in  v iew  of the in crea sed con ju gation  patch in  the cinnamamide

compared w ith  the "bensamides •

In many s tu d ie s ,  c o r r e la t io n  "between Hammett o" con stan ts and chem;

sed a c o r r e la t io n  between the amino proton s h i f t s  on m~ and p -su b s t itu te d

a n i l in e s ,  measured in  d i lu t e  cyclohexane s o lu t io n s ,  and Hammett <r con;

s s ta n ts  fo r  the s u b s t it u e n t s .  These authors a ls o  su g g est th a t the s h i f t

observed i s  probably p ro p o rtio n a l to  the 'IT e le c tr o n  d e n s ity  on n itr o g e n .  
,6 5

Rae and D y a ll7 have observed a c o r r e la t io n  between the m ethyl s h i f t s  

in  p—s u b s t itu te d  d im e th y la n ilin e s  and the enhanced s u b s t itu e n t  co n sta n ts  

<r . A c o r r e la t io n  c o e f f i c i e n t  o f O.965 i s  observed . U sing t h is  c o r r e la t ;  

s io n , th ese  authors e st im a te  a v a lu e  fo r  the <T c o e f f i c i e n t  fo r  the n i t r :  

soso group o f 1*57 -  0 *0 9 j a v a lu e  which i s  not a tta in a b le  unambiguously
/67

from chem ical r e a c t iv i t y  measurements. Lynch and coworkers7 have observ:

sed s im ila r  r e s u l t s  to  th ose  above in  th e ir  work on a n i l in e s .

13M ethyl C-H cou p lin g  co n sta n ts  and chem ical s h i f t s  have been ob; 

sserved  to  fo llo w  Hammett c o r r e la t io n s  in  d im eth y la n ilin e s  amongst o th er  

s u b s t itu te d  arom atic compounds. The use o f o~ and <?+ v a lu e s  again  ims 

sproves the c o r r e la t io n  in  those ca ses  o f s u b s t itu e n ts  capable o f d ir e c t  

resonance in te r a c t io n  (from the p p o s it io n )  w ith  the dim ethylam ino func: 

t t io n .
,68

Calder and G arratt7 have examined p -su b s t itu te d  n itro so b en zen es

w ith  a v iew  to  e s t a b lis h in g  a Hammett c o r r e la t io n  between o' fo r  the para

s u b s t itu e n t  and the b a r r ie r  to r o ta t io n  about the CA —IT . , bond.Ar n itr o s o

B a rr iers  to  t h is  r o ta t io n  were obtained by approximate m ethods. U nfort; 

su n a te ly , no attem pts were made to  c o rr e c t th ese  b a r r ie r s  fo r  a con stan t  

o b serv a tio n  tem perature (tem peratures were v a r ied  over a range o f 160° 

maximum) and no c o r r e la t io n  c o e f f ic ie n t  o f  the <s/bo£ comparison was c a l:  

;c u la te d . In the c ircu m stan ces, i t  i s  d i f f i c u l t  to  draw any co n c lu s io n s  

as to  the e x is te n c e  o f a c o r r e la t io n  or n o t.

Mislow and coworkers have examined the e f f e c t  o f s u b s t itu e n ts  on -

i c a l  s h i f t s  have been observed Sch aefer  and coworken have observ



the ra te  o f pyram idal in v e r s io n  in  1- a r y l - 2 , 2 ~ d im eth y la z ir id iiie s  ( f i g .  

1 6 ) . The in v e r s io n  h a r r ie r s  show a l in e a r  c o r r e la t io n  .(judged, hy the 

au th ors, v i s u a l ly )  w ith  Hammett 6 “ s u b s t itu e n t  c o n s ta n ts , p  i s  found to  

be ca . —3 a t —60 °. The g r e a te r  the mesomeric e le c tr o n  w ithdraw al, the 

low er the b a r r ie r  to  in v e r s io n . These r e s u l t s  are a scr ib ed  to  conjugats 

: io n  o f  the lone p a ir  on the in v e r t in g  cen tre  w ith  the a tta ch ed  arene 

1b system , an e f f e c t  which f in d s  i t s  maximum e x p ress io n  in  the t r a n s it io n  

s ta te  fo r  the in v e r s io n  p r o c e ss .

n .m .r . s tu d ie s  o f arom atic r o ta t io n a l  b a r r ie r s .

D esp ite  the obvious in t e r e s t  in  r o ta t io n a l  b a r r ie r s  in  g en era l 

and arom atic r in g s  in  p a r t ic u la r , not a g r e a t  d ea l o f  a t t e n t io n  has been  

devoted  to  r o ta t io n a l  b a r r ie r s  about bonds to  the benzene n u c le u s . In 

p a r t ic u la r  r o ta t io n s  analogous to those so thorou ghly  s tu d ied  in  amides 

have r e c e iv e d  scan t a t t e n t io n . So, fo r  exam ple, i t  was not u n t i l  recen t;  

: l y  th a t the H-CAt> r o ta t io n a l  b a r r ie r  was examined in  p -form yld im ethyl:  

:a n il in e  (p—dim ethylam inobenzaldehydeJ)• This m olecule i s  the arom atic  

analogue o f DMF. I n te r e s t  in  t h is  p a r t ic u la r  m olecule was f i r s t  shown
,35

by Anet and Ahmad in  1964 when they observed a r o ta t io n a l b a r r ie r  o f

1 0 .8  k c a l./m o le  a t -71°C . fo r  the r o ta t io n  o f the form yl group in  p—

dim ethylam inobenzaldehyde. At the same tim e, b a r r ie r s  o f 9*2 and 'J.Q

k c a l./m o le  were measured fo r  the same r o ta t io n  in  p—methoxybenzaldehyde

and benzaldehyde r e s p e c t iv e ly .  These b a r r ie r s  were d er ived  from a measure
/*70

o f the fr e e  energy to  r o ta t io n  a t the co a le scen ce  p o in t only'.

/ 71K lin ck , Marr and S to th e r s7 examined the corresp on d in g ly  su b s t itu te d  

acetophenones as w e ll  as the s u b s t itu te d  benzaldehydes d escr ib ed  above. 

Toluene s o lu t io n s  o f th ese  compounds were s tu d ie d . W hilst fr e e  energy  

b a r r ie r s  to  r o ta t io n  in  the benzaldehydes in  agreement w ith  the work 

o f Anet were recorded , t h is  was on ly  true a t or near the co a lescen ce  

tem p eratures. At ambient tem peratures, much la r g er  b a r r ie r s  were measured 

corresponding to  large  n eg a tiv e  e n tr o p ie s  o f a c t iv a t io n !  These e f f e c t s  

are not to  be observed in  v in y l  ch lo r id e  as so lv e n t and i t  seems u n lik e ly
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th a t they are an a r t i f a c t  o f the n .m .r . measurement p r o c ess .

One o th er sim ple d is u b s t itu te d  arom atic compound has a ttr a c te d

co n sid era b le  a t te n t io n  from n .m .r . s p e c t r o s c o p is t s . This i s  p -n itr o so :

:dime t h y la n i l in e • C. -11=0 r o ta t io n  was f i r s t  examined in  t h is  m olecule
/ 72"by MacWicol, W allace and Brand' who observed a b a r r ie r  o f  11 .8  k c a l .

/ o / 73/m ole a t  -5 3  C. In a r e la te d  stu d y , IlaclTicol, Porte and W allace' observ:

:ed a r o ta t io n a l  b a r r ie r  fo r  the same bond in  the conjugate a c id  o f p -

n itro so -W ,N -d im e th y la n ilin e . This b a r r ie r  has a lower l im it  o f 16 .3  k c a l .

/m ole a t 33*5°C« This i s  on ly  c o n s is t e n t  w ith  p ro ton ation  on the n itr o so

oxygen in  t h is  m olecule and not the amino n itr o g e n . This i s  c le a r  in d ie :

sa tio n  o f  the e x te n t  o f the resonance in te r a c t io n  in  t h i s  compound,

where the e le c tr o n  d e n s ity  a t the n itr o s o  oxygen i s  s u f f i c i e n t l y  enhanced

to  perm it p ro to n a tio n  on t h is  s i t e  in  p referen ce  to  the amino s i t e .
n  4

K orver, van der Haak and de Boer' rep ort a va lu e  of 14*9 k c a l . /

mole ( V )  compared w ith  LlacK icolfs eq u iv a len t va lu e o f 11.2 k c a l ./m o le .

The o r ig in  o f  t h is  d if fe r e n c e  may l i e  in  the d if f e r e n t  s o lv e n ts  u sed ,

chloroform  as a g a in s t a ceto n e , but i t  i s  a ls o  p o s s ib le  th a t as both

groups use approximate methods in  d e r iv in g  th e ir  r e s u l t s ,  then there

w i l l  be some e r r o r s , p o s s ib ly  g ro ss  in  th ese  v a lu e s . Calder and G arratt 
,68

' , as mentioned above, have s tu d ied  p -su b s t itu te d  n itro so b en zen es and

rep ort a va lu e  o f 1 2 .4  k c a l./m o le  a t ca . 0°C. This i s  c e r ta in ly  more in

k eep in g  w ith  MaclTicol!s e stim a te  o f t h is  b a r r ie r , though once again

approxim ate methods were used  to  e s t a b l is h  t h is  v a lu e .

/ 73MacWicol' observed the b a r r ie r  to  r o ta t io n  o f the dim ethylam ino

group about the es'titf-ated the b a r r ie r  to  r o ta t io n  to  be

10 .6  k c a l./m o le  a t - 7 6 °C ., again  c le a r ly  c o n s is te n t  w ith  co n sid era b le

d e lo c a l i s a t io n  o f the amino lone p a ir  o f e le c tr o n s  in  co o p era tiv e  con:

:ju g a tio n  w ith the n itr o s o  group.

Other s tu d ie s  in  arom atic system s have been made where r o ta t io n

about a bond to  the r in g  i s  examined, but th ese  are concerned w ith barr:

: ie r s  a r is in g  from s t e r ic  fa c to r s  and are not o f immediate concern h eref

.  . ,  / 76fo r  exam ple, the work of Jouanne and H eidoerg.



As we have seen , the ob serv a tio n  o f r o ta t io n a l h a r r ie r s  in  p -d isub: 

s s t i t u t e d  benzenes i s  to  be exp ected  in  ca se s  where the two s u b s t itu e n ts  

are capable o f co o p era tive  mesomeric in te r a c t io n  w ith one an oth er. Thus 

i f  one s u b s t itu e n t  e x h ib it s  a +M e f f e c t  (d onates e le c tr o n s  m esom erically  

to  the benzene r in g ) and the o th er a -M e f f e c t ,  then extended conjugat: 

: io n  i s  observed w ith  a r e s u lt in g  in crea se  in  the bond orders o f form al 

s in g le  bonds in  the system . In the s tr u c tu r e s  rep resen ted  by I  ( f i g .  16 ), 

the v a len ce  bond isom er lb  co n tr ib u te s  s ig n i f i c a n t ly  to  a resonance  

hybrid r ep r e se n ta tio n  o f the true m olecu lar s tr u c tu r e .

F u rther, we can see  th a t the requirem ents fo r  ob serv a tio n  o f r o t:  

: a t io n a l  b a r r ie r s  w i l l  be met i f  the group -B=C i s  s u f f i c i e n t ly  magnet: 

: i c a l l y  a n iso tr o p ic  to  induce s ig n i f i c a n t  d i f f e r e n t ia l  in  the chem ical 

s h i f t s  a t p o s it io n s  in  the benzene r in g  and in  the group A, i f  n o n -lin :

= auu JJJ-'U ULl UI1C n n ^  lictco 1UU5 U CCU X'UUUgUlOC u. •

The p o s s i b i l i t y  th a t th ese  a n iso tr o p ic  groups could induce s u f f i c i e n t  

s h i f t  d i f f e r e n t ia l  a t the para p o s it io n  was not im m ediately r e a l i s e d .  

During p re lim in ary  s tu d ie s  o f the low tem perature spectrum o f  9~ni't i,oso:

: ju lo l id in e  ( f i g .  17) a s ig n i f i c a n t  chem ical s h i f t  d if fe r e n c e  was observ: 

:ed a t the m ethylene protons in  the sa tu ra ted  r in g s  and th is  im p lied  the 

p o s s i b i l i t y  o f observin g a s im ila r  s h i f t  between m ethyl s ig n a ls  in  p— 

n itro so -lT ,U -d im e th y la n ilin e , provided the dim ethylam ino r o ta t io n  could  

be slowed s u f f i c i e n t ly  to  prevent averaging o f the methyl s ig n a ls .  Liac:

:N ic o l ,  in  a prelim in ary  communication > observed a s h i f t  d if fe r e n c e  

o f 4*1 Hz. between the m ethyls when r o ta t io n  o f  the dim ethylam ino group

F ig . 16.1 -  1 6 .2 .

:e a r . That t h is  i s  the case fo r  s u b s t itu e n ts  such as -CHO, —C(CEL)0 and
/3 5 ,7 1 ,7 2
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I t  was the i n i t i a l  in t e n t io n  of the current s tu d ie s  to e x te n t  these  

o b servat ion s  to as many s e r i e s  of aromatic compounds as p o s s ib le ,  w ith a 

view  to e s t a b l i s h in g  accurate b a r r ie r s  to in t e r n a l  r o ta t io n  in  these  

system s. Due to  the importance of the benzene system, th ese  b a r r ier s  

would be o f  con sid erab le  t h e o r e t i c a l  i n t e r e s t .  U n fortu n ate ly , our work 

was s e r io u s ly  c u r ta i le d  by inadequacies  in  our temperature c o n tr o l  equir:
/*77

sment which remained uncorrected  fo r  s e v e r a l  reasons'. In consequence, 

the work d e t a i l e d  below c o n s t i t u t e s  merely the in tro d u c t io n  to a s e r ie s  

o f  s tu d ie s  which are on ly  now b eing  undertaken w ith  r a d ic a l  improvements 

in  our in stru m en ta tion  (as d e t a i l e d  in  the p r a c t i c a l  s e c t io n  o f  th is  

t h e s i s ) .

S tu d ies  on J u lo l id in e  S7/~stems.

The s tr u c tu re  and numbering of the j u lo l id in e  systems s tu d ied  are 

shown in  f ig u r e  18 o p p o s ite .

The f i r s t  attem pts to prepare 9~ni t r o s o j u l o l i d i n e  ( i l )  were reported
✓78' ,79

by Pinkus in  1892', and Smith and Yu, in  1952, confirmed h i s  lack  o f  

su c ce s s  in  t h i s  v en tu re .  The preparation  o f  t h i s  compound by the a c t io n  

o f  n i t r o s y l  ch lo r id e  on j u lo l id in e  i s  d escr ib ed  in  the p r a c t i c a l  s e c t io n  

o f  t h i s  t h e s i s .

Due to  the tendency of n i t r o s o  compounds to form d im e r s , ' th e  mono:

jmeric nature o f  ( i l )  in  s o lu t io n  was e s t a b l i s h e d  by osmometric determiu:

ia t io n  o f  the m olecular w eight (2 0 0 .5  i n ^Cl^j true m olecular weight 2 0 2 ) .

A co n cen tra t io n  i n s e n s i t iv e  n -  /fT* band fo r  the n i t r o s o  group i s  a ls o

observed in  the u l t r a v i o l e t  spectrum a t 652nm. ( lo g £  1•81) in  EtOH.

The — Tt* absorption  of the chromophore in  t h is  molecule occurs at

448nn. w ith  lo g £  of 4*54> in d ic a t in g  a s i g n i f i c a n t  decrease in  the enerj

jgy o f  t h i s  t r a n s i t io n  to be a s so c ia te d  with in creased  e le c t r o n  d e lo c a l :

J is a t io n  and s t a b i l i s a t i o n  of the e x c i t e d  s t a t e ,  when compared with p -
,80

n it r o s o -F ,  IT—dime thy la n i  l in e  (Amax 420nm. log£_ 4«4°)«

At 44°C., the 220ITHz• proton n .m .r .  spectrum of I I  ( c a .  0.1TI in



CDCl^) com prises a broadened arom atic resonance centred  near & 7 .3  and 

methylene s ig n a ls  as shown in  the upper p ro tio n  of f i g .  17. Lowering the 

tem perature reduces the ra te  o f r o ta t io n  about the Ar-H=0 bond and by

-30°C , the arom atic protons show an AB c u a r te t p a ttern  w ith 1.82 ppm.B
(401 Hz. )  and 2 .2  Hz. The methylene resonan ces e x h ib it  fu r th e r  s p l i t :  

s t in g s  as shown in  the bottom h a lf  o f f i g .  17. The induced s h i f t s  are: 

0 .0 4 4  ppm. ( 9 .68  H z.) fo r  H-Cjb, 3 0 .108  ppm. (2 3 .7 6  H z.) fo r  IT-C- C g g and 

0.241 ppm. (5 3 .0 2  H z.) fo r  Ar~CTL>. O bservation of a chem ical s h i f t  d i f f s  

s e r e n t ia l ,  even fo r  m ethylenes fu r th e s t  from the n itr o s o  group, r e f l e c t s  

the large  m agnetic a n is tro p y  o f the n itr o s o  fu n c tio n  and su g g e sts  the 

l ik e l ih o o d  o f observ in g  s im ila r  r e s u lt s  in  p -n itr o so -H ,H -d im e th y la n ilin e , 

provided the dim ethylam ino r o ta t io n  i s  slow  enough to  perm it o b serva tion  

o f sep ara te  reso n a n ces . In I I ,  s p e c tr a l  changes r e s u lt in g  from conform: 

ta t io n a l  changes in  the tr im eth y len e  ch a in s were not observed down to  

~60°C. In the sym m etrical 9*“ni^ I‘o0u lo l iH in e , prepared by o x id a tio n  of  

I I  w ith  m -ch loroperbenzoic a c id , no tem perature dependent e f f e c t s  were 

observed, even in  the tr im eth y len e  chains a t s im ila r  tem peratures.

A s im ila r  in v e s t ig a t io n  o f 9 -fcu ,myl j u lo l id in e  ( i l l )  a t low er temper: 

:a tu res  rev ea led  h indered r o ta t io n  o f the form yl group. The chem ical 

s h i f t  in  the arom atic AB q u artet was 2 5 .8  Hz. w ith  a cou p lin g  con stan t  

o f 1 .9  Hz. The chem ical s h i f t s  imparted in  the methylene ch ain s were 

on ly  s u f f i c i e n t  to  cause broadening o f th ese  s ig n a ls  w ith no 'fr o z e n 1 

s h i f t s  b e in g  r e s o lv e d .

The a c t iv a t io n  param eters fo r  th ese  r o ta t io n s  were c a lc u la te d  by 

com plete l in e  shape matching o f experim en ta l and th e o r e t ic a l  sp e c tra  

c a lc u la te d  on the b a s is  o f the system  b e in g  a sim ple coupled AB spectrum . 

This i s  a s l i g h t  s im p li f ic a t io n ,  in  as much as some r e s id u a l cou p lin g  

w i l l  e x i s t  to  the m ethylene protons ad jacen t to  the r in g . This u n reso lv :  

:ab le  cou p lin g  i s  accounted fo r  by the use o f  an e f f e c t iv e  r e la x a t io n  

time T̂  s l i g h t l y  in  e x ce ss  o f true req u irem en ts. Though th is  approach 

does in trod u ce e r r o r s , n o t ic e a b le  in  the l im it s  of slow  and f a s t  exchange, 

i t  was adopted a t the time as more s o p h is t ic a te d  computer programs, cap:



sab le  of in c lu d in g  the e x tr a  cou p lin g  in  the c a lc u la t io n s ,  were not a v a il  

sa b le .

S ev era l problems a r is e  w ith  f i t t i n g  the sp ectra  o f I I .  I t  is  n o t ic e  

sab le th a t the chem ical s h i f t  a t low tem peratures, the fro zen  s h i f t ,  vars 

s ie s  w ith  tem perature. In consequence, an e x tr a p o la tio n  in to  the reg io n  

o f exchange broadening o f t h is  fro zen  s h i f t  i s  n ecessa ry  and as t h is  exs 

s tr a p o la t io n  i s  over a tem perature range o f g r ea ter  than 60°G, there are 

obvious dangers in h eren t in  the p r o c ess . I t  may w e ll be o b jected  th a t the 

e x tr a p o la t io n  need not ho ld  over such a tem perature range, but in  the 

c ircu m stan ces, there i s  l i t t l e  op tion  but to  accep t i t .  Any attem pt to  

f i t ,  t h e o r e t ic a l ly ,  ra te  co n sta n t and chem ical s h i f t  are fr u s tr a te d  by 

the enormous s iz e  o f the chem ical s h i f t  in  the f i r s t  in s ta n c e • This lead s  

to  a h igh  l e v e l  o f indeterm inancy i f  both th ese  param eters are f i t t e d .

A second problem in trod u ced  by such a large  s h i f t  i s  one o f f i t t i n g  the 

spectrum  in  the middle reg io n s  o f the exchange p r o c ess . These large  

s h i f t s  g iv e  r is e  to  v ery  broad s ig n a ls  o f low in t e n s i t y  which cannot be 

a c c u r a te ly  matched. These problems taken to g e th er , then mean th a t the 

reg io n s  o f medium and h igh  exchange ra te  are poorly  d e fin e d . Consequently  

we must r e ly  o n _the low er exchange r a te s  to  e s t a b l is h  the thermodynamic 

param eters o f the r o ta t io n . This i s  un fortu n ate  in  th a t a r e s t r ic t e d  

tem perature range i s  in v o lv ed , w ith  r e s u lt in g  u n ce r ta in ty  in  the d e f in i t s  

: io n  param eters and though the accuracy o f the lower ra te  cons

s s ta n ts  should  be q u ite  h ig h .

As a consequence o f th ese  fa c t o r s ,  the q u a lity  o f r e s u l t s  d er ived  

fo r  the r o ta t io n a l  b a r r ie r  in  I I  are probably not as good as th ey  might 

b e . In p a r t ic u la r , the entropy o f a c t iv a t io n  appears to  be on the h igh  

s id e  and so  the en th a lp y  o f a c t iv a t io n  tak es on an u n r e a l i s t ic  v a lu e .

The r e s u l t s  are l i s t e d  in  Table 1. As we can see  from the fr e e  energy o f  

a c t iv a t io n  a t  250°K (1 4 .2  k c a l . /m o le ) ,  there i s  a con sid era b le  r e s is ta n c e  

to  r o ta t io n  about th is  bond. This must r e f l e c t  a very  h igh  mesomeric 

d on ating power fo r  the q u in o liz id in e  u n it .  This probably a r is e s  from
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an enhanced p la n a r ity  about the n itro g en  in  the q u in o liz id in e  u n i t ,  when 

compared w ith  the analagous p~ni tr  os o-lT, H-dimo thy la n i l in e  (IV ). Though 

s e v e r a l authors have s tu d ied  (IV) and have come to  d if f e r e n t  c o n c lu s io n s ,  

there i s  g en era l agreement th a t the h a r r ie r  in  the a n il in e  i s  reduced  

from th a t in  the j u lo l id in e .  The u l t r a v i o l e t  sp e c tra  o f ( i l )  and (IV) 

dem onstrate the same e f f e c t ,  w ith  a hathochrom ic s h i f t  "being observed  

between ( i l )  and (IV) as mentioned above. The t o t a l  e f f e c t  o f the quin: 

j o l i z id in e  u n it  can be e stim a ted  by comparing the b a r r ie r  in  ( i l )  w ith  

th a t in  n itro so b e n z e n e . B earing in  mind th a t the comparison i s  l ia b le  

to  be in a ccu ra te  due to  the fa c to r s  p r e v io u s ly  m entioned, then we can 

note th a t an en th a lp y  d if fe r e n c e  o f ca . 13 k c a l./m o le  i s  observed . This 

w i l l  r e f l e c t  a mesomeric c o n tr ib u tio n  to  the fr e e  energy b a r r ie r  o f  

g r e a te r  than 10 k c a l ./m o le .

S im ila r  measurements fo r  the r o ta t io n  o f the form yl group in  9“ 

form yl ju lo l id in e  ( i l l )  in d ic a te  a b a r r ie r  o f 10 .9  k c a l./m o le  a t  250°K. 

Comparison w ith  the corresp ondin g p-dim ethylam inobenzaldehyde ( v )  in :  

sd ic a te  th a t the two b a r r ie r s  are co n sid era b ly  c lo s e r  than fo r  ( i l )  and 

(IV) above. A c e r ta in  amount o f through resonance c o n tr ib u tio n  i s  cer:  

J ta in ly  l o s t  o n .s u b s t itu t in g  form yl fo r  n itr o s o  in  the 9 p o s i t io n , but 

as g r e a t e s t  r e lia n c e  can be p laced  in  our current r e s u l t s  fo r  ( i l l ) ,  th is  

r e s u l t  may r e f l e c t  some e rro r  in  the r e s u lt s  fo r  ( i l ) .  This comparison  

su g g e sts  th a t the enhanced p la n a r ity  in  the q u in o liz id in e  s tr u c tu r e  i s  

n o t so  marked as the above r e s u l t s  su g g e s t . Comparison o f the r e s u l t s  

fo r  ( i l l )  w ith  the vapour en th a lp y  b a r r ie r  in  benzaldehyde su g g e sts  a 

mesomeric c o n tr ib u tio n  o f about 7 k c a l./m o le  to  the en th a lp y , w h ils t  

the r e s u l t s  from benzaldehyde in  v in y l  c h lo r id e  s o lu t io n  su g g e st no more 

than 3 k ca l./m o le  fo r  the resonance c o n tr ib u tio n  from the q u in o liz id in e  

u n it  to  t h i s - b a r r ie r .

S tu d ies  on IT, II--dime thy la n i l in e  System s.

M acM col f i r s t  rep orted  ob serv a tio n  o f h indered r o ta t io n  o f the



d i m e t h y l a m i n o  g r o u p  i n  p - n i t r o s o - I T , I T - d i m e  t h y  l a n i  l i n e '  ( I V ) . 'Jo h a v e  

s i n c e  u n d e r t a k e n  a  p r e l i m i n a r y  s u r v e y  o f  o t h e r  p a r a  s u b s t i t u t e d  d i m e t h y l :  

s a n i l i n e s  i n  a n  a t t e m p t  t o  o b s e r v e  d i m e t h y l a m i n o  r o t a t i o n a l  b a r r i e r s .

S t u d i e s  o n  p - d i m e t h y l a m i n o b e n z a l d e h y d e  ( v )  h a v e  i n d i c a t e d  t h a t ,  a l s  

: t h o u g h  h i n d e r e d  r o t a t i o n  o f  t h e  d i m e t h y l a m i n o  g r o u p  c o u l d  b e  o b s e r v e d  

q u a l i t a t i v e l y ,  t h e  c h e m i c a l  s h i f t  i m p a r t e d  b y  t h e  m a g n e t i c  a n i s o t r o p y  o f  

t h e  c a r b o n y l  f u n c t i o n  i s  n o  m o re  t h a n  s u f f i c i e n t  t o  b r o a d e n  t h e  d i m e t h y l :

: a m in o  r e s o n a n c e s .  Ho c h e m i c a l  s h i f t  w h i c h  w o u l d  a l l o w  r e s o l u t i o n  o f  t h e  

tw o  s i g n a l s  a r i s i n g  f r o m  m e t h y l s  c i s  a n d  t r a n s  t o  t h e  c a r b o n y l  'ft o r b i t a l s  

w a s  o b s e r v e d .  I n  a  s i m i l a r  m a n n e r ,  p ~ d i m e t h y l a m i n o a o e t o p h e n o n e  ( V l ) d i d  

n o t  y i e l d . a n  o b s e r v a b l e  c h e m i c a l  s h i f t .

A s  w e h a v e  s e e n  e a r l i e r ,  i t  i s  w e l l  k n o w n  t h a t  a r o m a t i c  s o l v e n t  

m o l e c u l e s  c a n  i m p a r t  d r a m a t i c  s o l v e n t  i n d u c e d  s h i f t s  t o  ,  g e n e r a l l y  p o l a r ,

z9s o l u t e  m o l e c u l e s  i n  t h e  s o l u t i o n .  I n  p a r t i c u l a r ,  H a t t o n  a n d  R i c h a r d s '  

h a v e  d e m o n s t r a t e d  t h a t  A S IS  i n  DIJP r e s u l t  i n  d i f f e r e n t  s h i f t s  b e i n g  o b ;  

i s e r v e d  a t  e a c h  m e t h y l  o f  t h e  d i m e t h y l a m i n o  f u n c t i o n .  T h i s  p r e s u m a b l y  

r e l a t e s  t o  a n  a s y m m e t r i c  s o l v a t i o n  o f  t h e  m o l e c u l e ,  r e f l e c t i n g  t h e  m o le :  

s c u l e ’ s  s h o r t  t e r m  a s y m m e t r y  i n  t h e  r o t a t i o n a l  i s o m e r s .  T h e r e  h a s  b e e n  

c o n s i d e r a b l e  d i s c u s s i o n  a s  t o  t h e  n a t u r e  o f  a n y  c o m p le x  f o r m e d  b e t w e e n  

s o l u t e  a n d  s o l v e n t  i n  t h e s e  c a s e s ,  a n d  i n  p a r t i c u l a r ,  s e v e r a l  a u t h o r s  

h a v e  p r o p o s e d  d i s c r e t e  g e o m e t r i e s  f o r  h y p o t h e t i c a l  s o l u t e - s o l v e n t  co m :
/8 3

j p l e x e s .  A s E n g l e r  a n d  L a s z l o '  h a v e  p o i n t e d  o u t ,  t h e r e  i s  v e r y  l i t t l e  

j u s t i f i c a t i o n  i n  m o s t  c a s e s  f o r  r e g a r d i n g  t h e  i n t e r a c t i o n  b e t w e e n  s o l u t e  

a n d  s o l v e n t  i n  t e r m s  o f  a  d i s c r e t e  c o m p l e x .  A l l  t h a t  c a n  b e  a r g u e d ,  i s  

t h a t  t h e  t i m e  a v e r a g e d  e f f e c t  o f  t r a n s i e n t  s o l v a t i o n s  i s  n o t  c o m p l e t e l y  

r a n d o m , b u t  i s  i n f l u e n c e d  t o  a  g r e a t e r  o r  l e s s e r  e x t e n t  b y  t h e  p o l a r i t y  

o f  t h e  s o l u t e  m o l e c u l e .  I n  t h e  p a r t i c u l a r  c a s e  o f  a s y m m e t r i c  p o l a r  s o l :  

: u t e s ,  w h e t h e r  t h i s  a s y m m e tr y  i s  a l s o  t r a n s i e n t  o r  n o t ,  t h e  a r o m a t i c  

s o l v e n t  c l u s t e r  s u r r o u n d i n g  t h e  s o l u t e  m o l e c u l e  i s  a l s o  a s y m m e t r i c ,  r e s :  

: u l t i n g  i n  a n  a s y m m e t r i c  p a t t e r n  o f  A S IS  i n  t h e  m o l e c u l e .

I t  i s  i n t e r e s t i n g  t o  r e f l e c t ,  h o w e v e r ,  w h e t h e r  t h e  n a t u r e  o f  t h e



s o lv a t io n  "by arom atic m olecu les a l t e r s  as (a ) r o ta t io n a l l i f e t im e s  in  

the s o lu te  m olecule a l t e r  and (b) the tem perature o f the system  changes. 

I t  seems not unreasonable to  su g g est th a t the nature o f the s o lv a t io n  

c lu s te r  around the m olecule w i l l  a l t e r  as r o ta t io n a l r a te s  in  the mole: 

scu le  change. At the same tim e, i t  i s  w e ll  known th a t the e f f e c t s ,  in  

terms o f chem ical s h i f t s  fo r  exam ple, o f an arom atic so lv e n t  can he very
M

tem perature dependent7. C onsidering th ese  fa c to r s  in  i s o la t io n  fo r  the 

moment, we can su g g est th a t the e f f e c t  o f r a is in g  r o ta t io n a l  r a te s  w ith :

s in  a m olecule i s  to  reduce the e f f e c t iv e  asymmetry of the s o lv a t io n

c lu s te r  around th a t m o lecu le . As there i s  l e s s  time fo r  asymmetry in  the

m olecule to  he r e f le c t e d  in  asymmetric s o lv a t io n , th is  presumably req u ir

s in g  a f i n i t e  time fo r  e sta b lish m e n t, then as r a te s  in c r e a s e , the r e a l  

chem ical s h i f t  induced by so lv e n t  d e c r e a se s . On the assum ption th a t we 

do not a llo w  fo r  t h i s  e f f e c t ,  then we apply a fro zen  s h i f t  observed a t  

low tem peratures to  reg io n s  o f exchange where a sm a ller  s h i f t  i s  appro: 

s p r ia te .  In consequence, we overestim ate  the r a te s  o f  exchange ci t  any 

g iv en  tem perature and cause an in crea se  in  the e stim a te  of both en th alp y  

and entropy o f the a c t iv a t io n  p r o c ess .

Temperature e f f e c t s  on the s h i f t s  observed between n u c le i  need not
,84

lea d  to  a decrease  in  s h i f t  011 r a is in g  the tem perature7. I t  i s  q u ite  

p o s s ib le  fo r  the r e a l  s h i f t  to  in crea se  w ith  r i s in g  tem perature and, as 

a r e s u l t ,  the op p osite  e f f e c t  to  th a t d escr ib ed  above can be observed . 

The en th a lp y  and entropy o f  the a c t iv a t io n  p ro cess are reduced, w ith  

the entropy becoming n e g a tiv e  to  compensate fo r  the lo s s  in  en th a lp y . 

During th ese  changes, i t  i s  noted th a t fr e e  energy i s  r e l a t i v e l y  u n a ffec  

s te d .

In the current in s ta n c e s , large  n eg a tiv e  e n tr o p ie s  are observed and 

hence we might su sp ect some d i f f e r e n t ia l  tem perature e f f e c t  to  be con: 

s fu s in g  the e stim a te  o f appropriate ’f r o z e n 1 s h i f t s  a p p lica b le  to  th ese  

system s. O bservation o f the trend o f the fro zen  s h i f t s  a t tem peratures  

w e ll below  u n ity  ra te  of exchange has f a i l e d  to  r e v e a l any tem perature 

trend fo r  the ’fr o z e n ’ s h i f t  in  ( i v ) .  I t  does n ot seem p o s s ib le  uhen to
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account fo r  th ese  u n u su a lly  large  n eg a tiv e  en tr o p ie s  in  terms o f errors  

o f th is  n a tu re . The fa c t  th a t th ese  e f f e c t s  are alm ost in v a r ia b ly  ohserv  

sed w ith  arom atic s o lv e n ts  does su g g est though, th a t some fa c to r  a r is in g  

from the use o f so lv e n t  s h i f t s  i s  o p e r a tio n a l in  cau sin g  th ese  e n tr o p ie s  

which in  them selves are not ch em ica lly  rea so n a b le .

In the current s t u d ie s ,  to lu en e—dg has "been employed to g e th er

w ith  50$ v in y l  ch lo r id e  as so lv e n t  m ixtu re. This p a r t ic u la r  m ixture has 

the advantages o f  a low fr e e z in g  p o in t , good s o lv a t io n  powers fo r  p o lar  

s o lu te s  a t low tem peratures and ASIS o f a d i f f e r e n t ia l  k in d , req u ired  to  

perm it o b serv a tio n  o f r e so lv e d  s ig n a ls  from the dime thylam ino m ethyls at 

low tem p eratures.

The enhancement o f m agnetic an isotropy o f the para group observed ’ 

in  each case i s  s a t i s f a c t o r y  (se e  Table 2 ) .  ITo attem pts have been made 

to  a llo w  fo r  v a r ia t io n s  o f  t h is  so lv e n t  s h i f t  w ith  tem perature s in ce  

e x tr a p o la t io n  from low tem peratures was p ro h ib ited  by the l im it s  o f s o l:  

j u b i l i t y  and so lv e n t  v i s c o s i t y .  F u ll l in e  shape a n a ly ses  were undertaken, 

though the q u a lity  o f f i t  ach ieved  d e te r io r a te d  a t low tem peratures. The 

fr e e  e n e r g ie s  o f a c t iv a t io n  obtained a t the co a lescen ce  tem peratures are 

l e a s t  su b je c t  to  e rro r , and the e x tr a p o la tio n s  n ecessa ry  fo r  comparison  

o f the fr e e  e n e r g ie s  a t the same tem perature have been made to  the low: 

s e s t  co a lescen ce  tem perature s in c e  the r e s u lt s  d erived  a t h ig h er  temper: 

sa tu res  are the more r e l i a b le .  Thus the g r e a te s t  e x tr a p o la tio n  was per:

: formed on the r e s u l t s  of (TV), which are the most r e l ia b le  o f the three  

s e t s ,  w h ils t  the r e s u lt s  o f ( v )  where the f i t  i s  poorer are on ly  ex tra :  

sp o la ted  10°K. The r e s u lt s  o f (V i) are not e x tr a p o la te d .

I t  i s  to  be noted th a t very  large  and n eg a tiv e  e n tr o p ie s  o f a c t iv a t :

: io n  are observed in  the curren t s e r i e s .  S im ila r  e f f e c t s  were observed

/ 71by K lin ck , Karr and S to th ers' fo r  r o ta t io n a l b a r r ier s  in  ( i v )  and (Vi)  

in  pure to lu e n e , though o f course the r o ta t io n s  in  q u estio n  concerned  

the para group. I t  i s  n otab le  th a t the a c t iv a t io n  b a r r ie r  in  (IV) i s  

reduced from 10 .6  to  9*9 k c a l./m o le  on moving from CD̂ jClg to  the p resen t  

s 0lv e  11t mix tu r e •
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195.

As can be s ee n ,  the  f r e e  e n e r g i e s  of a c t i v a t i o n  f o r  the  d im e th y l ;

: amino r o ta t io n  a t 133°K. shot? a marked dependence on the para group.

The d ecrea sin g  r e s is te n c e  to  in te r n a l r o ta t io n  o f the I'TUê  group in d ie :  

sa te s  a d ecrea s in g  tendency fo r  d e lo c a l is a t io n  o f the n itro g e n  lone p a ir  

o f e le c tr o n s  in to  co o p era tiv e  mesomerism w ith  the para group. The trend  

p a r a l le ls  the known mesomeric a ccep tin g  powers o f th ese  groups. I t  i s  

in t e r e s t in g  to  p lo t  th ese  fr e e  e n e r g ie s  a g a iiis t  the Hammett cF co n sta n ts  

fo r  the para group. The er v a lu e  fo r  the n itr o s o  group has been taken
/ 5

from the n .m .r . d ata  o f Rae and D yall' fo r  benzene s o lu t io n s .  Ho chem:

t i c a l  method p rovid es a s a t i s f a c t o r y  v a lu e  o f  th is  co n sta n t and i t  i s

f e l t  th a t t h is  source p rovid es as good an e stim a te  as any. I t  i s  based

on the o b serv a tio n  o f a c o r r e la t io n  betw een the H—m ethyl proton chemic:

s a l  s h i f t s  in  a s e r ie s  o f para s u b s t itu te d  H,H—d im eth y la n ilin e s  and the

Hammett e" c o n s ta n ts . Other 0  v a lu e s  are taken from the major com pil: 
/85 joG

sa tio n s  o f J a ffe ' and H ells '.

Though on ly  three p o in ts  can be p lo t te d , i t  i s  in t e r e s t in g  to  

assume the e x is te n c e  o f  a l in e a r  Hammett c o r r e la t io n , the cu rren t p o in ts  

a t l e a s t ,  ly in g  on a s t r a ig h t  l in e  I P ig . 19 shows the l in e  o b ta in ed . The 

eq u ation  o f the l in e  shown i s

lo g (k /k Q) = p<T~ (1 )

where = 4*09 and

p = - 3 . 7 .

Log k d e sc r ib e s  the ra te  o f  in te r n a l r o ta t io n  in  d im eth y la n ilin e  i t s :  o
s s e l f  a t  133°K, and i s  e q u iv a len t to  a r o ta t io n a l  b a r r ie r  o f 5*1 k c a l . /  

m ole. The erro r  e s t im a te s  on t h is  f ig u r e  can be p laced  a t ~1 k a c l./m o le  

on the b a s is  th a t the Hamnett c o r r e la t io n  hold s e x a c t ly ,  but th a t the 

erro rs  in  fr e e  energy b a r r ie r s  and <r co n sta n ts  are as shown in  f i g .  19.

The b a s is  upon which th is  estim ate  o f the r o ta t io n a l  b a r r ie r  in  

d im eth y la n ilin e  has been made i s  open to  many se r io u s  o o je c o io n s , d u g  

there i s  l i t t l e  doubt th a t the r e s u lt  obta ined  i s  i n t u i t i v e l y  o f the



r i g h t  o r d e r .  The use of the  Hammett c o r r e l a t i o n ,  which i n  e s s e n ce  has  

been assumed, i s  open to d is p u te . As we have seen , s e v e r a l authors in  

stu d y in g  v a r io u s  system s have obtained  Hammett c o r r e la t io n s  o f vary in g  

degrees o f c o n s is te n c y . The cr parameter can be reco g n ised  as co n ta in in g  

a term coverin g  f i e l d  e f f e c t s  o f the para group and a term cover in g  r es :  

sonance e f f e c t s .  W hilst there i s  no d isp u tin g  the s ig n if ic a n c e  o f reson: 

:ance e f f e c t s  in  e s t a b l is h in g  r o ta t io n a l  b a r r ie r s , the f i e l d  e f f e c t s  do 

not n e c e s s a r i ly  seem to  lea d  to  any c o n tr ib u tio n  to  b a r r ie r s  a t a l l .  In 

consequence, i t  may seem su r p r is in g  th a t a Hammett c o r r e la t io n  to  ro t:  

la t io n a l  b a r r ie r s  i s  ev er  observed . However, t h is  can be understood on 

the assum ption th a t the f i e l d  e f f e c t  v a r ie s  in  proportion  to  the reson: 

lance e f f e c t .  W hilst t h is  then r e s u lt s  in  a decreased  g ra d ien t o f the 

Hammett p lo t  to  be observed i f  true resonance param eters are p lo t te d  

a g a in s t  r o ta t io n a l  b a r r ie r s , i t  does not a f f e c t  any o f the co n c lu s io n s  

reached h e r e .

I t  i s  in form ative  to  co n sid er  the nature o f the in te r a c t io n  rep res:  

ten ted  by the measured energy b a r r ie r s  in  d im eth y la n ilin e s  and r e la te d  

compounds. F actors which can a f f e c t  the v a lu e  o f the r o ta t io n a l  b a r r ie r s  

in  such compounds are numerous. The s im p le s t  p o s s ib le  assum ption which 

can be made i s  th a t the observed r o ta t io n a l  b a r r ier s  rep resen t the t o t a l  

resonance in te r a c t io n  o f the dim ethylam ino group w ith  the a ttach ed  phen: 

: y l  system . This req u ires  th a t the mechanism o f r o ta t io n  o f  the d im ethyl 

iamino fu n c tio n  i s  p u rely  one o f r o ta t io n  o f the planar group from a 

s ta te  o f maximum resonance in te r a c t io n  where i t  i s  coplanar w ith  the 

phenyl r in g  to  a s ta te  o f zero resonance in te r a c t io n  which i s  one where 

the two p lan es (o f  dim ethylam ino group and phenyl r in g ) are o r th ogon a l. 

Ho s t e r ic  in te r a c t io n s  between these two u n it s  i s  contem plated in  th is  

model fo r  the r o ta t io n a l p r o c ess .

Such a model i s ,  o f co u rse , u n ten a b le . I t  i s  reasonab le  to  assume 

a t l e a s t  a sm all s t e r ic  in te r a c t io n  between the dim ethylam ino m ethyls  

and the phenyl r in g  ortho protons in  the coplanar ground s ta te  of the 

system . This i s  re lea v ed  during r o ta t io n  w ith  the r e s u lt  th a t the ob:
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: served r o t a t io n a l  "barrier un derestim ates  the resonance energy to the 

e x te n t  o f t h i s  s t e r i c  in t e r a c t io n  which w i l l  be zero in  the t r a n s i t io n  

s t a t e .  I f  we a llow  ca 1*5 k c a l . /m o le  fo r  t h i s  s t e r i c  in t e r a c t io n ,  then  

the resonance energy i s  apparently  worth ca .  (5*1 + 1*5) k c a l . /m o le  :

6 .6  k c a l . /m o le .

R ecently  reported  v a lu e s  fo r  amine in v e r s io n  b a r r ier s  in  t r ia l k y l :  
,87-90

:a ted  systems' imply th a t  a s im i la r  b a r r ie r  o f 6 .5  k c a l . /m o le  should

e x i s t  in  dim ethylphenylam ines, were such system s pyramidal. In other  

words, i t  seems appropriate  to  a s s o c ia te  a s t r a in  of ca . 6 .5  k c a l . /m o le  

w ith f l a t t e n i n g  the n itro g e n  pyramid in  a n i l i n e s .  I f  t h i s  pyramid c o l la p  

: s e s  during r o ta t io n  so  th a t  the t r a n s i t io n  s t a t e  i s  not orthogonal but 

pyramidal about the n itr o g e n ,  then the resonance energy i s  apparently  

worth (5*1 + 1*5 + 6 .5 )  k c a l . /m o le ,  i . e .  ca . 13*1 k c a l . /m o le .  The f a c t  

th a t  the n itro g e n  may not c o l la p s e  lead s  to  problems in  e s t im a t in g  the

true worth o f the resonance energy.

C onsideration  of f i g .  20 may c l a r i f y  ,the m atter. I f  we con sid er  

the two p a r t i a l  s tr u c tu r e s  and shown and d e f in e  the process  o f  bring

: in g  them to g e th er  in t o  a bonded u n i t  as b e in g  e n e r g e t i c a l ly  o f  no con:

: sequence, then we can d e f in e  our datum energy l e v e l  as the energy o f  

the combined u n i t .  This corresponds to  l e v e l  A. I f  we now fo rce  f l a t t e n :  

: in g  o f the amino fu n c t io n  we e x a l t  the t o t a l  energy of the system to  

l e v e l  B. S im i la r ly  in tro d u c t io n  of s t e r i c  s t r a in  r a i s e s  the energy to  

l e v e l  C. As l e v e l  A i s  a p e r fe c t  d e s c r ip t io n  o f  a s t r a i n l e s s  pyramidal 

t r a n s i t io n  s t a t e ,  then in tro d u c t io n  o f resonance s t a b i l i s a t i o n  can be 

seen to reduce the energy to  l e v e l  D. But the true d e s c r ip t io n  o f  the 

t r a n s i t io n  s t a t e  may l i e  a t  any p o in t between A and C. As a r e s u l t ,  the 

f ig u r e  o f 5*1 k c a l . /m o le  est im ated  fo r  the r o t a t io n a l  b a r r ie r  in  dimeth: 

* y la n i l in e  may r e f e r  to  any of the continuum of t r a n s i t io n s  between the 

l im i t s  D and I) — =>c. In other words, the resonance energy l i e s  some

:where between ca . 5»1 ca. 13*1 k c a l . /m o le .

I t  i s  a l s o  p o s s ib le  th a t  the ground s t a t e  o f  t n i s  system need not  

c o n s i s t  of a p e r f e c t l y  planar n itrogen  with f u l l y  developed s t r a in  as



assumed above. There i s  ev idence in  the case of dime thy la n i  l in e  i t s e l f  

to  su g g est  th at the n itro g e n  i s  not com plete ly  p lanar. The He—IT—lie angle
/91

has heen measured hy e le c t r o n  d i f f r a c t i o n  techniques as 116° i  2°C

W hilst t h i s  does not change the argument fo r  a minimum resonance energy

of 5*1 k c a l . /m o le ,  i t  su g g e s ts  th at under any c ircum stances , the above

est im a te  f o r  an upper l im i t  to  the resonance energy i s  too o p t im is t i c .

On the other  hand X-ray ev idence of the s o l i d  s ta te  geom etries  o f  p -
/92 /93

n i  t  r  o s o-lT, IT-di me t  hy lan i  1 i  ne / and p -n itro -H , H~dime thy la n i  lin e '  in d ic a te s

th a t  the geometry around the n itro g e n  i s  com plete ly  p lan ar , W hilst on

the one hand, t h i s  does not preclude p a r t i a l  c o l la p se  in  s o lu t io n  in

th ese  system s, i t  a l s o  su g g e s ts  th at a s t r i c t l y  common geometry about

the dimethylamino fu n c t io n  in  t h i s  s e r i e s  o f  a n i l in e s  in  s o lu t io n  i s  not

to  be found. I t  seems l i k e l y ,  th at i f  any a n i l in e  i s  to  show p a r t ia l  c o l l

:apse a t  n itro g e n  in  the ground s t a t e  then i t  w i l l  be the parent compound

where the advantages accruing  from resonance in t e r a c t io n ,  only  f u l l y  de:

sveloped in  a planar ground s t a t e ,  are the l e a s t .

A r e la t e d  in s ta n ce  o f  such a b a r r ie r  during which n itro g e n  passes  

from a pyramidal to  a planar co n d it io n  i s  observed in  p - s u b s t i tu te d

f t1—a r y l - 2 ,2 —dime t h y la z i r id in e s  ( f i g .  2 1 ) .  Here the in v e r s io n  b a r r ie r  

shows a l in e a r  c o r r e la t io n  w ith  Hammett cF s u b s t i tu e n t  co n sta n ts  with p 

equal to  - 2 . 8  to  -3*3 a t  -6 0  C. The t r a n s i t io n  s ta te  f o r  t h i s  in v e r s io n

R.

—

N.
R.

Fiff. 2 1 .1  -  22 .2

i s  a com p lete ly  planar s t a t e  probably bearing  many a n a lo g ie s  w ith  the 

supposed planar ground s ta te  o f  the r o t a t io n a l  isomers d is c u s se d  above.

In t h i s  t r a n s i t io n  s t a t e ,  the in v e r s io n  b a r r ie r  fo r  the a s ir id in e  r in g  

i s  reduced by resonance in t e r a c t io n  between the n itrogen  lone p a ir  e l e e
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: t r o n s  and the a ro m a t ic  n u c leu s  ( b e a r i n g  p o s s i b l y  a p a r a  g r o u p ) . I t  i s  

i n t e r e s t i n g  to  no te  t h a t  w h i l s t  the en e rg y  h a r r i e r  to  . i n v e r s i o n  i n  the
/ 9 4 , 95

a lk y l  su b stitu ted , a z ir id in e s  i s  about 18 .6  k c a l . /m o le 7 , th a t  in

the phenyl a z ir id in e  i s  11.2 k c a l . /m o le .  Examination o f f i g .  22 in d ie :  

:a te s  the p o s s ib le  resonance e f f e c t s  o f  the phenyl system . A l l  s t e r i c  

f a c t o r s ,  which w i l l  not vary  s i g n i f i c a n t l y  from a lk y l  to  phenyl a z ir id in :  

: e s ,  have been assumed to  be equal in  both ground and t r a n s i t io n  s t a t e s .  

The observed d i f f e r e n c e  in  in v e r s io n  b a r r ie r s  o f  7*6 k c a l . /m o le  can be 

seen to  be the minimum va lue  fo r  the t o t a l  resonance c o n tr ib u t io n  to  

s t a b i l i s i n g  the t r a n s i t i o n  s t a t e  on the assumption th a t  the ground s ta te  

does not experien ce  any resonance s t a b i l i s a t i o n  a l s o .  There i s  reason to  

su sp ect  some degree o f  resonance s t a b i l i s a t i o n  o f t h i s  ground s ta te  fo r
/96

an e le c t r o n  d i f f r a c t i o n  study o f  p h en y la z ir id in e  i t s e l f 7 in d ic a te s  th at  

though the geometry about the n itro g en  i s  pyramidal, there i s  a tendency  

f o r  the amino lone p a ir  to  be a l ig n ed  in  a s a t i s f a c t o r y  o r ie n ta t io n  fo r  

some s t a b i l i s i n g  overlap  w ith  the phenyl iy o r b i t a l s .  The p lan es  o f  the 

a z ir id in e  and phenyl r in g s  show c o p la n a r ity  of t h e i r  normal p la n e s .  This  

overlap  can not be o f  g rea t  s ig n i f i c a n c e ,  however, and the r e s u l t in g  ests-  

:imate o f  the t o t a l  resonance s t a b i l i s a t i o n  cannot be much in  ex ce ss  of  

9 k c a l . /m o le .  Allowing f o r  the p o s s i b i l i t y  o f  d i f f e r i n g  s t e r i c  f a c t o r s ,  

i t  s t i l l  seems u n l ik e ly  th a t  the high va lue  o f  13 k c a l . /m o le  could be 

accep ted , by t h i s  argument, as a l i k e l y  resonance energy.

Returning to  the Hammett c o r r e la t io n  assumed in  the a n i l i n e s ,  i t  i s  

p o s s ib le  to  d er ive  an e s t im a te  fo r  r o t a t io n a l  b a r r ie r s  in  m olecu les  where 

v a r io u s  f a c t o r s  preclude t h e ir  d ir e c t  measurement. So in  the case o f  p— 

n i t r o —1'T,IT—d im eth y la n i l in e  we can, by u s in g  the or va lue  o f  the n i t r o  

group a t 1 . 2 7 j est im ate  a r o t a t io n a l  b a r r ie r  in  the a n i l in e  of 7*9 (-*0»4) 

k c a l . /m o le .  Though a u s e f u l  fea tu re  o f  the Hammett c o r r e la t io n  in  i t s  

own r ig h t ,  we may make fu r th e r  use o f  t h i s  va lue  i f  we co n s id er  the r e l :  

:a ted  in v e r s io n  b a r r ie r  in  the n i t r o p h e n y la s ir id in e • Here the b a r r ie r  i s  

8 .2  k c a l . /m o le ,  y i e ld in g  a minimum resonance s t a b i l i s a t i o n  o f 10.6  k c a l . .  

/m o le .  This i s  2 .7  k c a l . /m o le  in  ex ce ss  of the r o t a t io n a l  b a r r ie r  in  the
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a n i l i n e .  The d i f f e r e n c e  observed i n  the u n su b stitu te d  c a s e s  was 2*5 h e a l,  

/m o le , a s a t i s f a c t o r y  agreem ent. The a d d it iv e  e f f e c t  o f the n it r o  group 

in  both c a se s  i s  p r a c t ic a l ly  the same and consonant w ith  a resonance  

s t a b i l i s a t i o n  p rov id in g  the v a s t  m ajority  o f the s t a b i l i s a t i o n .

From th ese  two s e t s  o f r e s u l t s ,  we can see th a t there i s  a minimum 

d if fe r e n c e  o f  2 .5  k c a l./m o le  between the two c a se s  o f resonance in te r a c ts  

s io n . These r e s u l t s  thus tend to  im p lica te  some n o n -p la n a r ity  in  the ans 

s i l in e  ground s ta te  to  e x p la in  t h is  d if fe r e n c e  fo r  oth erw ise the a n il in e  

ground s ta te  and the a z ir id in e  t r a n s it io n  s ta te  are e x a c t ly  analogous as 

are the a n il in e  t r a n s it io n  s ta te  and the a z ir id in e  ground s ta te  in  which 

we w i l l  propose in s ig n i f ic a n t  resonance in t e r a c t io n . I t  should be s tr e s s?  

:ed , though, th a t the s t e r i c  fa c to r s  have been assumed unable to  account 

fo r  t h is  minimum d if fe r e n c e  and i t  i s  p o s s ib le  th a t , w ith  a l l  fa c to r s  

c o n tr ib u tin g  in  unexpected  fa sh io n , th ere i s  no case to  answer as s t e r ic  

fa c to r s  can account fo r  the d if f e r e n c e .

An in t e r e s t in g  p o s ts c r ip t  to  th ese  p re lim in ary  s tu d ie s  in  dim ethyl:

: a n i l in e s  has been p u b lish ed  r e c e n t ly  by G rind ley , K a tr itzk y  and Topsom.

Z97' These authors have r e la te d  cr co n sta n ts  to  an energy s c a le .  On theit

assum ption th a t-" th e  energy b a r r ie r  to  r o ta t io n  o f a s u b s t itu e n t  about 

the r in g -s u b s t itu e n t  bond in  a s u b s t itu te d  benzene can be equated to  the  

d if fe r e n c e  in  energy o f resonance in te r a c t io n  between the p o s it io n  o f  

maximum energy (u su a lly  the orthogonal p o s it io n  o f 9 0 ° tw is t )  and the  

p o s it io n  o f low est energy (u s u a lly  a t or near c o p la n a r ity  o f  su b s t itu e n t  

and r in g )  l e s s  the corresponding d if fe r e n c e  in  s tr a in  energy."  This s tr a in  

energy can be n e g le c te d  fo r  p o s it io n s  o f s u b s t itu e n ts  orthogon al to  the 

plane o f the r in g , i . e .  fo r  su b s t itu e n ts  tw is te d  out o f co n ju g a tio n . Em:

:p lo y in g  c r °  v a lu e s  d er iv ed  from th e ir  in fr a -r e d  work, th ese  authors e s :  

s ta b lis h  the fo llo w in g  r e la t io n s h ip  between the resonance energy R and 

th ese  s u b s t itu e n t  c o n s ta n ts .

E = a.«rR° (2 )

where, by sim ple a r ith m e t ic , a median va lu e
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+ /a_ can "be e s t a b l i s h e d  a t  32 .7  - 1 . 3  k c a l . / m o l e .

In d e r iv in g  t h i s  r e s u l t ,  con s id erab le  use has been made o f the r o ta t io n :
/9 8

s a l  b a r r ie r s  in  a n i l in e s  measured and est im a ted  above' and c o n s is te n c y  

among t h i s  s e t  o f  r e s u l t s  f o r  the v a lu e  of a i s  observed.

An in t e r e s t in g  fea tu re  of the Ch0 v a lu e s  employed i s  the f a c t  th at
R /99

a v a lu e  o f  - 0 .1 3 4  i s  a ss ig n ed  to a tw is t  dimethylamino fu n ction ' w h i ls t  

—0.533  i s  a ss ig n ed  to  the planar dimethylamino fu n c t io n .  This r e s u l t s  in  

a c a lc u la te d  resonance energy f o r  the p lanar dimethylamino group o f 17*43 

k c a l . /m o le  w h i ls t  the tw is t  dimethylamino group has a resonance in t e r a c t :  

: io n  worth 4*38 k c a l . /m o le .  The d i f f e r e n c e  o f 13 .05  k c a l . /m o le  i s  equiv:  

la l e n t  to our e st im a te  o f  the resonance in t e r a c t io n  in  d im e th y la n i l in e . 

From the reason in g  employed above, t h i s  va lue  seems e x c e s s iv e .  I f  we 

su sp ect  t h i s  va lu e  then , p la u s ib ly  we must look fo r  p o s s ib le  sources of  

e rro r  in  the reason in g  employed in  d e r iv in g  i t .  P u tt in g  as id e  p o s s i b i l :  

: i t i e s  o f  in c o r r e c t  r e s u l t s  fo r  r o t a t io n a l  b a r r ie r s  b e in g  employed in  

the c a lc u la t io n s  as th ese  a l l  lead  to  in c o n s is te n c y  in  the d er ived  v a lu es  

o f  a,, we can co n s id er  the assumptions employed in  d er iv in g  the equations  

th em se lv es .  In the l i g h t  o f  our d i s c u s s io n  above, the p o s s i b i l i t y  o f  a 

non-planar ground s t a t e  in  the case o f  the dimethylamino fu n c t io n  ser :  

s io u s ly  needs c o n s id e r a t io n .  Tie can a llow  fo r  t h i s  on the b a s i s  o f  a re:  

jduced ° fo r  the ground s t a t e  o f  the dimethylamino u n i t .  T r ia l  c a lc u l :XL
s a t i o n s  w i t h  t h e  d i f f e r e n c e  (<tl° -  cr-.0 , . ) r e d u c e d  f rom  0 .3 9 9  t o' R planar R t w i s t '  ^

0 .3 5  and 0 .3 0  lead  to the fo l lo w in g  r e s u l t s :

f o r  = 0.35> = ^*35 k c a l . / m o l e ,  r e s o n a n c e . ^  = 1 1 . 3 3 / 1 1 . 7 6

mean a v a l u e  33*5 0 - 1*2 k c a l . / m o l e .

f o r  = 0 . 3 0 ,  S.n . = 4*61 k c a l . / m o l e ,  r e s o n a n c e ^ , ,  = 9 * 7 1 /1 0 . 3 0
—-DJ i'xe ̂

mean ja v a l u e  34*33 -  2 .1  k c a l . / m o l e .

C l e a r l y ,  t h e  c a l c u l a t i o n s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  v a l u e  

o f  th e  r e s o n a n c e  e n e r g y  i n  d i m e t h y l a n i l i n e  and i t s  d e r i v i t i v e s .  The



r e s u l t s  der ived  above on tbe s ta te d  assumptions are qu ite  con: 

s s i s t e n t  with the v a lu e s  o f  resonance energy in d ic a te d  by the previous  

arguments. The f ig u r e  of 10 -  1 k c a l . /m o le  i s  suggested  as a reasonable  

est im a te  o f  the t o t a l  resonance energy o f  the dimethylamino fu n c t io n .  

Whilst in  keeping w ith  the r e s u l t s  d er ived  from v a r io u s  sources  in  the 

l a s t  few pages, t h i s  e s t im a te  i s  very  much l e s s  than that d er ived  from 

K a tr i tz k y 's  <r °̂ parameters which su g g est  the high va lue  o f  1 7 .4  k c a l . /  

mole f o r  the resonance energy in  a planar ground s t a t e .  W hilst the est im  

:a te  o f  10 k l . /m o le  probably r e f e r s  to a non-planar ground s ta te  reson  

sance energy, i t  seems u n l ik e ly  th at the va lu e  could be as high as 17*4 

k c a l . /m o le .  The su ggested  e x is t e n c e  o f  resonance energy in  the tw is t  pos 

: i t i o n  f o r  the dimethylamino fu n c t io n  lea d s  to  the su s p ic io n  th a t  the 

c o n s t i tu e n t  param eters, in  the case o f  dimethylamino a t  l e a s t ,  do not  

s o l e l y  e s t im a te  the resonance energy . The d i f fe r e n c e  v a lu e  between th ese  

supposed resonance c o n tr ib u t io n s  g iv en  by K a tr i tz k y ’s c a lc u la t io n s  as ca  

13 k c a l . /m o le  must be considered  the maximum p o s s ib le  resonance in te r :

: a c t io n  in  d im e th y la n i l in e .

P o s t s c r ip t :  The Magnetic A nisotropy o f  the ITitroso Group.

During t h e ir  s tu d ie s  o f  hindered r o ta t io n  in  n itrosobenzene  sys:

items (s e e  above) s e v e r a l  authors have assumed that the r in g  protons

c i s  to  the -17=0 fu n c t io n  are d esh ie ld ed  by the e f f e c t  o f  the 17=0 magnet:
/100

i i c  a n iso tr o p y .  Sundberg, in  19^7? published  h i s  o b serv a t io n s  on 2 - a l :  

:k y l  s u b s t i t u te d  n itrosob en zen es  in  which a high f i e l d  s h i f t  was observ:  

:ed fo r  the ortho r in g  protons compared with the corresponding value in  

u n su b s t i tu te d  n itro so b e n z e n e . U .v . evidence suggested  th a t  no s e r io u s  

non p lan arity  about the n i t r o s o - r in g  bond was p resent and in  consequence  

i t  seemed n ecessa ry  to  p o s tu la te  th at the e f f e c t s  observed were due to  

s t e r i c  hindrance in  the o r th o -a lk y la te d  case causing  the n i t r o s o  oxygen 

to  p r e fe r  the n o n -a lk y la ted  s id e  o f  the r in g .  Though some s l i g h t  non­

p la n a r i ty  can be accomodated by the u .v .  r e s u l t s ,  i t  seemed n ecessary  

to  r e v is e  the commonly h e ld  opin ion th a t  the n i t r o s o  fu n c t io n  was d e :
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c o n c u r r e n t  o b s e r v a t i o n  t h a t

ortho a lk y l groups were co n sid era b ly  d e sh ie ld e d  from th e ir  normal pos: 

s i t io n s  e s ta b lis h e d  the nature o f the n itr o s o  m agnetic a n iso tro p y  as 

o p p osite  to  th a t which had h ereto fo re  been a s so c ia te d  w ith  i t .  Tanaka

:n itro so b e n z e n e . Our own o b serv a tio n s  on t h is  compound lead  to  the same 

c o n c lu s io n .

Okazaki and Inamoto have a ls o  remarked upon th is  anomalous s h i f t

m agnetic a n is tro p y  e f f e c t s  o f the n itr o s o  fu n c tio n  proved s a t is f a c t o r y  

in  p r e d ic t in g  the s h i f t s  to  be observed in  a s e r ie s  o f ortho su b s t itu te d  

n itr o so b e n z e n e s . The p o s s i b i l i t y  a r is e s  th a t i t  may be p o s s ib le  to  em: 

jp lo y  such c a lc u la t io n s  to  e stim a te  the g eo m etr ica l r e la t io n s h ip s  o f  

v a r io u s  groups w ith in  th ese  m o lecu les. This of course req u ires  the e sta b :  

j l i s h in g  of accu rate param eters to  d escr ib e  the n itr o s o  m agnetic an isos  

itr o p y .

In the current case i t  i s  d e s ir a b le  to  be able to  d e fin e  the geom: 

te tr y  about the amino fu n c tio n  in  p a r a -su b stitu te d  a n i l in e s .  U nfortunate:

p re lim in ary  c a lc u la t io n s  in d ic a te  th a t the s e n s i t i v i t y  o f chem ical 

s h i f t s  to  be exp ected  a t  d is ta n c e s  e q u iv a len t to  the am in o-n itroso  d is s  

:tan ce  in  a n i l in e s  i s  low and as a r e s u l t ,  the r e la t iv e l y  su b tle  geom: 

sm e tr ica l e f f e c t s  sought are masked by the i n s e n s i t i v i t y  o f the method.

and coworkers observed the same e f f e c t  in  2—m ethyl-4— dim ethylam ino:

e f f e c t  in  n itr o so b e n z e n e s . C a lcu la tio n s  o f the s h i f t s  due to  the
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P r a c t i c a l  Aspec ts  o f  U nc lea r  Magnetic Resonance Spec t ro sco p y  

in  Conformational A n a ly s is .

Spectroscopy Techniques.

The experim ental methods o f  n .m .r .  sp ectroscop y  depend h e a v i ly  on 

advanced e l e c t r o n ic  tech n iq u es .  In a d d it io n  to t h i s ,  grea t  care has to  

"be taken w ith many o f  the f a c t o r s  which in f lu e n c e  s p e c tr a l  q u a l i ty  and 

which are under the d i r e c t  c o n tr o l  o f  the e x p e r im e n ta l i s t .  In t h i s  area^ 

s i g n i f i c a n t  improvements in  the technique can o f te n  he made. N .m .r. 

sp ectroscop y  has gained a poor rep u ta t io n  in  q u a n t i ta t iv e  s tu d ie s  par: 

i t i c u l a r l y  Because o f  the in a c c u r a c ie s  which have plagued k i n e t i c  work.
/ i

I t  i s  now almost c l i c h e  to remark upon the wide range o f  f r e e  en e rg ie s  

o f  a c t iv a t io n  ’measured* fo r  C-N Bond r o t a t io n  in  N,N-dimethylformamide. 

The la rg e  amount o f  in c o n s is te n c y  in  th ese  r e s u l t s  may Be traced  to many 

so u rces ,  and i s  a c le a r  in d ic a t io n  o f  the problems to  Be surmounted in  

q u a n t i ta t iv e  work By n .m .r .  sp ectroscop y . However, e f f o r t  expended to  

the end o f  improving n .m .r .  measurements, p a r t i c u la r ly  in  k i n e t i c  work, 

i s  e f f o r t  w e l l  spent^ as n .m .r .  sp ectroscop y  i s  o f ten  the on ly  technique  

a v a i la b le  f o r  acq u ir in g  a p a r t ic u la r  s e t  o f  r e s u l t s .  K in e t ic  p ro cesses  

w ith a c t iv a t io n  B a rr iers  o f  Between approxim ately 5 and- 2 5 k ca l. /m o le  

are g e n e r a l ly  on ly  measurable By n .m .r .  and r e l i a b l e  data on such mol; 

se c u le s  could  open up a wide f i e l d  to  q u a n t i ta t iv e  stud y .

The problems o f  s p e c t r a l  a n a ly s is  in  n .m .r .  can Be d iv id e d  in to  

two c a t e g o r ie s .  F i r s t l y  we must ensure th a t  the q u a l i ty  o f  the sp ec tra  

obtained are o f  a high order, and secondly  we must ensure th a t  the pro?

: c e s s e s  o f  d e r iv in g  q u a n t i ta t iv e  inform ation  from th ese  s p e c tr a ,  which 

o f te n  in v o lv e  a con s id erab le  amount o f  numerical c a lc u la t io n ,  are as 

r e l i a b l e  as p o s s ib l e .  Only i f  r e l i a b i l i t y  and accuracy, can Be e s ta b l i s h ' ,  

led  in  Both th ese  s ta g e s  o f  the process  o f  d e r iv in g  q u a n t i ta t iv e  r e s u l t s ,  

can we e x sp ec t  the r e s u l t s  to  Be m eaningful. The absence o f such care  

in  acq u ir in g  data has lead  to  the abundance o f  approximate and qu ite



o ften  erroneous r e s u l t s  in  the l i t e r a t u r e .  F o rtu n a te ly  w ith the increas:  

led  awareness o f  the p i t f a l l s  a w a itin g  the s p e c tr o s c o p is t ,  such r e s u lt s  

have d im in ished  co n sid era b ly  in  recen t y e a r s .

The Problems o f S p ec tra l Q u a lity .

Problems o f  s p e c tr a l q u a lity  are numerous and can perhaps convent

s ie n t ly  be c l a s s i f i e d  as a r is in g  from two so u r ce s . In the f i r s t  p la c e ,

i t  i s  o b v io u sly  n ecessa ry  th a t the n .m .r . equipment a p p lied  in  our

s tu d ie s  should  provide the in form ation  we exp ect to ob ta in  from i t .

In o th er  words, the spectrum we observe (on paper fo r  example) must be

the true spectrum o f the system  in  q u estio n  and not depend, to  a g r e a t;

le r  or l e s s e r  e x te n t , on a r t i f a c t s  imposed by the spectrom eter i t s e l f .

This i s ,  o f  co u rse , e a s i l y  sa id  but in  p r a c t ic e  i t  i s  r a r e ly , i f  ev er ,

a ch iev ed . On the assum ption th a t the e le c tr o n ic  a sp e c ts  o f the in stru '.

iment are o p tim a lly  d esig n ed , co n stru c ted  and m aintained (and t h is  i s

n o t l i k e l y  to  be the c a s e ) ,  we can s t i l l  f in d  many sou rces o f  probable

erro r  in  the manner the instrum ent i s  s e t  up and operated  on any p a r tic ;

lu la r  o c c a s io n . Worse s t i l l ,  th ese  sou rces o f  error  w i l l  not be con stan t

from one s e r i e s .o f  sp ec tra  to  another, but w i l l  vary u n p red icta b ly  w ith

tim e, operator and o th er  f a c t o r s .  The most obvious example o f  th ese

d i f f i c u l t i e s  are th ose  encountered in  o b ta in in g  a good and r e l ia b le

hom ogeneity in  the m agnetic f i e l d .  As judged by the width a t h a l f  the

h e ig h t o f  a r e feren ce  s ig n a l in  the sample s o lu t io n  under exam ination ,

t h is  i s  c o n tin u a lly  vary in g  w ith time during the running o f the sp e c t;

num . Almost a l l  h igh  r e s o lu t io n  instrum ents operate a t l e s s  than o p t:

limum hom ogeneity because o f  the d i f f i c u l t y  o f  m ain ta in in g  t h is  optimum

v a lu e  under a l l  c o n d it io n s  o f  s p e c tr a l o b se rv a tio n . As an in s ta n c e , w h il;

i s t  the p h y s ic a lly  n ecessa ry  inhom ogeneity which i s  exp ressed  as the l in e

w idth o f  a s ig n a l can be r e a d ily  accomodated t h e o r e t ic a l ly ,  th e occur  
/*2

ance o f a ’hump’' under the lin esh ap e  o f  s ig n a ls  i s  never con sid ered  

t h e o r e t ic a l ly  and alm ost always e x i s t s  ex p er im en ta lly . This phenomenon



can r e s u l t  in  the v a r ia b le  enhancement of s ig n a l  i n t e n s i t y  across  the 

resonance ab sorp tion  s ig n a l  w ith consequent erro rs  in  e s t a b l i s h in g  theor

I t  i s  a l s o  very  common to  f in d  n o n - l in e a r i t y  o f  the recorded spec*

Jtrum with r e sp e c t  to  frequency , and, i f  not accounted f o r ,  can lead  to

erro rs  in  the resonance p o s i t io n  o f  peaks in  the spectrum. R e la t iv e

chem ical s h i f  ts^ and in  bad ca ses  even co u p lin g  constants^may be in  erro r

In such c a se s  one i3  a ttem pting  to  co n s id er  non—e x i s t e n t  s p e c tr a ,  and,

i f  n oth ing  e l s e ,  t h i s  i s  a waste o f  tim e.

Perhaps though, the second source o f  e rr o r s  i s  the more important

f o r  i t  i s  l e s s  p r e d ic ta b le  than the former k in d . These are erro rs  which

do not a r i s e  from u lt im a te  machine l im i t a t io n s  but from experim ental

inaccuracy and operator  o v e r s ig h t .  Thus e r r o r s  in  the simple handling

o f  the spectrom eter  are worth watching out f o r .  Use o f too  h igh  an i r i
/*3

:r a d ia t io n  power, fo r  example, lea d in g  to ' s a t u r a t io n 1' o f  the n u c le i

g iv in g  r i s e  to  the ab sorp tion  can cause s p e c t r a l  d i s t o r t i o n .  In co rrect  

s e t t i n g  o f  the spectrum phase on the s ig n a l  d e te c to r  g iv e s  r i s e  to some
/*5

d isp e r s io n '  s ig n a l  b e in g  mixed in  w ith  the absorption  s ig n a l  to  form 

the spectrum. This can be p a r t i c u la r ly  d i f f i c u l t  to  e l im in a te  where we 

are observing a sm all s ig n a l  on the 'wings' o f  a la r g er  s i g n a l .  Too h igh  

a sweep ra te  a ls o  lead s  to  t r o u b le - in  as much as the sp ec tra  we normally

tr y  to  match t h e o r e t i c a l l y  are 's tea d y  s t a t e  s p e c t r a ' .  The e f f e c t  o f

s s t r u c t iv e  o f  s p e c t r a l  q u a l i ty  i f  the tube i s  unbalanced. And so the  

l i s t  could co n tin u e .

One o f  the most s i g n i f i c a n t  sources o f  erro r  in  conform ational  

s tu d ie s  by n .m .r .  spectroscop y  i s  the poor temperature c o n tr o l  which i s  

o f te n  e s t a b l i s h e d  in  v a r ia b le  temperature work. Not on ly  does t h i s  rej  

:p resen t  d i r e c t l y  an error  in  i t s  own r ig h t ,  but temperature v a r ia t io n  

causes  changes in  s p e c tr a l  appearance due to phase changes or exchange 

r a te  changes or homogeneity changes and o f ten  any combination o f  th ese

je t ic a l /e x p e r im e n t a l  s p e c t r a l  m atches.

tube sp inn ing  (which i s  used  to ach ieve  g r e a te r  r e s o lu t io n )  can be d e i



t h r e e .

The problem o f temperature c o n tro l  in  n .m .r .  sp ectroscop y  i s  a vexed, 

one. D esp ite  the obvious research  i n t e r e s t  in  r e l i a b le  temperature con: 

: t r o l ,  commercial su p p l ie r s  do n o t ,  as y e t ,  o f f e r  any major s o p h is t ic a t :  

: io n s  in  t h i s  f i e l d .

There are two d iscern a b le  requirem ents fo r  s a t i s f a c t o r y  temperature  

c o n tr o l .

. 1 / .  The temperature should be very  s ta b le  and uniform over the 

e n t ir e  sample volume.

2 / •  This temperature should be known a c c u r a te ly .

Tie achievemnet o f  s ta b le  temperatures in  a sample i s  in  i t s e l f  no

mean f e a t .  The common approach to t h i s  problem req u ires  a h ea tin g  *or

c o o l in g  gas stream to be passed over the sample he ld  in  the n .m .r .  tube.

Thus the problem o f  temperature co n tr o l  i s  one o f  c o n tr o l l in g  the temp:

serature  o f  a gas stream . In what fo l lo w s ,  we w i l l  r e s t r i c t  our a t t e n t io n

to  the problems o f  op era tin g  at low tem peratures, but a l l  that i s  sa id
/*8

a p p l ie s  a ls o  to  temperature co n tro l  above ambient tem peratures.

The c o n tr o l  u n it  employed in  our p resen t s tu d ie s  i s  the standard

: a t in g  w e l l  w ith in  s p e c i f i c a t i o n s .  Temperature c o n tro l  i s  by means o f  a 

sen s in g  u n it  h e ld  in  the gas stream ju s t  below the sp inn ing  sample tube.  

This u n i t  i s  a platinum r e s i s t e n c e  thermometer with very  f in e  turns of  

platinum wire to a llow  a high degree o f  s e n s i t i v i t y  to sm all temperature  

v a r ia t io n s  in  the p ass in g  gas stream. This thermometer c o n tr o ls  the in :  

:put current to  a h ea ter  in s e r te d  c o a x ia l ly  in to  the gas stream below  

the sen s in g  u n i t .  This arrangement s a t i s f i e s  s t a b i l i t y  requirem ents at  

a l l  temperatures reached (-1 7 0 °  being  the lo w e s t ) .  To achieve these  very  

low temperatures i t  i s  e s s e n t i a l  that a l l  the in s u la t io n  (dewaring) in  

the probe (Varian 4333) and i n l e t  channels i s  o f  a high e f f i c i e n c y .  Other 

:w ise ,  heat l o s s e s  are such that low temperatures cannot be achieved  

without in c r e a s in g  the c o o l in g  o f  the n itro g e n  coo lant gas to such an

m anufacturer's  u n i t  (Varian 4343) which, , i s  p r e se n t ly  oper



e x t e n t  t h a t  co n d en sa t io n  t a k e s  p l a c e .  Uet n i t r o g e n  gas  s p r a y in g  onto the 

h ea ter  and sen sor  u n its  causes severe tem perature i n s t a b i l i t i e s .  In cer: 

: ta in  c ircu m stan ces, very  low tem peratures w ith  very  high c o o lin g  r a te s  

fo r  the co o la n t gas are n ec essa ry . In such in s ta n c e s , helium , though 

n o tab ly  more exp en sive  than n itro g e n , should be used fo r  c o o lin g  i f  

i n s t a b i l i t y  from the above condensation  i s  to  be avo ided . In one or two 

in s ta n c e s , not d ir e c t ly  r e la te d  to  the work rep orted  in  t h is  t h e s i s ,  

t h is  approach has e f f e c t i v e l y  cured tem perature i n s t a b i l i t i e s  a t very  

low tem peratures.

Secondary procedures a p p lied  to  tem perature c o n tr o l are the cares  

i f u l  s t a b i l i s a t i o n  o f input tem peratures and flo w  r a te s  o f the gas  

stream  to  m aintain  constancy  o f op era tin g  c o n d it io n s . Furthermore, sp in :  

sner gas flo w  r a te s  are k ept as con sta n t as p o s s ib le  under co n d it io n s  

which must vary  due to  d if f e r e n t  sp in n er ra te  req u irem en ts. The s t a b i l :  

s i t y  and r e p r o d u c a b ility  o f the tem perature c o n tr o l were found to  be 

a f f e c te d  by the tem perature o f the sp in n er g a s , so th is  gas tem perature 

was m aintained con stan t by p a ss in g  the gas through a long len g th  o f p la s  

s t i c  tu b in g  immersed in  the s t a b i l i s e d  water c o o lin g  supply to  the spec: 

strom eter e lec tro m a g n et.

U niform ity  o f  tem perature over the e n t ir e  volume o f  the sample has

n o t been a ch iev ed . This i s  a common and alm ost insurm ountable f a i l i n g  in  
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such experim ents' g iv en  the current d esig n  o f v a r ia b le  tem perature  

prob es. The input c o o lin g  gas in  such probes norm ally p a sses  from b ot:  

:tom to  top o f  the sample volum e, g a in in g  h eat as i t  f lo w s . At the same 

tim e, the tem perature g ra d ien t which norm ally e x i s t s  down the sample 

tube a ccen tu a tes  the tem perature g ra d ien t w ith in  the sample i t s e l f .  In  

p r a c t ic e , i t  i s  not p o s s ib le  to  avoid  th is  g r a d ie n t. This can be minim: 

: is e d  by em ploying q u ite  h igh  gas flo w  r a te s  to  ensure ample c o o lin g  

ca p a c ity  fo r  the system . Further s o p h is t ic a t io n  such as in s u la t in g  and 

co o lin g  the e n t ir e  len g th  o f the n .m .r . tube req u ires  major changes in  

probe d es ig n  and i s  fa r  outw ith  our r e so u r c es . In the long run, a temp: 

:eratu re  g ra d ien t up the tube has to  be to le r a te d . This i s  p a r t ic u la r ly



bad a t very  low tem peratures.

The second problem, th a t o f e s t a b lis h in g  a c cu ra te ly  the sample 

tem perature, u lt im a te ly  p resen ts  insurm ountable d i f f i c u l t i e s .  This has 

been ta ck led  by s e v e r a l approaches d escr ib ed  in  the l i t e r a t u r e .  For abc 

: s o lu te  s e c u r ity  in  measuring sample tem peratures, i t  might seem e s s e n t:  

: i a l  to  have the tem perature sen sin g  u n it  perm anently in s e r te d  in to  the  

sample i t s e l f  under running c o n d it io n s . This i s  o f course not p o s s ib le  

w ith  any common tem perature sen sin g  d ev ice^ s in ce  the p resence o f  the 

o b jec t in  q u estio n  c o n s t i tu te s  a major d istu rb an ce to  the m agnetic f i e l d .  

The most common means o f  circum venting t h is  o b je c tio n  l i e s  in  the u se  

o f  a tem perature s e n s i t iv e  chem ical s h i f t  from a sample in se r te d  in to  

the sample tube in s id e  a c o a x ia l c a p i l la r y .  This d ev ice  i s  then s e n s it ' ,  

: iv e  to  the a c tu a l tem perature w ith in  the sample under running co n d it:  

s io n s ,  but d e sp ite  t h is  apparent s e c u r ity  in  tem perature measurement, 

there are major o b je c tio n s  to  t h is  method.

The f i r s t  o b je c tio n  a r is e s  in  ca se s  where the resonances from the 

•n .m .r . therm om eter1, as i t  i s  commonly c a l le d ,  overlap  w ith resonances  

in  the sample spectrum . In such ca se s  the technique whereby the thermo: 

sm eter system  con ta in ed  in  another tube i s  s u b s t itu te d  fo r  the sample 

tube can be em ployed. The most obvious o b je c tio n s  to  t h is  approach can 

be summed up in  the comment th a t now we are no lon ger  measuring the 

tem perature under the same c o n d it io n s  as in  the sam ple. Mb amount o f  

p reca u tio n s  can guaruntee th a t th ese  two tem peratures w i l l  be the same.

Of co u rse , the l ik e lih o o d  th a t they w i l l  be as c lo se  as to  be consid*. 

tered  id e n t ic a l  i s  h igh  i f  s u f f i c i e n t  p reca u tio n s are taken to  a llo w  

tim e to  s t a b i l i s e  under id e n t ic a l  c o n d it io n s  to  those p r e v a il in g  during  

running o f the sample spectrum . I t  i s  a ls o  true th a t u lt im a te ly  the  

c o a x ia l in s e r t io n  technique s u f fe r s  from e x a c t ly  the same o b je c t io n .

To c a lib r a te  the thermometer system  in  the f i r s t  p la c e , a tube s u b s t i t ;  

ju tio n  technique was v ery  l i k e l y  u sed . C a lib ra tio n  would be by means o f  

r e feren ce  to  some tem perature standard , probably a therm ocouple, which



would have to  "be in s e r te d  in t o  an open sp inn ing  n .m .r . tube o f s u i ta b le

s o lv e n t .  The thermometer system  could not be employed w ith in  t h i s  tube

as any r i s k  o f  c h a n g in g . i t s  c o n s t i tu e n t s  by having an open tube would
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have to be scru p u lo u s ly  avoided". So the i n i t i a l  c a l ib r a t io n  depends 

not on ly  on a con stan t temperature be ing  maintained between tubes but 

a ls o  in  the s i t u a t io n  where one sample has a heat conducting in s e r t  in  

i t .  Though co n s id era b le  care i s  normally taken w ith  such c a l ib r a t io n s ,  

i t  i s  c l e a r  th a t  t h e i r  f i n a l  accuracy cannot be com plete ly  guarunteed.

A fu r th e r  o b je c t io n  to  such an n .m .r .  thermometer approach a r i s e s  

from the f a c t  th a t  i t  i s  d i f f i c u l t  to  e s t a b l i s h  a low temperature th er  ; 

imometer system . Even with any such system developed , i t s  u s e fu ln e s s  

a t  h igh er  tem peratures i s  l im ite d  and such a thermometer would have to  

be exchanged f o r  another c a l ib r a te d  to  h ig h er  tem peratures. This in  

i t s e l f  then n e c e s s i t a t e s  two i d e n t i c a l  samples b e ing  made up w ith  d i f f J  

le r e n t  thermometer ’ i n s e r t s * •

I d e a l ly ,  one would l ik e  a temperature* sen s in g  system which was in :

:dependent o f  the sample tube b e in g  run a t  any p a r t ic u la r  moment. This 

c l e a r l y  a l lo w s  th a t  we w i l l  forego  the i l l u s o r y  c e r t a in t y  o f  measure: 

iment a s s o c ia te d  w ith  the c a p i l l a r y  in s e r t io n  tech n iq u e . One such apprz 

loach has been adopted in  the current s t u d ie s .  In e f f e c t ,  the p a r t ic u la r  

system in  q u estion  i s  c a l ib r a te d  by means o f  a thermocouple as the main 

standard .

In the Varian probe system under c o n s id e r a t io n ,  the fo l lo w in g  modi; 

i f i c a t i o n  has been a f f e c t e d .  By means o f pyrex g la s s  reeds^ two very  f in e  

thermocouple w ires are lea d  p a s t  the h ea te r  and sen sor  u n it  o f  the Var; 

l ia n  s t a b i l i s e r  and spot welded to  form a couple a t  a p o in t  some 2cms. 

beneath the sample tu be . From t h i s  couple ( Chromel/Alumel) a p o t e n t ia l  

i s  d er ived  during running o f  temperature v a r ia b le  s p e c tr a .  This p o te n t:  

l i a l  cannot be d i r e c t l y  r e la t e d  to temperature (even in  the gas stream) 

because o f  the s tr a y  p o t e n t ia l s  generated  in  p a ss in g  over the hot h ea ter  

u n i t  in  the system . This p o t e n t ia l  i s ,  however, almost e x a c t ly  reproduc;



t i b l e  between id e n t i c a l  running c o n d it io n s .  This p o t e n t ia l  has been 

c a l ib r a te d  a g a in s t  the tube temperature f o r  a g iven  p o in t in  the tube -  

h o p e fu l ly  a t  the rad iofrequency c o i l  h e ig h t  -  taken by means o f a prei 

: c a l ib r a te d  thermocouple about which a sample t u b e w i t h  a g iv en  h e ig h t  

o f  appropriate  so lv en t ,  s p in s .  C lear ly  such a system i s  open to  many ob*.

8j e c t io n s  on the b a s i s  o f  the number o f  p o s s ib le  v a r ia b le s  in  the system .  

In p r a c t ic e ,  a c a l ib r a t io n  has been e s t a b l i s h e d  between the observed p ot:  

, 'en t ia l  and the tube temperature and a smoothed-mathematical r e la t io n s h ip  

d er ived  between them. T h e re -a f ter ,  t h i s  c a l ib r a t io n  i s  checked at frequ:  

sent in t e r v a l s  and any d r i f t  from c a l ib r a t io n  i s  r e s to red  by minor var:  

l i a t i o n s  in  the input temperatue or gas f lo w  r a t e .  Under a l l  circumstan*  

see s  t h i s  approach has proved s a t i s f a c t o r y .  A very  high r ep r o d u c a b il i ty  

o f  temperature s e n s i t i v e  sp e c tr a  f o r  a g iv en  'c a l ib r a t io n *  temperature 

has been observed.

W hilst sh ort terms d r i f t s  in  the c a l ib r a t io n  can be checked in  t h i s  

manner, long term d r i f t s  due to  d e t e r io r a t io n  o f  the components o f  the 

system , p a r t i c u l a r ly  the probe dewar, must be accounted fo r  by complete 

r e c a l ib r a t io n  o f  the e n t ir e  system . Such d e te r io r a t io n  must be sp o tted  

in  the f i r s t  p la ce  and con seq u en tly  i t  i s  extrem ely  important to  carry  

out frequent c a l ib r a t io n  ch eck s. E v en tu a lly ,  the system d e te r io r a t e s  so 

f a r ,  g e n e r a l ly  due to  the probe dewar, th a t  a replacement u n i t  i s  n ecess :  

:a ry .  U n for tu n ate ly , as v a r ia b le  temperature n .m .r .  s tu d ie s  are not every  

o n e 's  i n t e r e s t ,  t h i s  replacement o f te n  aw aits  major p h y s ic a l  damage being  

i n f l i c t e d  on the probe by extremes o f op eratin g  temperature b e fo re  the 

n ec essa ry  maintainance i s  c a rr ied  outJ

Such a system has been found in  p r a c t ic e  to  be e a s i e s t  and probably  

the most accurate  means o f e s t a b l i s h in g  known and s ta b le  temperatures in  

the current equipment. Temperature measurement i s  by d ir e c t  read o f f  

from a c a l ib r a t io n  ta b le  and provid ing  op eratin g  c o n d it io n s  are maintain', 

led  con stan t and s u f f i c i e n t  time i s  a llowed to  reach eq u il ib r iu m  at the 

s t a r t  o f  each run, then no d e v ia t io n s  from c a l ib r a t io n  have been d is c o v :
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sered .

W hilst many authors f in d  sp inn ing  ra te  a s ig n i f i c a n t  f a c t o r  in  

the c a l ib r a t io n  c o n d it io n s ,  in  our ex p e r ie n c e ,  the c a l ib r a t io n  i s  rath;  

ser i n s e n s i t i v e  to  t h i s  f a c t o r .  This p o s s ib ly  r e f l e c t s  the very  h igh - 

c o o l in g  gas r a te s  u sed . I t  i s  a ls o  fo r tu n a te  s in ce  the Varian H.A.100 

instrum ent has no p r o v is io n  fo r  measuring the sp inn ing  r a te s  employed^ 

and w h i ls t  the sp inn er  gas f lo w  rate  could be h e ld  co n sta n t ,  the tube 

sp in n in g  ra te  v a r ie s  w ith s e v e r a l  f a c t o r s  only, one o f  which i s  the gas  

f low  r a t e •

We now f e e l  f a i r l y  c o n fid en t  th a t  the problem o f  temperature con: 

: t r o l  and measurement has been f a i r l y  s a t i s f a c t o r i l y  overcome. With cor:  

J r e c t ly  e s t a b l i s h e d  sample temperatures which are fr e e  from sy stem a tic  

erro r  and con ta in  very  sm all random e r r o r s ,  we can c o n f id e n t ly  tack le  

the problem o f  measurement o f  ra te  p ro cesses  in  s o lu t io n .  With c a r e fu l  

adjustment o f  a l l  spectrom eter  v a r ia b le s  (such as phase c o n t r o l ) ,  exact  

r e p r o d u c a b i l i ty  o f  s p e c tra  i s  observed. In th ese  c ircum stances , the 

common p r a c t ic e  o f  averaging the r e s u l t s  o f  s e v e r a l  runs in  a ch iev in g  

the appropriate  parameters f o r  any g iven  spectrum was abandonned. I t  

was considered  th at i f  t h i s  procedure led  to  large  u n c e r t a in t ie s  then  

the e n t ir e  r e s u l t s  could on ly  be su sp ect and i f ,  as was observed, uncer:  

j t a i n t i e s  were sm all ,  then the averaging p ro cess  was a n e e d le s s  waste 

o f  t im e. In any f i n a l  e st im a te  o f  the accuracy o f the r e s u l t s  u n cer ta in :  

i t i e s  are normally q u ite  l i b e r a l l y  est im ated  but t h i s  p r a c t ic e  a ls o  i s  

q u ite  dubious. U n c e r ta in t ie s  are not intended as s a fe ty  margins f o r  a 

r e s e a r c h e r !s r ep u ta t io n  but properly  as r e l i a b l e  e s t im a te s  o f  the p o ss ;  

: i b l e  erro r  in  acq u ir in g  the r e s u l t s  in  q u es t io n .  W hilst o f t e n }erro rs  

quoted may be in  r e tr o s p e c t  u n r e a l i s t i c ,  they  should be tr e a te d  as the 

b e s t  e s t im a te  a v a i la b le  a t  the tim e. The on ly  f i n a l  t e s t  o f  such fa c to r s  

l i e s  in  the reasonab len ess  o f  the r e s u l t s  ach ieved  and o f t e n  i t  must be 

l e f t  to  p o s t e r i t y  to  have the f i n a l  word on t h i s .

S ev era l important p o in ts  need to be made about the process  c f  ob:



s ta in in g  the sp e c tra  from which rate  parameters are to he d e r iv e d .  F i r s t :  

s ly  i t  i s  o f  g rea t  convenience in  f i t t i n g  any s e t  o f  sp e c tra  w ith  th e ir  

t h e o r e t i c a l  matching sp e c tr a  i f  the homogeneity o f  the magnetic f i e l d  i s  

h e ld  con stan t throughout. As we have mentioned, i t  i s  not norm ally pos:  

s s ib le  to  ach ieve  as good r e s o lu t io n  a t  low temperatures as at h igh  and 

so i t  i s  b e t t e r  to  compromise the r e s o lu t io n  obtained a t  h igh  temperatur: 

l e s  in  the i n t e r e s t  o f  f a c i l i t a t i n g  s p e c t r a l  matching of a temperature 

s e r ie s *  In e s t im a t in g  the r e s o lu t io n  ach ieved  in  any system i t  i s  b e t t e r  

th a t  the homogeneity standard chosen should be a m olecule o f  s im i la r  

s i z e ,  shape, and p o la r i t y  as the sample m o lec u le s .  In t h i s  way we can 

assume th a t  we are observ in g  a s im i la r  homogeneity e f f e c t  as the sample 

m o lec u le s .  I t  i s  o f  course d i f f i c u l t  to  f in d  such a homogeneity molecule  

which a t  the same time does not show any l i n e  broadenning due to  unresol*  

ived sm all cou p lin gs  or even exchange e f f e c t s .  The l a t t e r  cannot p o s s ib '  

f l y  be to le r a t e d  in  a homogeneity standard but the former are accep tab le  

as long as they  do not vary w ith  temperature 1 In the absence o f any such 

m olecu le , some standard l in e  such as T.M.S. might be used on the assump? 

i t i o n  th a t  v a r ia t io n s  in  temperature do not s u b jec t  the sample m olecules  

to  in f lu e n c e s  from the s o lv e n t  which are s p e c i f i c  and temperature varia*. 

j b l e  •

Secondly we must be open to  the l ik e l ih o o d  th a t  some or a l l  o f  the 

1 s t a t i c *  parameters c h a r a c te r is in g  the spectrum may in  them selves be 

temperature v a r ia b le .  The most common in s ta n c e  o f  t h i s  occurs in  estab j  

i l i s h i n g  the va lue  o f  the chem ical s h i f t  d i f f e r e n c e  between two s i t e s  

o f  a g iv e n  nu cleus undergoing exchange. This d i f fe r e n c e  i s  req u ired  in  

the f i t t i n g  process  and i t  i s  o f ten  the case th a t  the d i f f e r e n c e  observ;  

led  a t  low temperatures where separate  s ig n a l s  can be observed i s  not  

th a t  appropriate  to  h igh er  tem peratures, where we cannot see sep arate  

s i g n a l s .  The only  p o l i c y  th a t  can be adopted in  t h i s  s i t u a t i o n  i s  th a t  

o f  observ ing  the behaviour o f these  s h i f t s  over a range o f tem peratures  

where separate  s ig n a l s  can be observed and e x tr a p o la t in g  t h i s  behaviour



in to  temperature reg io n s  where separate  s ig n a l s  cannot he observed.

This e x tr a p o la t io n  assumption in  i t s e l f  lead s  to  uncertainty^ and i t  by

no means need hold  up over even short e x tr a p o la t io n  ran ges. In some

ca ses  s p e c t r a l  v a r ia t io n s  are s u f f i c i e n t l y  s e n s i t iv e  to changes in  the

s h i f t  d i f f e r e n c e  here to  e x h ib i t  anomalies i f  the e x tr a p o la t io n  which

has been assumed does not in  p r a c t ic e  hold  up. In many o ther  c a se s  we

can only  hope th a t  the co in c id en ce  o f  the f i n a l  averaged resonance pos;

*i t i o n  w ith  th a t  p red ic ted  by e x tr a p o la t io n  i s  s u f f i c i e n t  j u s t i f i c a t i o n

f o r  t h i s  approach. Though l e s s  common, i t  i s  a ls o  observed on occas ion s

th a t  cou p lin g  con stan t v a lu e s  are changing w ith  tem perature«■and t h i s
/*12

v a r ia t io n  must a l s o  be taken in t o  account".

C lea r ly  then , we req u ire  to  observe the sp e c tr a  o f  the samples in  

q u est io n  over a g r e a te r  range o f  temperature than merely th a t  in vo lved  

i n  the p ro cess  o f  s ig n a l  c o a le s c e n c e .  This i s  not always e a s i l y  achieved  

f o r  in  many ca ses  we are working at the l i m i t s  o f  temperature c o n tr o l  

or s o l u b i l i t y  o f  the sam ple. I f  we cannot ach ieve  t h i s  exaggerated  

spread o f  temperature measurements then we have to r e ly  on u s in g  non­

e x tr a p o la te d  v a lu e s  o f  the s t a t i c  param eters. This can only  be j u s t i f i e d  

where the e x tr a p o la t io n  reg io n  i s  s h o r t .  Yet t h i s  in  i t s e l f  p re sen ts  

d i f f i c u l t i e s  f o r  the s h o r te r  t h i s  r eg io n ,  the l e s s  w e l l  d e f in ed  any 

l e a s t  squares l in e  f o r  ra te  and temperature o b serva tion s  w i l l  b e .  In  

the m ajority  of cases  we are l im ite d  to  the p h y s ic a l  s i t u a t io n  p resen t  

led  by nature and conseq uently  again  the accuracy requirem ents on .the 

temperature measurement are narrowed. I t  i s  p o s s ib le  in  d i f f i c u l t  ca ses  

to  use spectrom eters  op era tin g  a t  h igh er  f i e l d  to  exaggerate  the chem ical  

s h i f t  d i f f e r e n c e  in v o lv ed  but t h i s  approach i s  l im ite d  and l i k e l y  only  

to  be o f  dramatic va lue  in  v ery  precarious  c a s e s .

We can see  then , th a t  the a c q u is i t i o n  o f u s a b le ^ le t  alone r e l ia b le ^  

s p e c tr a  fo r  v a r ia b le  temperature work i s  fraugh t w ith  d i f f i c u l t i e s .  How* 

l e v e r ,  as exp er ien ce  i s  ga ined  in  t h i s  f i e l d  problems such as th ese  be:

I come rou tin e  and in  consequence confid en ce  in  the technique i s  e s ta b l*  

l i s h e d .  With care , extrem ely  r e l i a b l e  measurements can be made and the



r e s u lt s  ach ieved  can he regarded as a ccu ra te .

The Problems o f D eriv in g  Q u a n tita tiv e  P aram eters.

As we have shown e a r l i e r  in  t h is  t h e s i s ,  the n ecessa ry  quantum 

m echanical tech n iq u es fo r  c a lc u la t in g  n .m .r . sp e c tra  under a v a r ie t y  o f  

c o n d it io n s  are w e ll  e s t a b lis h e d . The b a s ic  problem now p resen ted  i s  one 

o f e s t a b lis h in g  t h e o r e t ic a l ly  the n ecessa ry  s p e c tr a l param eters (chem icj 

t a l  s h i f t s ,  co u p lin g  c o n s ta n ts , h om ogen eities ,- r a te s  o f  exchange between  

s i t e s  e t c . )  which a c c u r a te ly  d escr ib e  the exp erim en ta l s i t u a t io n .  Two 

d i s t i n c t  c a te g o r ie s  o f  s p e c tr a l  s i t u a t io n  can be r eco g n ised . There i s  

the problem o f d e r iv in g  an accu rate  s e t  o f  chem ical s h i f t s  and cou p lin g  

co n sta n ts  app rop riate to  a g iv en  exp erim en ta l s i t u a t io n  in  which no 

ra te  p r o c esse s  are b ein g  ob served . There i s  a ls o  the problem o f d e r iv ;  

l in g  r a te s  o f  exchange o f  n u c le i  between s i t e s  in  E xchange' sp e c tr a .

For t h is  i t  i s  alm ost mandatory to have e s ta b lis h e d  accu rate v a lu e s  o f  

the chem ical s h i f t s  and cou p lin g  c o n sta n ts  fo r  the s t a t i c  s i t u a t io n ,  

though in  c e r ta in  s i t u a t io n s  the problem may be s u f f i c i e n t l y  overd efin ed  

to  a llow  a measure o f u n c e r ta in ty  in  the chem ical s h i f t  or the cou p lin g  

co n sta n t betw een two s i t e s  or n u c le i .

The D eterm ination  o f Accurate S t a t ic  Param eters.

The p r e r e q u is ite  o f such a d eterm in ation  i s  a h ig h ly  accu rate  sp ec;

itrum taken under optimum c o n d it io n s  on the sp ectrom eter . In p a r t ic u la r ,

the r e s o lu t io n  fo r  such a spectrum should be maximised to  a llo w  p r e c ise

d eterm in ation  o f a l l  but the sm a lle s t  cou p lin g  co n sta n ts  and chem ical
/*13

s h i f t s .  As we are norm ally concerned w ith  !stea d y  s ta te *  spectra^ in  

the d is c u s s io n  th a t fo llo w s  we w i l l  concern o u r se lv e s  e x c lu s iv e ly  w ith  

t h is  c a se . In consequence, i t  should be noted th a t a l l  exp erim en ta l 

sweep r a te s  employed should be v ery  low and and the o b serv a tio n  radio*

I frequency should be w e ll  below sa tu r a tio n  s tr e n g th . ■

Many computer programs have been w r itte n  to  c a lc u la te  the n .m .r .



stead y  s t a t e  spectrum observed g iven  an appropriate s e t  of chem ical
/* U ,  *15

s h i f t s  and coupling  constants'. In the more s o p h is t ic a t e d  of

th e s e ,  the programs can he used to vary an i n i t i a l  s e t  o f  chem ical  

s h i f t s  and cou p lin g  co n sta n ts  to g ive  a b e s t  f i t  to  the observed spec:,
/1 4 ,1 5

itrum. There are s e v e r a l  methods o f performing t h i s  op era tion  and

th ese  can be d iv id ed  in t o  two c a t e g o r ie s .  In the f i r s t  ca tegory  come

programs which i t e r a t e  the input parameters to  y i e l d  a b e s t  f i t  to  the
/* 16

energy t r a n s i t io n s  observed in  the spectrum^ The n ecessa ry  input to

such a program w i l l  c o n s i s t  o f  an i n i t i a l  s e t  o f  s p e c t r a l  parameters

and a l i s t i n g  o f  the e n e r g ie s  in v o lv ed  in  the spectrum t r a n s i t i o n s .

This in  i t s e l f  i s  a cumbersome procedure due to  the n e c e s s i t y  o f  deter*.

imining a l l  th ese  e n e r g ie s  from the t r a n s i t io n  freq u en c ie s  o f  the sp ect

itrum. In the second ca tegory  come programs which^rather than employ

t r a n s i t io n  energies^ employ t r a n s i t i o n  fr eq u en c ie s  and so e l im in a te  the

drudgery o f  the conversion  procedure. Though on the face  o f  i t  t h i s  does

not seem a g r e a t  sa v in g , when we co n s id er  th a t  we are no lon ger  required

to  p o s i t i v e l y  i d e n t i f y  t r a n s i t i o n s  but merely p la ce  them on a frequency

spectrum, we can see  th a t  t h i s  approach i s  the more d e s ir a b le  fo r  the

u n c e r t a in t i e s  i t  e l im in a t e s .  There are s e v e r a l  programs which adopt th is

approach but we w i l l  concern o u r se lv e s  here w ith  the one which has been

e x c lu s i v e ly  used in  the work d escr ib ed  in  t h i s  t h e s i s .  Ih is  program i s  

/ 17UEAITR'. I n i t i a l l y  an approximate spectrum i s  c a lc u la te d  from an approx 

lim ate s e t  o f  spectrum parameters and a t  t h i s  s ta g e  the program outputs  

an ordered s e r i e s  o f  t r a n s i t io n  freq u en c ie s  w ith  id e n t i f y in g  l a b e l s .  The 

numeric l a b e l s  are then matched w ith  the true v a lu es  o f  the t r a n s i t i o n  

freq u en c ie s  d er iv ed  e x p e r im en ta lly .  The program then i t e r a t e s  the approx 

lim ate s e t  o f  parameters by v a r ia t io n  o f  s p e c i f i e d  s h i f t s  and cou p lin g  

c o n sta n ts  to  ob ta in  a b e s t  f i t  o f  the t h e o r e t i c a l  to  the experim ental  

t r a n s i t i o n s .  No account i s  taken o f t r a n s i t io n  i n t e n s i t i e s ,  b u t ,  i f  the 

co rr e c t  s o lu t io n  has been obtained , these should a ls o  match, a l lo w in g  

f o r  the p o s s i b i l i t y  of spectrom eter  d i s t o r t i o n  i n  t h i s  r e s p e c t .



S evera l p o in ts  need to be made a t  t h i s  s ta g e .  Obviously the amount 

o f  d e t a i l  in  terms o f the in d iv id u a l  t r a n s i t io n s  observed in  the spec* 

strum depends somewhat on the homogeneity of the magnetic f i e l d .  A t :the 

same tim e, however, many t r a n s i t io n  w i l l  be so c lo se  to g e th er  th a t  they  

c o n s t i t u t e  one resonance l in e  in  the spectrum. These t r a n s i t io n s  may 

d i f f e r  s l i g h t l y  in  r e a l i t y  and hence a l im i t  w i l l  be p laced  on the 

accuracy o f  the i t e r a t e d  f i t  by the l o s s  o f  in form ation  from the n ecess :  

sary procedure o f  a s s ig n in g  very  c lo s e  t r a n s i t io n s  to  one v ery  c lo se  

mean t r a n s i t i o n  freq u en cy . With poorer magnetic f i e l d  hom ogeneity, i t  

may not be p o s s ib le  to  d er iv e  a c c u r a te ly  sm all coupling  co n sta n ts  in  

the spectrum due to  the mean assignment o f  t r u e ly  d i s t i n c t  t r a n s i t i o n s .  

I t  i s  a l s o  p o s s ib le  to  confuse the order o f two t r a n s i t io n s  where- t h e ir  

s ig n a l s  overlap  and mis—a s s ig n  th ese  t r a n s i t io n s  by up to  a Hz. or more. 

Errors o f  t h i s  k ind must be watched f o r .  Obviously the poorer the qual* 

l i t y  o f  the s p e c tr a ,  the poorer the f i n a l  f i t  o f  the matched parameters 

due to  erro rs  o f  the above k in d s .  * '

An obvious refinem ent of such procedures develops the complete  

t h e o r e t i c a l  spectrum from such t r a n s i t io n s  and to g e th er  w ith a l in eshap e  

fu n c t io n  and s p e c i f i e d  homogeneity outputs the complete s p e c t r a l  line*, 

ishape to a p l o t t in g  d e v ic e  f o r  comparison w ith  the experim enta l s p e c t ;  

irum. I t  i s  a l s o  p o s s ib le  to  input the e n t ir e  experim ental spectrum  

to  the program and by a l in e  search id e n t i f y  many of the t r a n s i t i o n  

fre q u e n c ie s  in  the spectrum. From t h i s  in form ation  and an approximate 

s e t  o f  parameters the process  o f  d e r iv in g  accurate parameters can be 

c a rr ied  through to  the e x te n t  of l e a s t  squares f i t t i n g  the l in esh ap e  

spectrum. Such s o p h is t i c a t io n  depends though on the a b i l i t y  to  s to r e  

and input s p e c t r a l  l in e sh a p es  to  a computer. As we have not y e t  acquired  

such a f a c i l i t y ,  th ese  l a t e r  s o p h is t i c a t io n s  have not been implemented 

in  our s t u d i e s .  However, the e x te n t  o f  overlap  matching p o s s ib le  w ith  

a p l o t t e r  system  provides  very  s a t i s f a c t o r y  confirm ation  o f r e s u l t s .
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The D e te r m in a t io n  of  A ccura te  Dynamic P a r a m e t e r s .

The h a s is  o f most accu rate  assessm ents o f dynamic, param eters 

must he a knowledge o f the s t a t i c  param eters o f the system  in  question*  

I f  we are observ in g  exchange o f n u c le i between d if f e r e n t  s i t e s  in  a 

system , then the average spectrum i s  c a lc u la te d  from the s p e c tr a l  para; 

im eters o f the in d iv id u a l c o n tr ib u tin g  s p e c ie s  in  the system . W hilst we 

may be ab le to  observe the sp e c tra  o f such c o n tr ib u tin g  s p e c ie s  a t low  

tem perature and f i t  th e o r e t ic a l  sp ec tra  a c c u r a te ly  to  them we should  

remember th a t such low tem perature s p e c tr a l  param eters need not apply  

a t  h ig h er  tem peratures where on ly  the average spectrum cah be observed. 

We have a lread y  remarked a t len g th  on the tech n iq u es and assum ptions 

employed to  circum vent t h is  problem . The whole su b jec t o f v a r ia b le  temp; 

tera tu re  work i s  fraugh t w ith  such d i f f i c u l t i e s .  In many in s ta n c e s  i t  

can on ly  be the rea son ab len ess o f  the r e s u l t s  ach ieved  th a t are a s a t i s ;  

s fa c to r y  assurance o f the co rr e c tn ess  o f our approach. In such c a se s ,  

we cannot e x sp e c t  to  ach ieve  refinem ent in. measuring thermodynamic para*. 

Im eters. I r o n ic a l ly ,  in  such c a se s , the more complex s p e c tr a l  p a ttern s  

o fte n  g iv e  the more r e l ia b le  r e s u l t s .

This a r is e s  from the f a c t  th a t in  complex system s the exchange

p r o c esses  have vary in g  e f f e c t s  on the appearance o f the resonances from

the v a r io u s  n u c le i .  So a t  one reg io n  o f exchange r a te s  some resonances

may be d ra m a tica lly  a f f e c te d  w h ils t  some may be more or l e s s  u n a ffe c te d .

These u n a ffe c ted  resonances can a c t as b u i l t  in  standards fo r  the homo;

ig e n e ity  o f  the system . In some in s ta n ce s  i t  may be p o s s ib le  to  observe

a p a r t ic u la r  resonance l in e  which i s  t o t a l ly  u n a ffe c ted  throughout the

course o f  the exchange r e g io n . Even i f  such a l in e  does not e x i s t ,  the

in te r p la y  o f e f f e c t s  on the v a r iou s lin esh a p es  o f s ig n a ls  in  the system

o fte n  u n iq u ely  d e fin e  the appropriate exchange parameters fo r  the system
/*18

a t  th a t tem perature. By such means', i t  i s  p o s s ib le  to  ach ieve  a h igh  

degree o f accuracy in  ra te  s tu d ie s  by n .m .r . sp ectro sco p y .

The most s a t is f a c t o r y  method o f f i t t i n g  experim en ta l sp e c tra  w ith
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th e ir  t h e o r e t ic a l  cou n terp arts would he to in p u t the e n t ir e  experim ent 

t t a l  spectrum to  a computer w ith  the n ecessa ry  s t a t i c  param eters fo r  

the system  in  q u estio n  and a llow  the computer to  f in d  the b e s t  f i t  

t h e o r e t ic a l  match to  the exp erim en ta l spectrum . I t  i s  h y p o th e t ic a lly  

p o s s ib le  to  d es ig n  a computer program system  th a t would take raw data  

in  the form o f  exp erim en ta l sp ec tra  and fo llo w  through the procedure 

o f s p e c tr a l  f i t t i n g  employed by the chem ist in  a reasonab ly  sh o rt time* 

In te r a c t io n  between such a program and the chem ist would be d e s ir a b le  

in  order to  d ir e c t  i n t e l l i g e n t l y  the a c t i v i t i e s  o f the program. W hilst 

co n sid era b le  e f f o r t  would need to  be expended in  s e t t in g  up such a 

system  i n i t i a l l y ,  such a package would save c o u n tle ss  man-hours o f f i t :  

i t in g  tim e. Of co u rse , i t  would have to  be employed i n t e l l i g e n t l y  and 

uninform ed use o f such a system  could on ly  lea d  to  com p lete ly  erroneous  

r e s u l t s .

The computer programs employed in  the cu rren t dynamic n .m .r . stu d ;

: i e s  are d escr ib ed  f a i r l y  f u l l y  in  the appendix to  th is  s e c t io n .  They

are o f two k in d s . The f i r s t  two are sim ple programs em ploying c lo se d

form ulae fo r  the c a lc u la t io n  o f exchange sp e c tra  fo r  A/B sy stem s. They

f in d  immediate a p p lic a t io n  in  the work on p -su b s t itu te d  d im e th y la n ilin e s

d escr ib ed  e a r l i e r  where the exchange p rocess brought about by r o ta t io n

o f the dim ethylam ino group was s tu d ie d . The th ird  program employs super:

I operator th eory  (a s  d escr ib ed  e a r l i e r )  and r e s u l t s  in  the c a lc u la t io n

o f complex exchange sp ec tra  in  terms o f two complex v e c t o r s .  From th ese

v e c to r s  the normal ab sorp tion  spectrum can be b u i l t  up. A rec e n t ap p lic*
/1 9

la t io n  o f t h i s  approach i s  d e ta i le d  in  the paper by B insch e t  al'. and

in d ic a te s  c le a r ly  the p o t e n t ia l  fo r  accuracy in  k in e t ic  n .m .r . r e s u l t s .

S ev era l o th er  authors a ls o  deserve mention fo r  th e ir  recen t s o p h is t ic a te  
,20 

ted work'.

A s o p h is t ic a t io n  in  our approach to  c a lc u la t in g  th ese  exchange 

broadennea sp e c tra  a llo w s the summation o f s e v e r a l  sp e c tra  d e r iv in g  

from any o f the above programs to  y ie ld  one com plete spectrum . This i s



a p p l i c a b l e  in  s i t u a t i o n s  where n o n -e x c h a n g in g  s i g n a l s  may r e q u i r e  add*.

: in g  in to  the t o t a l  spectrum or where exchanges in  more than one s e t

o f  isom ers are under way a t once. An ex a ct o v er la y  spectrum can then be

produced on a CALCOMP p lo t t e r .

The f i n a l  sta g e  o f  th ese  c a lc u la t io n s  in v o lv e s  the f i t t i n g  of

d er ived  ra te  and tem perature d ata  to  an S yrin g  equ ation  by a l e a s t  squar
z21

te s  method which i s  th a t o f Wentworth'. A copy o f the program employed 

i s  g iv en  in  an appendix to  t h is  s e c t io n .  This ro u tin e  a llow s in d iv id u a l  

w eigh tin g  o f the data  p o in ts  i f  required  and perm its the c o r r e c t  rep res:  

le n ta t io n  o f  th ese  w e ig h tin g  fa c to r s  in  the n o n -lin ea r  form of the f i t :  

*ted e q u a tio n . Output from the program y ie ld s  the l e a s t  squares v a lu e s  

o f ^  and fo r  the conform ational p r o c e ss .

By such means, i t  i s  p o s s ib le  to  ach ieve  r e l i a b le ,  accu rate thermo; 

idynamic param eters from dynamic n .m .r . measurements.

Chemical P r e p a r a tio n s .

Of the chem ica ls s tu d ied  during the course o f the work d escr ib ed  in  

t h i s  t h e s i s  the fo llo w in g  are com m ercially a v a ila b le  and may a ls o  be 

prepared by standard methods:

p-nitroso-T'T, K -d im eth y lan ilin e  (p u r if ie d  by r e c r y s t a l l i s a t io n  from 

b en zen e).

p-dim ethylam inobenzaldehyde was used as provided com m ercially , 

p-dim ethylam inoacetophenone was lo c a l ly  a v a ila b le  in  a pure 

c o n d i t io n . '

The fo llo w in g  sy n th e t ic  methods were employed to  produce the re:  

tm aining compounds req u ired .

9 - n i t r o s o . i u l o l i d i n e .

J u l o l i d i n e  ( c a .  0.011: i n  sodium d r i e d  e t h e r )  i s  c o o le d  to  -1 5 °C .
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i n  an i c e - s a l t  "oath w i th  th e  e x c l u s i o n  o f  l i g h t  by  m ask ing  w i th  a lu m in : 

iium  f o i l  and  th e  e x c l u s i o n  o f  oxygen by o p e r a t i n g  u n d e r  an a tm o sp h e re  

o f  n i t r o g e n  ( d r y ) ,  h i t r o s y l  c h l o r i d e ,  d r i e d  by  p a s s a g e  th ro u g h  c a lc iu m  

c h l o r i d e ,  w hich a l s o  s e r v e s  t o  remove any  h y d ro g en  c h l o r i d e  p r e s e n t ,  i s  

c o n d en sed  i n t o  th e  e t h e r  a t  -1 5 ° C .  f o r  a p p r o x im a te ly  20 m in s .  T h is  r e s  

s s u i t s  i n  a  s a t u r a t e d  s o l u t i o n  o f  n i t r o s y l  c h l o r i d e  i n  e t h e r  o r  i n  an 

e x c e s s  o f  th e  reag e n t©  T h is  sy s tem  i s  s t i r r e d  (m a g n e t ic  u n i t )  f o r  a b o u t  

h a l f  an  h o u r  u n d e r  n i t r o g e n ,  and  th e n  th e  t e m p e r a tu r e  i s  a l lo w e d  to  re s  

j t u r n  t o  a m b ie n t  d u r i n g  w hich  t im e ,  n i t r o g e n  g a s  f l u s h e s  e x c e s s  n i t r o s y l  

c h l o r i d e  o u t  o f  th e  sy s te m  ( fu m e c u p b o a rd ! ) .  The r e s u l t i n g  r e d  s o l i d  i s  

d i s s o l v e d  i n  a  minimum o f  w a te r  and th e  r e s u l t i n g  a c i d  s o l u t i o n  i s  n e u ts  

s r a l i s e d  w i th  sodium  c a r b o n a t e  s o l u t i o n ,  e x t r a c t e d  w i th  e t h e r  and  th e n

th e  e x t r a c t s  d r i e d  o v e r  sodium  s u l p h a t e .  The d r i e d  e t h e r  s o l u t i o n  i s

e v a p o r a t e d  t o  d r y n e s s  on a  r o t a r y  e v a p o r a t o r  and th e  g re e n -b ro w n  r e s i d u e  

i s  t a k e n  up  i n  th e  minimum o f  h o t  e t h a n o l  and a l lo w e d  to  c r y s t a l l i s e .

T h is  y i e l d s  c ru d e  9“ n i t r o s o j u l o l i d i n e  w hich  i s  b e s t  r e c r y s t a l l i s e d  from  

c o n c e n t r a t e d  a c e to n e  s o l u t i o n .  The r e s u l t i n g  s o l i d  i s  i n  th e  fo rm  o f

p r i s m s  w i th  a  s t e e l  b lu e  l u s t r e ,  m . p t .  1 6 3 .5  -  164°C. C, 71»21^'$ H, 6.89>y

IT, 1 3 • 77W: C12H14iT2 0 r e q u i r e s  C, 71.26%-, H, 6 . 98£ ;  S, 1 3 . 8 5^ .

T h is  method, i s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by  ' i i l l i a m s t

9 - n i t r o j u l o l i d i n e .

T h is  compound i s  p r e p a r e d  by  o x i d a t i o n  w i th  m e ta c h lo r o p e r b e n z o ic  

a c i d  o f  9“ n i t r o s o j u l o l i d i n e •

9 - n i t r o s o i u l o l i d i n e  i s  d i s s o l v e d  i n  e t h e r  and th e  o x i d i s i n g  a g e n t  

i s  added  g r a d u a l l y  u n t i l  th e  s o l u t i o n  no lo n g e r  g e t s  any  y e l l o w e r  i n  

c o l o u r  ( a b o u t  1 .3  t im e s  th e  s t o i c h i o m e t r i c  amount o f  p e r b e n z o ic  a c i d  

b u t  t h i s  d ep en d s  on th e  q u a l i t y  o f  th e  a c i d  u s e d ) .  The s o l u t i o n  i s  th e n  

e x t r a c t e d  w i th  a c i d  s e v e r a l  t im e s  and th e  com bined e x t r a c t s  a r e  n e u t r a l :  

: i s e d  and e x t r a c t e d  th o r o u g h l y  w i th  e t h e r .  The e t h e r  e x t r a c t s  a r e  d r i e d ,  

e v a p o r a t e d  to  d r y n e s s  and th e  r e s i d u e  r e c r y s t a l l i s e d  tw ic e  from  e t h a n o l  

y i e l d i n g  b r i g h t  o ran g e  n e e d l e s  o f  9'"n i ^ 1’0 j u l o l i d i n e , m .p t .  162—164 C.



C, 66 . 09£; IT, 6 .5 2 $ ; IT, 1 2 .8 3 $ ;  G 2111 /i1T2°2 recIu ire G  c > 66.03/**; H, 12. 84; 

IT, 6 . 47$ .

syn~31 7—dibrom o--c is , c i s - c y c l o - o c t a - l , 5 -d ie n e  .

C y c l o o c t a - 1 , 5~ d ien e  (47g*> 0 .4 4  n i o l . ) ,  IT -b ro m o su cc in im id e( 1 0 6 g . ,

0 .6 m o l . )  and "benzoyl p e r o x id e  (4 g * )  i n  ’A n a l a r ’ c a rb o n  t e t r a c h l o r i d e  

( 300m l . )  were h e a t e d  u n d e r  r e f l u x  f o r  t h r e e  h o u r s .  A f t e r  re m o v a l  o f  th e  

p r e c i p i t a t e d  s u c c in im id e  and  c o n c e n t r a t i o n  o f  th e  s o l u t i o n ,  th e  m ix tu re  

was s e t  a s i d e  a t  ~25°C f o r  s e v e r a l  d a y s .  D u r in g  t h i s  t im e  a  p r e c i p i t a t e  

d e p o s i t e d .  T h is  i s  f i l t e r e d  o f f  and th e  m ix tu r e  r e t u r n e d  to  th e  c o ld  

where f u r t h e r  p r e c i p i t a t e  f o r m s .  The d r i e d  p r e c i p i t a t e  i s  d i s s o l v e d  i n  

"benzene and  f o r c e d  down a  s h o r t  column o f  g ra d e  I I I  n e u t r a l  a lu m in a .  

T h is  p r o c e s s  e f f e c t i v e l y  f r e e s  th e  r e q u i r e d  p r o d u c t  o f  t r a c e s  o f  impurs 

: i t y  and a l lo w s  th e  d ih ro m o d ie n e  to  c r y s t a l l i s e  from  th e  "benzene e l u a n t  

a s  lo n g  w h i te  n e e d l e s ,  m . p t .  1 2 2 . 5 - 1 2 3 . 5°C w i th  s u b l i m a t i o n .  C, 3 6 .3 $ ;

H, 3*8$; r e q u i r e d  f o r  C, 3 6 .1 $ ;  E[, 3 . 8 $ .
/

T h is  m ethod i s  an  a d a p t a t i o n  o f  t n a t  d e s c r i b e d  b y  Zablciewicz'.
2 3 .
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R e f e p en ce s  ( F r e e t i c a 3 -  A sw o c t s ) .

1. A l l e r h a n d ,  A .,  Gutowsky, I I .S . ,  J o n a s ,  J . , M e in ze r ,  R .A . ,

J . A . C . S . ,  1 9 6 6 ,88_, 3135 .

2 . *  t h i s  hump i s  c a u s e d  by  in h o m o g e n e i ty  i n  th e  m a g n e t ic  f i e l d .

3**  s a t u r a t i o n  o c c u r s  when th e  p o p u l a t i o n s  o f  th e  n u c l e a r  s p i n  l e v e l s  

d i v e r g e  s e r i o u s l y  f rom  t h e i r  B o ltzm an  d i s t r i b u t i o n  and t e n d  t o  b e :  

scome e q u a l .

4** th o u g h  p rog ram s do e x i s t  f o r  th e  c a l c u l a t i o n  o f  su ch  s p e c t r a ,  f o r  

o u r  p r e s e n t  p u r p o s e s  we a r e  n o t  i n t e r e s t e d  i n  su c h  e f f e c t s  and 

h en c e  c l a s s i f y  them a s  d i s t o r t i o n .

5** th e  a b s o r p t i o n  and d i s p e r s i o n  mode s i g n a l s  can  be d e t e c t e d  o r th o g :  

s o n a l  t o  one a n o t h e r  f rom  th e  n . m . r .  s a m p le ,  th e  d i s p e r s i o n  s i g n a l  

i s  th e  f i r s t  d e r i v i t i v e  o f  th e  a b s o r p t i o n  s ig n a l - .a n d  c o n s t i t u t e s  

a  d i s t o r t i o n  o f  th e  p u re  a b s o r p t i o n  mode f o r  w h ich  we do n o t  make 

a l l o w a n c e •

6 . *  s t e a d y  s t a t e  s p e c t r a  a r e  a c h ie v e d  by  u s i n g  s low  sweep r a t e s  and low 

i r r a d i a t i o n  power i n  a s  much a s  t h e s e  c o n d i t i o n s  a l lo w  th e  e n t i r e  

s p i n  s y s te m  to  a t t a i n  an  e q u i l i b r i u m  c o n d i t i o n  w hich  we o b s e r v e ,  

n o t  a  s t a t e  o f  c h a n g e .

7 . *  a s  can  be s e e n  f rom  th e  l e a s t  s q u a r e s  p l o t s  g iv e n  i n  t h e  . a p p e n d ic e s ,  

u n c e r t a i n t y  i n  t e m p e r a t u r e  i s  p r o b a b ly  r e s p o n s i b l e  f o r  th e  m a j o r i t y  

o f  th e  u n c e r t a i n t y  i n  many s e t s  o f  r e s u l t s .

8 . *  m ost a u t h o r s  have d i s c o v e r e d  th e  g r e a t e s t  d i f f i c u l t y  i n  a c h i e v i n g  

a c c u r a t e  t e m p e r a tu r e  c o n t r o l  a t  low t e m p e r a t u r e s .

9**  i r o n i c a l l y ,  i n  t h a t  work was d e l a y e d  f o r  18 months w h i le  a  number 

o f  e l e c t r o n i c s  t e c h n i c h i a n s  c o u ld  n o t  f i n d  a  s im p le  f a u l t .

1 0 .*  i t  i s  u n f o r t u n a t e  a l s o  i n  t h a t  i t  c a u s e s  f u r t h e r  a r t i f i c i a l  b r o a d :  

: e n i n g  o f  s p e c t r a l  l i n e s .

1 1 .*  su ch  c h e m ic a l  s h i f t  th e rm o m e te rs  o f t e n  r e l y  on th e  o b s e r v a t i o n  o f  

an  e x c h a n g in g  p r o to n  t o  e s t a b l i s h  a  t e m p e r a tu r e  m e a s u r in g  d e v i c e ,  

th e  p r o t o n  s h i f t  i s  p a r t i c u l a r l y  s e n s i t i v e  to  i m p u r i t i e s .
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1 2 .*  the work o f B insch i l l u s t r a t e s  th ese  p o in ts  w e l l .  e .g .  S t e ig e l ,  A ., 

Sauer, J . ,  K lie r , D .A ., B insch , G ., J .A .C .S ., 1 9 7 2 ,^ ,2 7 7 0 .

1 3 .*  see  6*.

14** e .g .  LA0C00IT2 : C a ste lla n o , S . ,  Botlm er-By, A .A ., J.Chem .Phys. ,  

1 9 6 4 ,4 1 ,3 8 6 3 .

15«* LAKE, LACK: Haigh, C.TT. in  Mooney, E .F . ( e d i t . ) ,  Ann.Reps.11.M.R.

S p e c t . ,  1 9 7 1 ,4 ,3 1 1 .

1 6 .*  e .g .  Swalen, J .B . ,  H e i l ly ,  C .A ., J.Chem .Plays., 19 6 2 ,3 7 ,2 1 .

17* Johannesen, R .B ., F e r r e t t i ,  J .A .,  H a rr is , R.K., J .M ag.R es., 1970,

3̂ ,8 4 .

1 8 .*  as an example of t h is  p o in t th a t complex sp e c tra  are sometimes 

more in form ative  than sim ple sp e c tr a , note the v a lu a b le  f i t t i n g  

fe a tu r e s  in trod u ced  in to  the sp e c tra  o f  the phosphines shown in  

f i g .  1 (from  B ushw eH er, C.H., B r u n e lle , J .A .,  Anderson W.G., 

B ilo f s k y , H .S ., T e t .L e t s . ,  1 9 7 2 ,3 2 6 1 .)

19. see  r e f .  12.

2 0 .*  fo r  in s ta n ce  the work o f  J .D . Roberts and coworkers and the work 

o f K .I .  D a h lq v ist and cow orkers.

2 1 . Wentworth, W.E., J.Chem .Educ., 1 9 6 5 ,42 , 96 .

2 2 . W illiam s, D .A .R ., B .S c . 'Thesis, U n iv e r s ity  o f  Glasgow, 1968•

2 3 . Z abkiew icz, J .A . , Ph.D. T h e sis , U n iv e r s ity  o f Glasgow, 1965*



Appendix A : Computer Programs.
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I t  was n ecessa ry  fo r  the current s tu d ie s  to  acquire and develop  

a s u ite  o f  programs fo r  the c a lc u la t io n  o f continuous wave, stead y  

s ta te  n .m .r . sp e c tr a . The o p e r a tio n a l programs f a l l  in to  two c a te g o r ie s .  

There are th ose which can be used  fo r  the n o n - ite r a t iv e  f i t t i n g  o f  

l in e -sh a p e s  fo r  exchanging system s, and one which can be used  fo r  the 

c a lc u la t io n  and i t e r a t iv e  f i t t i n g  o f  non-exchanging system s. Further  

in c id e n ta l  programs have been developed  fo r  le a s t  squares f i t t i n g  o f  

r a te  tem perature data to  E yrin g’ s eq u ation , and fo r  the c a lc u la t io n  

o f v ic in a l  cou p lin g  co n sta n ts  a t 1° in t e r v a ls  through 360° from a form 

o f  Karplus eq u a tio n . As t h is  l a s t  program i s  m erely a time sa v in g  con: 

sven ien ce  and i l l u s t r a t e s  no s ig n i f i c a n t  p r in c ip le ,  no fu rth er  mention  

w i l l  be made o f  i t .

The programming language u sed  in  a l l  th ese  programs i s  FORTRAN- 

(UNIVAC l e v e l  V ). This i s  a s o p h is t ic a te d  v e r s io n  o f  FORTRAN- and per: 

jm its  many f a c i l i t i e s  o f  g r ea t convenience to  a programmer which are 

n ot g e n e r a lly  a v a ila b le  in  o th er  v e r s io n s  o f  FORTRAN such as IBM le v e l  

IV. I t  i s  not the purpose o f  t h is  appendix to  d e t a i l  any o f  th ese  soph' 

s i s t i c a t i o n s  and i t  i s  assumed th a t where mention i s  made o f  them, the 

read er w i l l  a ccep t th e ir  e x is te n c e  as s ta te d  w ithout fu r th er  comment.

D e ta i ls  o f  the computer in s t a l l a t io n  u sed  in  t h is  work are g iv en  

in  Appendix B.

Programs fo r  the C a lcu la tio n  o f Exchanging System s.

Programs developed  in  t h is  category  are o f  two ty p e s . The f i r s t  

type are r e s t r ic t e d  in  the s iz e  o f  the system  th ey can handle w h ils t  

th e second ty p e , c o n s is t in g  o f one g en era l program, can handle any s iz e  

o f  system  by the r e la t iv e l y  sim ple procedure o f  red im ension ing by para: 

tm eter v a r ia b le s ,  though obvious r e s t r ic t io n s  are imposed by tim e requir*. 

:ed  and the computer s to r e  a v a i la b le .

There are th ree programs in  the f i r s t  c a teg o ry . W hilst the l a s t  o f



th ese  i s  g en era l and capable o f the c a lc u la t io n s  performed by the f i r s t  

two, i t  i s  more demanding in  computer s to r e  and so advantage i s  taken  

o f  the f i r s t  two where r e la t iv e l y  sim ple system s are b e in g  c a lc u la te d .

1 /•  QUABEX. This i s  used  fo r  the c a lc u la t io n  o f coupled A/B

sp ec tra  w ith equal p o p u la tion s o f  A and B exchanging w ith each o th er .

2 /•  CLATUX. This i s  used  fo r  the c a lc u la t io n  o f non-coupled  A/B

sp ectra  w ith  v a r ia b le  p o p u la tio n s o f A and B exchanging w ith each o th er .

3 / .  DNMH3. This i s  a v e r s a t i l e  program used  fo r  the c a lc u la t io n  

o f  f a i r l y  complex system s in co rp o ra tin g  fe a tu r e s  such as the above to :  

jg e th er  w ith the p o s s i b i l i t y  o f  s e v e r a l exchange s i t e s  and s e v e r a l nuc 

t l e i .  Symmetry p r o p e r tie s  o f  the m olecule can a ls o  be used  to  advantage.

A ll  th ese  programs share a common g ra p h ics ro u tin e  which p lo t s  

the output sp e c tra  onto a CALCOMP p lo t t e r ,  and a t the same tim e a llo w s  

output o f  the p lo t  v e c to r s  onto the l in e  p r in te r  in  case we w ish to  

m anually p lo t  sp e c tr a . In p r a c t ic e  t h is  f a c i l i t y  i s  r a r e ly  used  and i s  

norm ally su p ressed . For the purposes o f  composing sp ectra  d e r iv in g  from 

more than one s p e c ie s  in  a system , s e v e r a l c a lc u la t io n s  can be summed 

to g e th er  and output to  the p lo t t e r  a t  on ce . This s o p h is t ic a t io n  i s  use: 

: f u l  p a r t ic u la r ly  in  adding in  the s ig n a ls  from so lv en t peaks in  a spec: 

ttrum . To fu r th e r  f a c i l i t a t e  t h i s ,  any number o f  the above c a lc u la t in g  

r o u tin e s  can be combined in to  a main program and c a lle d  in d iv id u a lly  

to  c a lc u la te  1s u b s p e c tr a '•

A fu r th e r  refinem ent has been developed  to circum vent the cumber: 

jsome amounts o f  output from the p lo t t e r  in v o lv ed  in  f i t t i n g  sp ectra , 

m anually. For A/B system s w ith equal p o p u la tio n s , a ro u tin e  i s  a v a ila b le  

to  measure up the spectrum in  terms o f 'maximum to minimum r a t i o 1 and 

'w idth a t h a lf  maximum in t e n s i t y 1 w ithout p lo t t in g  th ese  sp e c tra  a t a l l .  

As the A/B case has been fr e q u e n tly  d e a lt  w ith  in  our work, t h is  f a c i l :

: i t y  has saved a co n sid era b le  amount o f time in  the ted io u s  p ro cess o f  

m easuring th e o r e t ic a l  sp e c tr a .

Had f a c i l i t i e s  fo r  d ig i t i s in g  sp ec tra  and in p u tt in g  them to  the



main computer been a v a i la b le ,  the obvious e x te n s io n  o f th is  approach

would have been the computer measurement o f experim ental sp e c tra  and

adjustm ent o f the c a lc u la t io n  param eters fo r  a le a s t  squares f i t .  Such- 
/ 1

ro u tin es ' are becoming a v a ila b le  and used  w ith  due ca re , th ey  can e lim ;  

t in a te  much o f  the drudgery o f the current approach to m atching sp ectra  

from exp erim en ta l and th e o r e t ic a l  so u rces .

There i s  one program in  the second c a te g o ry . This i s  an extended  

v e r s io n  o f DNMR3 w ith  'p a ra m etr ised 1 arrays to  perm it u n lim ited  (hypo*, 

i t h e t i c a l l y )  e x te n s io n  o f  the s iz e  o f the sp in  system  c a lc u la te d . As 

o r ig in a l ly  w r it te n , DUMR3 was s u ita b le  fo r  immediate con version  by u se  

o f  ‘param eter v a r ia b le s  in  array d im en sion in g . C urrently the u se  o f t h is  

ro u tin e  i s  r e s t r ic t e d  by the a v a ila b le  sto ra g e  on the computer. (For 

d e t a i l s  o f  t h is  see  Appendix B .) In u s in g  t h is  f a c i l i t y ,  the e n t ir e  

program needs to  be recom piled  w ith  every  array change. This in  i t s e l f  

i s  n ot a burden on a pow erful machine, r eq u ir in g  about 15 secon d s.

Programs fo r  the C a lcu la tio n  and I t e r a t iv e  F i t t in g  o f  S p ec tra .

The program employed in  t h i s  ca tegory  i s  UEAITR. At p resen t none 

o f  the o th er  w e ll known programs in  t h is  ca tegory  ( e .g .  LA0C00N3, LAME, 

LACX) are o p e r a t io n a l. Again th ere are two v e r s io n s  o f  the program.

The f i r s t  i s  the r e s t r ic t e d  system  provided by the authors which can 

accomodate a maximum o f  seven  s p in s . The second i s  a g e n e r a lise d  system  

em ploying 'param etrised ' arrays as above. In th is  c a se , however, i t  i s  

o n ly  n ecessa ry  to  recom pile the main ro u tin e  o f th is  program w h ils t  a l l  

su b rou tin es are u n a ffe c te d  by the array changes, having th ese  dim enions 

tra n sm itted  in  la b e l le d  COMMON. Again lo c a l  temporary r e s t r ic t io n s  l im it  

u s to  a maximum o f e ig h t  sp in s  (no o v er la y  has been attem pted) but w ith  

the c a p a c it ie s  a v a ila b le  on many machines the l im ita t io n  met would be 

one o f  time ra th er  than sto ra g e  req u irem ents.

I t  i s  con ven ien t a t t h i s  p o in t to  remark th a t input in  a l l  o f the  

programs mentioned in  t h is  appendix i s  FREE FORMAT. This i s  a unique



FORTRAN V f a c i l i t y  and perm its input data to "be presented  in  a con tin j  

:uous s tr in g  per REAR statem ent w ith the f i e l d s  sep arated  by commas.

The convenience o f th is  i s  ob v iou s, though u n fo r tu n a te ly  t h is  f a c i l i t y  

i s  d i f f i c u l t  or im p o ssib le  to  ach ieve  w ith  o th er  v e r s io n s  o f FORTRAN.

“Rigorous Least Squares Adjustment**•
/2

The b a s is  o f  t h i s  program i s  d escr ib ed  by Wentworth' in  the ’Jour: 

*nal o f Chemical E d u c a tio n '. The eq u ation

squares f i t  o f  the tem perature and ra te  ,o f  exchange data fo r  a g iv en  

system  i s  obtained* From t h is  we can d er iv e  the fr e e  energy o f  a c t iv a t :  

s io n  havin g c a lc u la te d  the l e a s t  squares v a lu e s  o f  the en th a lp y  and 

entropy o f  a c t iv a t io n .  The inp ut i s  in  terms o f  the co o rd in a tes  o f  the

i n i t i a l  e s t im a te s  o f  en th a lp y  and entropy param eters, and the r a te  con: 

s s ta n ts  w ith  app rop ria te  tem p eratu res. The v a r ia n ces  o f  both can be in :  

ie lu d ed  here or s e t  to  u n it y .  The program i s  s e lf -e x p la n a to r y  and a 

copy i s  in c lu d ed  in  t h i s  appendix.

due to  E yring i s  employed and a le a s t

en d p oin ts o f  an approxim ate p lo t  l in e

R eferences (Appendix A)

1 . Drakenberg, T ., R a h lq v ist , K .I . ,  F orsen , S . ,  A cta .C h e.S can d ., 

1970, 2 4 , 694 .

2 .  Wentworth, W .E., J.C hem .Sduc., 1 9 6 5 .4 2 .9 6 .
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The fo llo w in g  graphs d is p la y  the q u a lity  o f  r e s u l t s  ob ta in ed  fo r  

the TJyring p lo t s  fo r  each o f  the compounds stu d ied  by v a r ia b le  temper* 

ja tu re  n .m .r . sp ec tro sco p y . The f in a l  graph in  t h i s  s e r ie s  shows the  

e x tr a p o la t io n  curves fo r  th e p -s u b s t itu te d  d im e th y la n ilin e s  y ie ld in g  

f r e e  energy v a lu e s  a t  133°K*

The fou r  s p e c tr a l  o v er la y s  show the q u a lity  o f  f i t  ach ieved  in  the  

b e s t  s e t  o f  r e s u l t s  observed in  th ese  s t u d ie s .  Spectra A and B apply to  

9 - fo r m y lju lo lid in e , and sp e c tra  C and D apply to  p -n itr o s o —IT, IT—dim ethyl*  

*a n i l in e .
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Append ix  '0 s Computer  C o n f i g u r a t i o n *

A v ery  b r ie f  comment i s  in  order here to  d escr ib e  the computing 

f a c i l i t i e s  employed during t h is  r e se a rc h . The computer in s t a l l a t io n  

i s  a TJNTVAC 1108 w ith 136K o f  f a s t  a c ce ss  s to r e .  This in  i t s e l f  i s  lim*. 

: i t e d  and a fu r th e r  l im ita t io n  a r is e s  in  th a t on ly  a maximum o f  h a lf  

t h i s  area i s  a v a ila b le  under extrem e c o n d it io n s  fo r  data  s to r a g e . In- 

consequence, la r g e  programs w ith v a s t  data s to r e  requirem ents can on ly  

a c c e ss  a maximum o f  about 80K in c lu d in g  17K o f code ( i . e .  in s t u c t io n s ) . 

As fa r  as the cu rren t u se  i s  concerned, a c c e ss  has been alm ost in variab  

s ly  in  batch  mode, a lthough some remote te le ty p e  a c c e ss  i s  p o s s ib le .  

However, w ithout rew r itin g  much o f the program ou tp u t, t h is  i s  extreme; 

s ly  w a ste fu l in  output tim e and i s  on ly  s u ita b le  fo r  emergancy u s e .

The machine i t s e l f  i s  q u ite  p ow erfu l, so la r g e  i t e r a t io n s  u s in g  UEAITR 

fo r  example are ecomomic in  tim e, talcing about 1 minute to i t e r a t e  an 

e ig h t  sp in  system  to  convergence. W hilst t h is  i s  o b v io u sly  o n ly  a v ery  

crude measure o f i t s  power, the system , g iv en  a la r g e r  memory, i s  cap* 

sab le  o f  a g r ea t d e a l .

A CALCOKP 564 D ig i t a l  Increm ental P lo t t e r  i s  in te r fa c e d  to  the  

main m achine, and as fa r  as the u ser  i s  concerned, t h is  i s  a cce ssed  

d ir e c t ly  in  the tim e-sh a r in g  mode o f the system  (Exec V II I ) .  P lo ts  

are l im ite d  to 2 8 . 5in s .  wide and 150. 0 in s .  lo n g , t h is  p rov id es ample 

scope fo r  n .m .r . u s e s .  S ev era l f a i r l y  s o p h is t ic a te d  graph p lo t t in g  

packages are a v a i la b le ,  but fo r  sp e c tr a l purposes i t  i s  normal m erely  

to  c a lc u la te  d ata  p o in ts  s u f f i c i e n t l y  c lo s e  to g e th er  to  a llo w  step w ise  

co n n ectio n  o f  th ese  p o in ts  to  g iv e  the sim u lated  spectrum . L a b e llin g  

o f  the r e s u l t in g  sp e c tra  i s  t r i v i a l  to  accom plish  and red u ctio n  o f the  

f in a l  spectrum to  any s iz e  fo r  d isp la y  and p u b lic a t io n  purposes i s  a ls o  

t r i v i a l .  The example in c lu d ed  a f t e r  t h is  appendix i s  a machine red ucts  

sion  to  A4 s iz e  o f  the fo llo w in g  c a lc u la te d  system .
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Coupled AS System .

chem ical s h i f t  o f A B 220 .0H z0

chem ical s h i f t  o f B a . 230.0H z.

cou p lin g  co n sta n t a 1.5H z.

r e la x a t io n  tim e a O.45 s e c s .  •

p lo t t in g  s c a le  i s  th a t o f a 50 Hz s c a le  expansion  on a Varian H.A. 100.

The r a te s  o f  exchange between the two s i t e s  are l is te d , on the p lo t t e r  

output above the sp e c tr a , as i s  the peak h e ig h t used fo r  each spectrum . 

T his l a t t e r  i s  o p t io n a lly  an inp ut v a r ia b le  to  a llow  o v er la y  matching 

o f  experim en ta l and t h e o r e t ic a l  sp e c tr a .
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