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SUMMARY

An overv iew  o f  i n c lu s io n  phenomena, b o th  in  the  s o l i d  s t a t e  

and in  s o l u t i o n ,  i s  g iv e n .  F o llow ing  t h i s  o r i e n t a t i n g  su rv ey ,  

a  s tu d y  o f  th e  s y s te m a t ic  m o d i f ic a t io n  o f  some s e le c te d  

h e x a h o s ts  i s  d e s c r ib e d .  The v e r s a t i l e  hexahost h e x a k is (b e n z y l -  

th io m e th y l)b en zen e  was chosen f o r  d e t a i l e d  s tu d y .  S u b s t i t u t i o n  

o f  each  o f  th e  s i x  o u te r  a ro m a tic  r i n g s  was found to  g ive  a 

s e r i e s  o f  h o s t s  w ith  w id e - ra n g in g  in c lu s io n  b eh av io u r  and 

d i f f e r i n g  g u es t  s e l e c t i v i t i e s . G eneral in c lu s io n  p r o p e r t i e s  

have a l s o  been  e s t a b l i s h e d  f o r  h e x a k i s ( 2-p h e n y le th y l th io m e th y l ) -  

b en ze n e ,  th e  f i r s t  hexahos t  p o s s e s s in g  a fo u r  atom i n t e r - r i n g  

c h a in .  An X -ray  a n a l y s i s  o f  th e  1 ,4 -d io x a n  adduc t o f  h e x a k i s -  

(b e n z y l th io m e th y l)b e n z e n e  has  r e v e a le d  a t r u e  c l a t h r a t e  s t r u c t u r e  

f o r  t h i s  m a t e r i a l .

Employing t r i g o n a l  symmetry a s  a key d es ig n  f e a t u r e ,  

new h o s t s  have been  s y n th e s i s e d  which do n o t  p o s s e s s  any s t r u c t u r a l  

r e l a t i o n s h i p  to  p r e v io u s ly  known system s. 1 ,5  *9“ T r i s ( 4-m ethy1-  

p h e n y l th io ) —c i s , c i s t c i s -cy c lo d o d eca -1  ,5  , 9- ' t r i e n e  1 f o r  example, i s  

a new g e n e ra l  h o s t  d is c o v e re d  by t h i s  t r ig o n a l- sy m m e try  ap p ro ac h .  

T h is  v e r s a t i l e  h o s t  forms s t a b l e  a d d u c ts  w ith  a  wide range o f  

g u e s t s .  The s t r u c t u r e s  o f  two hexabrom ocyclododecanes , 

in t e r m e d ia te s  i s o l a t e d  in  th e  s y n th e s i s  in  th e  above , and a 

r e l a t e d ,  t r i g o n a l  h o s t ,  have been r e a s s ig n e d  on th e  b a s i s  o f  

^ n . m . r .  and X -ray  a n a l y s i s .  One o f  th e  hexabrom ides, th e  l e s s  

sym m etrica l 1 , 2 ,5 7 6 , 9 , 10—hexabrom ocyclododecane^also  p o s s e s s e s  

th e  a b i l i t y  to  form i n c lu s io n  compounds.



The f i r s t  c h i r a l  hexahos t  has a l s o  been s y n th e s i s e d ,  t h i s  

b e in g  h e x a k is (R - l -p h e n y le th y lsu lp h o n y lm e th y l )b e n z e n e .  The a c e t i c  

a c id  adduct has been th e  s u b je c t  of a d e t a i l e d  X-ray s tu d y .  As 

in  o th e r  hexahos t  i n c lu s io n  compounds, th e  ’ l e g s ’ p o in t  a l t e r n a t e l y  

above and below th e  p la n e  o f  th e  c e n t r a l  benzene r in g ,  though 

in  t h i s  case  th e  h o s t  m olecule  o ccup ies  a g e n e ra l  p o s i t i o n  in  

th e  u n i t  c e l l .  This  a n a ly s i s  i s  a l s o  no tew orthy  in  t h a t  i t  allow s 

th e  f i r s t  d i r e c t  o b s e rv a t io n  of d im er ic  a c e t i c  a c id .



INTRODUCTION 

C hap ter  1 • G enera l i n t r o d u c t i o n

The t r a p p i n g  o f  a  m olecu le  w i th in  a  r e s t r i c t e d  s p a c e ,  d e f in e d  by 

a n o th e r  m olecu le  o r  group o f  m o le c u le s ,  w ith o u t th e  u se  o f  fo rm al bonds 

betw een th e  two s p e c ie s  i s  a  phenomenon o f  g r e a t  i n t e r e s t .  T h is  

f o rm a t io n  o f  a  "m o le cu la r  complex" may ta k e  p la c e  i n  s o lu t i o n  o r  i n  th e  

s o l i d  s t a t e .  I n  b o th  c a s e s ,  however, a  fundam ental req u ire m en t i s  t h a t  

t h e  t r a p p e d  s p e c i e s ,  te rm ed  th e  g u e s t ,  be o f  an  a p p r o p r ia te  s i z e  and 

shape to  f i t  i n t o  th e  c a v i t y  p roduced  by th e  com plexing a g e n t ,  c a l l e d  

th e  h o s t •

C r y s t a l l i n e  com plexes, o r  ad d u c ts ,  a r e  r e f e r r e d  t o ,  i n  a  g e n e ra l  

s e n s e ,  a s  i n c lu s io n  compounds. Cram 1 r e f e r s  to  th e  a s s o c i a t i o n  

betw een m a c ro cy c lic  p o ly e th e r s  and t h e i r  bound s p e c ie s  i n  s o lu t i o n  as
p

" h o s t - g u e s t  c o m p le x a t io n " , w h ile  Lehn c a l l s  h i s  c r y p t a t e s ,  m acrocyclic  

i n c l u s i o n  com plexes. The te rm  " c l a t h r a t e "  was in t ro d u c e d  by Powell 8 

t o  d e s c r ib e  a  p a r t i c u l a r  ty p e  o f  c r y s t a l l i n e  m u l t im o le c u la r  in c lu s io n  

compound where th e  g u es t  i s  s i t u a t e d  i n  a  th r e e -d im e n s io n a l  cage; 

co m p le te ly  e n c lo se d  w i th in  a  c a v i t y  i n  th e  c r y s t a l  l a t t i c e  o f  th e  h o s t .  

I t  i s  t h e r e f o r e  in a p p r o p r i a t e  to  r e f e r  to  th e  channe l—ty p e  ad d u c ts  o f  

u r e a  and t h i o u r e a ,  f o r  exam ple, a s  c l a t h r a t e s ,  y e t  t h i s  p r a c t i c e  i s  

f r e q u e n t ly  e n c o u n te re d .

Some h o s t s  a r e  capab le  o f  u n im o le c u la r  gues t b in d in g  in  s o lu t i o n  

and a l s o  o f  form ing c r y s t a l l i n e  i n c lu s io n  compounds. For example, 

c r y s t a l l i n e  a d d u c ts  o f  th e  m a cro cy c lic  p o l y e t h e r s ,  and o f  th e  

c y c l o d e x t r i n s , a r e  w ell-know n, and X -ray  s t r u c t u r e  a n a ly s e s  confirm  

th e  h o s t - g u e s t  n a tu re  o f  th e  com plexes.

The f i r s t  documented in c lu s io n  compound was th e  c h lo r in e  h y d ra te ,  

p r e p a re d  by Davy in  1811 The n a tu re  o f  th e  complex was no t under­

s to o d  d e s p i t e  th e  fo rm a t io n  o f  a number o f  s i m i l a r  exam ples.
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The su lp h u r  d io x id e  c l a t h r a t e  o f  hydroquinone was d i s c o v e re d  in
Q 5

1o59j when i t  was r e p o r t e d  t h a t  th e  sm e l l  o f  su lp h u r  d io x id e  cou ld  

"be d e t e c te d  on g r in d in g  th e  c r y s t a l s  i n  a  m o r ta r .  M y liu s ,  one 

hundred  y e a r s  ag o ,  s u g g e s te d  t h a t  in  the -hyd roqu inone  -  fo rm ic  a c i d  

complex, one m olecu le  was e n c lo s in g  th e  o t h e r .  However, i t  was on ly  

when th e  X—r a y  s t r u c t u r a l  a n a l y s i s  o f  th e  hydroquinone c l a t h r a t e s  was
■7

c a r r i e d  out "by Pow ell 1 i n  th e  1940’ s t h a t  th e  t r u e  n a tu r e  o f  th e  

ad d u c ts  co u ld  he u n d e r s to o d .

I t  i s  g e n e r a l ly  o n ly  by  d e te rm in a t io n  o f  th e  c r y s t a l  s t r u c t u r e  t h a t  

th e  form o f  th e  i n c l u s i o n  compound may be a c c u r a t e l y  d e f in e d .  Inform a­

t i o n  may be g a in ed  from th e  s i z e  and shape o f  th e  g u e s t s ,  and th e  r a t e  

o f  g u e s t  l o s s .

The s o l u t i o n  complexes a r e  d e t e c t e d  by  i n d i r e c t  means, a s  th e  

p r o p e r t i e s  o f  th e  i n d i v id u a l  components a r e  a l t e r e d  in  a  p r e d i c t a b l e  

and q u a n t i f i a b l e  manner.

A v e ry  im p o r tan t  a s p e c t  o f  i n c l u s i o n  c h e m is try  i s  th e  d e s ig n  o f  

new h o s t s  to  c a r r y  out s p e c i f i c  t a s k s .  M o d i f ic a t io n  o f  known h o s t  

s t r u c t u r e s  i s  th e  most common way o f  o b ta in in g  changes i n  th e  i n c lu s io n  

p r o p e r t i e s .  T h is  i s  an  e a s i e r  and  more p r e d i c t a b l e  method f o r  th e  

u n im o le c u la r  h o s t  s p e c ie s  a s  changes in  th e  m o le c u la r  s t r u c t u r e  o f  th e  

h o s t  may have a d i r e c t  e f f e c t  on th e  shape o f  th e  c a v i t y  w ithou t 

d i s t u r b i n g  i t s  a b i l i t y  to  form com plexes . Small changes i n  th e  s t r u c t u r e  

o f  a  host^w hich  forms m u l t im o le c u la r  i n c l u s i o n  compounds, may 

co m p le te ly  a l t e r  th e  p a c k in g  arrangem ent o f  th e  m o lecu les  l e a d in g  

t o  th e  com plete  lo s s  o f  i t s  a b i l i t y  to  form a d d u c t s .
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F o r  exam ple, crown e t h e r s  and  c y c l o d e x t r i n s  a r e  r e l a t e d  i n  t h a t  

"both a r e  l a r g e  r i n g  s t r u c t u r e s  p o s s e s s in g  a  c e n t r a l  v o id  i n  xvhich 

g u e s t s  may he  hound ( f i g u r e  1 ) .  U n le s s  d r a s t i c  changes a r e  c a r r i e d  

ou t t o  a l t e r  th e  c e n t r a l  c a v i t y ,  t h e  com plexing  power w i l l  he  r e t a in e d *  

I n  some crown e t h e r  compounds t h e  h o s t  w i l l  f o l d  t o  p ro v id e  a  more 

s t a b l e  complex*

dibenzo -24 -c row n-8

< X -cy c lo d ex tr  in  

F ig u r e  1 U n im o lecu la r  h o s t s  p o s s e s s in g  a c e n t r a l  c a v i t y .
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The shape o f  t h e  c a v i t y  i n  n ru l t im o le c u la r  c r y s t a l l i n e  i n c l u s i o n  

compounds i s  g e n e r a l l y  n o t  p r e d i c t a b l e  from th e  m o le c u la r  s t r u c t u r e  

o f  t h e  h o s t .  The c a v i t i e s  a r e  a  r e s u l t  o f  t h e  p a c k in g  o f  t h e  h o s t  

m o le c u le s  i n  an  open s t r u c t u r e .  Three ty p e s  o f  i n c l u s i o n  compound may 

he  i d e n t i f i e d  an d  c l a s s i f i e d  a c c o r d in g  to  th e  c a v i t y  shape fo u n d .

1 • Layer

t y p i f i e d  b y  th e  g r a p h i t e  i n t e r c a l a t i o n  compounds.

2 .  Channel

a  group o f t e n  r e f e r r e d  t o  s im p ly  a s  i n c l u s i o n  compounds, 

o f  which u r e a  and  t h i o u r e a  a r e  members•

3 • Cage

th e  t r u e  c l a t h r a t e s ,  a  w id e ly  s t u d i e d  c l a s s  b e i n g  th e  

hydroquinone  c l a t h r a t e s .

Two h o s t s  a r e  p a r t i c u l a r l y  i n t e r e s t i n g  i n  t h a t  th e  v o id  geom etry  may

v a ry  d r a m a t i c a l l y  depend ing  on th e  g u e s t  in c lu d e d .  T r i -o - th y m o t id e  (3 )»

forms a  ch an n e l—ty p e  i n c l u s i o n  compound w ith  c e t y l  a l c o h o l  a s  g u e s t ,
8 , .

b u t  t r a p s  e th a n o l  i n  a  cage—ty p e  sy s te m .  <x. - C y c l o d e x t r in  (2) d i s p l a y s
Q

s i m i l a r  b e h a v io u r  w i th  io d in e  i n  p o ly m eric  form , J a s  a  c h a n n e l  com plex, 

and  k ry p to n  i n  a  c a g e - ty p e .  ^



There has "been o n ly  l im ited , work on th e  s y s te m a t ic  m o d i f ic a t io n  

o f  m u l t im o le c u la r  h o s t s ,  an  im p o r tan t  e x c e p t io n  b e in g  th e  i n v e s t i g a t i o n
A A

of  D ia n in ’ s Compound (4 ) and  i t s  s y n t h e t i c  an a lo g u es  by  M acUicol, 

which w i l l  be d i s c u s s e d  l a t e r .

U)

The channe l i n c l u s i o n  compounds o f  u r e a  (5)»  t h i o u r e a  (6 )  and 

s e le n o u re a  ( 7 ) form a  s e r i e s  w i th in  which v a r i a b l e  b e h a v io u r  i s  

o b se rv e d .

Urea and th i o u r e a  have been  p a r t i c u l a r l y  w e l l - s t u d i e d ,  th e  

d i f f e r e n c e  i n  th e  d ia m e te r  o f  th e  channe l h av in g  a  c o n s id e r a b le  

e f f e c t  on th e  ty p e  o f  g u e s t  which may be in c lu d e d  ( t a b l e  1 )*

Table  1

GuestHost

HoN
\

/
Q ZZQ n” 'octane"' ^

H2N
u re a  (5 )  '

h 2n n

h 2n
/
\

t h i o u r e a  (6)

h 2nx

C - S  cyclohexane^ ^

/
H2N

se le n o u re a  ( 7 )

q  camphor"' 4

Channel D iam eter (A)

5*2

6.1
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A more r e g u l a r  t r e n d  i s  observed  in  th e  channe l a d d u c ts  o f  th e  

c y c lo d e x t r i n s ,  ^5-^7 wh.er e  channe l d ia m e te r  in c r e a s e s  w i th  th e  number 

o f  g lucopyranose  u n i t s  i n  th e  r i n g  (F igu re  2 ) .

F ig u re  2 The S c h a rd in g e r  d e x t r i n s ,  c y c lo d e x t r i n s  o r  c y c lo -a m y lo se s .

Host Guest Channel D iam eter (A)

n=6 , oc - c y c l o d e x t r i n  (2) , 0*2^n ^

n=7 ' > p  - c y c l o d e x t r i n  (8) , n a p h th a le n e  8

n=8 , ^  - c y c l o d e x t r i n  (9 ) , a n th ra c e n e  10

Much i n t e r e s t  has  been c e n t r e d  upon th e  p r o p e r t i e s  o f  t r a p p e d  

s p e c i e s .  However, s tu d y  o f  a p a r t i c u l a r  g u e s t  i s  o f te n  p re c lu d e d  by 

i t s  f a i l u r e  t o  form an i n c lu s io n  compound w ith  th e  range  o f  h o s t s  

a v a i l a b l e .  U l t im a te ly ,  however, i t  sh o u ld  be p o s s i b l e  to  d e s ig n  a 

h o s t  w i th  c a v i ty  d im ensions s u i t e d  to  th e  d e s i r e d  g u e s t .  A p a r t  o f  

th e  i n t r o d u c t i o n  w i l l  be d i r e c t e d ,  t h e r e f o r e ,  t o  e f f o r t s  i n  t h i s  

d i r e c t i o n ,  namely, th e  d es ig n ed  m o d i f ic a t io n  o f  i n c lu s io n  b e h av io u r .
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I n c lu s io n  compounds axe known to  e x h i b i t  h ig h  s t r u c t u r a l  

r e c o g n i t i o n  between g u e s t  m olecu les  and t h i s  a b i l i t y  has r e c e iv e d  

wide a p p l i c a t i o n .  A well-known example i s  th e  s e p a r a t io n  o f  l i n e a r  

and b ranched  hydrocarbons  by s e l e c t i v e  i n c lu s io n  i n  th e  channe ls  o f  

u r e a ,  which has  r e c e iv e d  i n d u s t r i a l  a p p l i c a t i o n . ^  A wide range  o f  

p ro c e d u re s  have been p a t e n te d ,  one o f  th e  most r e c e n t  b e in g  th e  

u se  o f  a  m etacyclophane h o s t  (10 ) .

(1 0 )



R e c r y s t a l l i s a t i o n  o f  (10) from a  2 0 :1 5 :1 5 :15s100 m ix tu re  o f  

p a r a - x y le n e ,  o r t h o - x y le n e ,  m e ta -x y le n e ,  e th y l  benzene and m ethanol 

gave an i n c l u s i o n  compound c o n ta in in g  94$ p a r a - xy lene  i n  th e  g u e s t  

co m p o s i t io n .  ^9 S im i la r  s e l e c t i v i t i e s  were observed  f o r  o th e r  

1 , 4 - d i s u b s t i t u t e d  a ro m a t ic s .  A p r e f e r e n c e  f o r  t r a n s - s u b s t i t u t e d  

t e rp e n o id s  has  a l s o  been e s t a b l i s h e d :  20 f rom a  sample o f  g e r a n y l -  

ace to n e  o f  which 65$ was in  th e  t r a n s - c o n f i g u r a t i o n ,  an i n c lu s io n  

compound o f  99$ t r a n s - isom er was o b ta in e d .

Ion  s e l e c t i v i t i e s  a r e  e x h ib i t e d  by crown e t h e r s  i n  s o l u t i o n .  The 

e x t r a c t i o n  o f  barium  io n s  from a  l a r g e  excess  o f  ca lc ium  io n s  has been 

ach iev ed  by l8 -c row n-6 ,  which i s  o f  a p p r o p r ia t e  s i z e  t o  complex th e

l a r g e r  barium  io n  w h ile  l e a v in g  th e  s m a l le r  ca lc ium  io n s  r e l a t i v e l y  

? 1un touched .

This  ty p e  o f  s e l e c t i v i t y  i s  found in  n a t u r e  i n  io n —tr a n s p o r t  and 

a s s o c i a t e d  p r o c e s s e s .  An im p o r tan t  phenomenon, a l s o  found in  b i o l o g i c a l  

system s i s  th e  p r o p e r ty  o f  c h i r a l  r e c o g n i t i o n .  The b u lk  o f  n a t u r a l l y  

o c c u r r in g  compounds, which a re  asym m etric , a r e  found in  one en an t io m e ric  

o r  d ia s t e r e o m e r i c  form; enzymes w i l l  b in d  and c a t a l y s e  one enan tiom er 

w h ile  r e j e c t i n g  i t s  m i r ro r  image.

The com plex ity  o f  th e s e  m olecu les  i s  many f a c t o r s  h ig h e r  th a n  

most s y n t h e t i c  o rg a n ic  compounds, b u t  i t  i s  p o s s i b l e  to  i m i t a t e  

n a t u r e  by c o n s t r u c t i n g  model system s cap ab le  o f  d i s c r i m in a t in g  between 

enan tiom ers  by means o f  fa v o u ra b le  and u n fa v o u ra b le  d ia s t e ro m e r ic  

i n t e r a c t i o n s .  Normally  th e  i n t e r a c t i o n s  a r e  produced by s p e c i f i c  bond
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fo rm a t io n  as i n  r e s o l u t i o n s  by d ia s te re o m e r  fo rm a t io n .  C h ir a l  s h i f t  

r e a g e n ts  do a l low  o b s e rv a t io n  o f  d i f f e r e n t  enan tiom ers  bu t w ith o u t  

p h y s ic a l  s e p a r a t i o n .  I n c lu s i o n  compounds p ro v id e  a  good model f o r  

e n z y m e -su b s t ra te  complexes, as i n  b o th  cases  s i z e  and shape a re  

c r i t i c a l  f a c t o r s .  H osts  which a l s o  show c h i r a l  r e c o g n i t io n  would 

p roduce  s u p e r io r  m odels, w h ile  a  method f o r  th e  p h y s ic a l  s e p a r a t io n  o f  

enan tiom ers  w ith o u t  chem ical m o d i f ic a t io n  would be o f  tremendous v a lu e .  

P ro g re s s  t o  d a te  i n  t h i s  a r e a  w i l l  a l s o  be d i s c u s s e d  i n  a l a t e r  c h a p te r .

A l a r g e  number o f  h o s t  system s a r e  a v a i l a b l e  f o r  d i s c u s s io n ,  so 

r e p r e s e n t a t i v e s  o f  the -  v a r io u s  c l a s s e s  have been chosen . For th e  

m u l t im o le c u la r  h o s t  system s p a r t i c u l a r  r e f e r e n c e  w i l l  be made to  

a t te m p ts  t o  a l t e r  i n c l u s i o n  p r o p e r t i e s  by m o d i f ic a t io n  o f  h o s t  s t r u c t u r e .

( i )  Crown e t h e r s  and r e l a t e d  system s

( i i )  C hanne l- type  in c l u s i o n  compounds

( i i i )  C l a t h r a t e s .

A number o f  h o s t s  a r e  r e l a t e d  i n  t h a t  t h e i r  m o le c u la r  s t r u c t u r e s  

p o s se s s  t r i g o n a l  symmetry. O ther  h o s t s  form in c l u s i o n  compounds which 

show t r i g o n a l  o r  hexagona l symmetry i n  th e  c r y s t a l  s t r u c t u r e .  This 

f e a t u r e  w i l l  be d is n u s s e d  i n  c h a p te r  t h r e e .

The v e ry  im p o r tan t  a s p e c t  o f  c h i r a l i t y  i n  i n c lu s io n  w i l l  be 

examined i n  c h a p te r  fo u r  o f  th e  i n t r o d u c t i o n .
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C hap ter  2. Host Systems

( i )  Crown e t h e r s  and r e l a t e d  system s

Up u n t i l  1967, m o lecu la r  com plexation  in  s o l u t i o n  was, 

f o r  r e s e a r c h  p u rp o s e s ,  r e s t r i c t e d  m ain ly  to  th e  c y c l o d e x t r i n s .  

P a r t i c u l a r l y / t h e r e  had heen  l i t t l e  work done on th e  s y n th e s i s  

o f  m o lecu les  cap a b le  o f  fo rm ing  such com plexes. Compounds 

r e l a t e d  to  th e  crown p o ly e th e r s  were known b u t  no com plexing 

p r o p e r t i e s  had been  r e p o r t e d .  221 2~>1 2^ At t h i s  t im e ,

however, th e  f i r s t  crown compound, d ib e n z o - 18-crown—6 ( 1 1 ) ,  

was s y n th e s i s e d ,  c u r io u s l y  by chance , b e in g  an  unexpec ted  

s id e - p r o d u c t  i n  th e  p r e p a r a t i o n  o f  b i s  2—(jj-hydroxyphenoxy) 

e t h y l  e t h e r  from b i s ( 2 -c h lo ro e th y l)  e t h e r  and th e  sodium s a l t  

o f  2-(_o-hydroxyphenoxy)—te t r a h y d r o p y r a n ,  c o n ta in in g  c a t e c h o l ,  

a s  a  sm all  im p u r i ty .  2^ » 2^ Pederson  re c o v e re d  t h i s  m a te r i a l  

and n o te d  t h a t  i t  was s o l u b i l i s e d  in  m ethanol by th e  

a d d i t i o n  o f  sodium s a l t s .

Hundreds o f  p a p e rs  have s in c e  b een  p u b l i s h e d  on the  

p r o p e r t i e s  o f  th e  crown e t h e r s ,  and t h e i r  u t i l i t y  i n  o rg an ic

s y n th e s i s  i s  w e l l - e s t a b l i s h e d
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To name th e  m a c ro c y c l ic  p o ly e th e r s  a  new system  o f
p c

n om enc la tu re  was d e v is e d .  The o r i g i n a l  c l a s s i f i c a t i o n  o f  

P ed e rsen  has  heen r e t a i n e d  to  d e s c r ib e  t h e  crown e th e r s  which 

a r e  fo rm a l ly  a d d i t i o n  polym ers o f  e th y le n e  o x id e ,  o r  copolymers 

o f  e th y le n e  ox ide  and benzene o x id e s .  The naming o f  

” 18—crown—6" (12) i l l u s t r a t e s  th e  system ; th e  two numbers 

r e p r e s e n t i n g  t h e  t o t a l  number o f  r i n g  atoms, and th e  number o f  

h e te ro a to m s  r e s p e c t i v e l y .  The names, however, a r e  n o t  

unambiguous and a r e  u s u a l l y  accompanied by th e  fo rm ula  

(F ig u re  3 ) .

18—crown-6  ( 12 )

b e n z o -30-crown - 1 0 ( 1 3)

\ __/

d ic y c lo h e x y l - 18-crown -6  (14)

F ig u re  3 N om enclature f o r  m a c ro cy c lic  p o ly e t h e r s .
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In  com parison to  th e  crow ns, f i r s t  s tu d ie d  by P ed erso n ,  

and more r e c e n t l y  by Cram and S t o d d a r t , among o t h e r s ,  th e  

" c r y p t a t e s " ,  ^9 d e v ise d  by Lehn, a r e  m u l t id e n ta te  

m a c ro h e te ro c y c le s  o f  a t o p o l o g i c a l l y  more complex n a t u r e .  

The te rm  c r y p t a t e  r e f e r s  to  th e  com plexes, th e  l ig a n d s  

th e m se lv es  b e in g  c a l l e d  c ry p ta n d s  o r  c r y p t s .  F o r  example, 

th e  s im ple case  ( 15 ) i s  known a s  [2 . 2 . 2 ] c r y p t ,  o r  even 

[2 . 2 . 2].

[2 . 2 . 2 ] c ry p t  ( 15 )

A new ty p e  o f  isom erism , n o t  p r e s e n t  i n  th e  crow ns, i s  

a v a i l a b l e  to  t h i s  s e r i e s ;  th e  b r id g e h e a d  n i t r o g e n s  h av in g  th e  

o p t io n  o f  f a c i n g  outw ards o r  inw ards  w ith  r e s p e c t  to  th e  

c e n t r a l  c a v i t y .  Hence, t h r e e  forms o f  [ 2 .2 .2 ]  c ry p t  a re  

p o s s i b l e ,  th e  " i n - i n " , " o u t - o u t " and " in - o u t " . A l l  th r e e

isom er have been  observed  in  v a r io u s  com plexes. The " i n - i n "  

isom er i s  found in  th e  f r e e  l ig a n d  and in  th e  h y d ra te  rubidium  

i s o th io c y a n a te  complex RbNCS.[ 2 .2 .2 ] HpO; th e  " o u t - o u t " i s  

p r e s e n t  i n  th e  b i s - (b o ra n e -a m in e )  d e r i v a t i v e  H3B [ 2 . 2 . 2 ]BH3 , 

w h ile  th e  monoborane d e r i v a t i v e  o f  a s im p le r  c ry p t  i s  o f  the  

" in - o u t " ty p e ,  H3P [1 .1 . 1] •



Lehn has  developed  an e x te n s iv e  range o f  compounds w ith  very- 

i n t e r e s t i n g  com plexing p r o p e r t i e s ,  however, i t  i s  th e  s im p le r  

" tw o -d im en sio n a l"  crowns which have r e c e iv e d  th e  h u lk  o f  

a t t e n t i o n  and which w i l l  he d i s c u s s e d  in  g r e a t e r  d e t a i l .  Most o f  

t h e  p r i n c i p l e s  and a p p l i c a t i o n s  d is c o v e re d  f o r  th e  crown e th e r s  

have a n a lo g ie s  i n  th e  th r e e -d im e n s io n a l  c r y p t a t e s .

V a r io u s  s t u d i e s  have d em o n s tra ted  t h a t  th e  b in d in g  o f  

s p e c ie s  by th e  c y c l i c  p o ly e th e r s  i s  s e v e r a l  f a c t o r s  o f  t e n  b e t t e r  

th a n  t h a t  a c h iev ed  by l i n e a r  exam ples. 31 However, c a t io n  

c a r r i e r s  developed  by Simon, 32 resem ble  th e  crowns in  a number 

o f  a s p e c t s .  Both c y c l i c  and a c y c l i c  cases  have t h e i r  p re c e d e n ts  

i n  n a t u r e ,  where b o th  la r g e  r i n g  m a c ro l id e s ,  f o r  example 

n o n a c t in ,  and l i n e a r  a n t i b i o t i c s ,  f o r  example monensin, have 

im p o r ta n t  b i o l o g i c a l  a c t i v i t y .

Of g r e a t  i n t e r e s t  to  f u t u r e  d i s c u s s io n  a r e  th e  c u r io u s ly  

named "o c to p u s"  m o lecu les  33 (^5 ) which p o s s e s s  th e  a b i l i t y  to  

complex m e ta l  c a t i o n s ,  and e n t e r o c h e l i n  34 (17 ) ,  whose a c t i o n  

i s  concerned  w i th  i o n - t r a n s p o r t . In  b o th ,  h igh  l e v e l s  o f  

symmetry a r e  p r e s e n t  i n  t h e  m o le c u la r  s t r u c t u r e
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The s y n th e s i s  o f  crown e t h e r s  would, a t  f i r s t  s i g h t ,  appea r  

t o  he a  f r u s t r a t i n g  t a s k ,  g iv en  th e  d i f f i c u l t y  en co u n te red  in  

t h e  fo rm a t io n  o f  o th e r  l a r g e  r i n g s .  The v e ry  b in d in g ,  however, 

which th e  com pleted complex e x h i b i t s ,  g r e a t l y  a s s i s t s  th e  r i n g  

c lo s in g  s t e p  by means o f  a  te m p la te  e f f e c t  35 (F igure  4 ) .

F ig u re  4 Tem plate e f f e c t  i n  th e  s y n th e s i s  o f  crown e t h e r s .

I f  t e r t - b u ty l  ammonium h ydrox ide  i s  u sed  as  th e  b ase ,  th e  

te m p la te  e f f e c t  i s  reduced  and th e  y i e l d  f a l l s .  The p r e ­

f e r e n t i a l  com plexation  o f  sodium io n  by 15-c ro w n -5 , and o f  

l i th iu m  by 12-crow n - 4  has been u t i l i s e d  i n  t h e i r  p r e p a r a t io n .  36 

D if f e r e n t  methods o f  s y n th e s i s  have been employed in  th e  p r e p a ra ­

t i o n  o f  more complex system s.

Many s t r u c t u r e s  o f  crown complexes and c r y p t a t e s  have been 

de te rm in ed  and a  g r e a t e r  number have been deduced from p h y s ic a l  

and s p e c t r o s c o p ic  d a t a .  The c r y s t a l  s t r u c t u r e  a n a l y s i s  o f  th e  

uncomplexed l 8-crow n - 6  shows t h a t  th e  m ethylene groups a re  

d i r e c t e d  tow ards th e  c e n t r e  o f  th e  " h o le ” . 37 This  i s  in  c o n t r a s t  

t o  t h a t  found in  th e  complexes i n  which th e  oxygen atoms p o in t  

inw ards and a  gauche con fo rm ation  about th e  carbon -  carbon bonds 

i s  found. 37, 38 ijr^g q_q le n g th s  a r e  normal bu t th e



a l i p h a t i c  C-C bonds ap p ea r  s h o r t e r  th a n  1 .54  A, though  t h i s  h as  

been a s s ig n e d  to  an a r t i f a c t  o f  v i b r a t i o n .  39 The s t r u c t u r e s  

a r e  g e n e r a l l y  g u e s t  d ep en d en t,  a  s im p le  example, b e in g  t h e  

benzo—15-crown—5 (18) complexes o f  sodium io d i d e ,  w hich i s  a  1:1 

m onohydrated system , and p o ta ss iu m  io d id e  which h as  a  h o s t  to-'-' 

g u e s t  r a t i o  o f  2:1 and i s  anhyd rous .

benzo—15-crown—5 ( 18 )

The fo rm er  complex c r y s t a l l i s e s  w i th  t h e  sodium io n  a t  th e  

apex o f  a  p e n ta g o n a l  pyram id o f  oxygen a tom s, 40 wâ er 

m o lecu le  b e in g  f u r t h e r  away from th e  crown, c o - o r d in a t e d  t o  th e  

i o n .  The io d i d e  c o u n te r - io n  i s  bound t o  t h e  complex c a t i o n  v i a  

t h e  w a te r  m o lecu le  by hydrogen  bond ing .

The p o ta ss iu m  io d id e  complex 41 i s a s shown, (F ig u re  5 ) ,  

w i th  t h e  io n  a t  a  c e n t r e  o f  symmetry w i th  th e  t e n  oxygen atoms 

fo rm ing  a  p e n ta g o n a l  a n t ip r i s m .  A change i n  t h e  crown 

co n fo rm a tio n  e n a b le s  a l l . t h e  m ethy lene  ca rbons  t o  be on th e  

o p p o s i te  f a c e  o f  t h e  p la n e  o f  oxygen from t h e  p o ta s s iu m  io n .

F ig u re  5 The p o ta ss iu m  (benzo -1 5 -c ro w n -5 ) 2 complex i n  K I .
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The r e l a t i o n s h i p  betw een th e  s y n t h e t i c  m a c ro c y c l ic  p o ly e th e r  

complexes and t h e  n a t u r a l l y  o c c u r r in g  system s i s  s t r i k i n g l y  

i l l u s t r a t e d  by th e  s t r u c t u r e s  o f  t h e  p o ta ss iu m  complexes o f  

d ib e n z o -3 0 —crow n-10 (1 9 ) ,  42 and n o n a c t in  (20),  43 ^ o th  

p o s s e s s in g  a  two f o l d  a x i s  o f  symmetry between th e  two h a lv e s  o f  

th e  r e s p e c t i v e  m o lecu le s  ( F ig u r e - 6 ) .

[19]

[20]

F ig u re  6 The p o ta s s iu m  complexes
—

o f  d ibenzo-30-crow n-10  

(above)  and  n o n ac t in  

( b e lo w ) .
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G uests  a r e  n o t  r e s t r i c t e d  to  a l k a l i  m e ta l  io n s ;  o rg a n ic  

m o lecu le s ,  from a l k y l  ammonium s a l t s  t o  amino a c id  e s t e r  s a l t s  

have a l s o  been found . F u r th e r  m o lecu les  o f  s o l v a t i o n  a re  

sometimes p r e s e n t ,  u s u a l l y  t o  com plete th e  c o - o r d in a t io n  sp h ere  

o f  th e  complex io n .

In  Cramfs programme o f  h o s t  d e s ig n ,  he makes e x te n s iv e  u se  

(as do o th e r s )  o f  s p a c e - f i l l i n g  models i n  p r e d i c t i n g  b eh av io u r  

and r a t i o n a l i s i n g  o b s e r v a t io n s .  They a s s i s t e d  in  e x p la in in g  

th e  r e s u l t s  found f o r  complexes o f  a  b in a p h th y l  crown w ith  

v a r io u s  a r y l  diazonium  c a t io n s  21 44 (F ig u re  j ) .

F ig u re  7 Crown e t h e r  complex o f  a r y l  d ia z o n iu n  s a l t s .

Models (C o rey -P au lin g -K o l tu n ,  CPK) showed t h a t  th e  group

f i t t e d  t i g h t l y  i n t o  th e  h o s t  c a v i ty ,  w i th  a l l  oxygens tu rn e d  

in w a rd s .

The h o s t  d id  in d e ed  s o l u b i l i s e  p a r a - to lu e n e  diazonium 

t e t r a - f l u o r o b o r a t e  i n t o  ch lo ro fo rm , w ith  a  g u e s t  to  h o s t  r a t i o  

o f  0 . 9 ,  th e  chem ica l s h i f t  o f  th e  h o s t  p ro to n s  changing . The 

t i g h t n e s s  o f  th e  f i t  was confirm ed  by th e  f a i l u r e  o f  th e  

pen ta -o x y g en  analogue  t o  s o l u b i l i s e  th e  s a l t s ,  and th e  open 

cha ined  v e r s io n  a l s o  f a i l e d ,  i n d i c a t i n g  th e  need  f o r  o r g a n i s a t io n
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w i th i n  th e  h o s t  m o le c u le .  S u b s t i t u t i o n  in  th e  3» 4 p o s i t i o n s  

o f  th e  a r y l  c a t i o n  d id  n o t  p re v e n t  s o l u b i l i s a t i o n ,  b u t

2 .6-d im e th y l  benzene diazonium t e t r a p h e n y 1- b o r a t e  co u ld  n o t  be 

s o l u b i l i s e d ,  a s  i n d i c a t e d  by th e  models which showed t h a t  th e

2 .6-d im e th y l  groups were h in d e r in g  s t a b l e  complex fo rm a t io n .  

C o nfo rm ationa l in fo rm a t io n  was o b ta in e d  by th e  appearance  o f  

c o lo u r  due to  c h a r g e - t r a n s f e r  i n t e r a c t i o n s  between th e  h o s t  

and  g u e s t .  The com plexa tion  a l s o  s t a b i l i s e d  th e  g u es t  tow ards 

r e a g e n t s  w ith  which th e y  would o r d i n a r i l y  r e a c t .

Many ty p e s  o f  s t r u c t u r e  have been  found f o r  even th e  most 

s im ple  crow ns. F o r  m e ta l  c a t i o n s ,  h o s t  to  g u es t  r a t i o s  o f  

1 :1 ,  1 :2 ,  2 :1 ,  3 :2  and 4 :3  have a l l  been  exam ined. I n  th e  

case  o f  th e  L an th an o id  s e r i e s  ^ ( ¥ 0 3 )3  w i th  15-crown - 5 and 

l 8-c row n-6 , 1:1 complexes were found to  change to  4 : 3  

complexes a t  te m p e ra tu re s  g r e a t e r  th a n  170°C. ^5 Evidence f o r  

i t s  e x i s t e n c e  a s  a genuine complex in c lu d e  i t s  s t a b i l i t y  to  

w a te r ,  s in c e  th e  f r e e  n i t r a t e s  a r e  h y g ro s c o p ic .

Most commonly, th e  s o lv e n t s  o f  c r y s t a l l i s a t i o n  found in  

crown complexes a r e  w a te r  and a l c o h o l s ,  a s  in  th e  

b e n z o -15-crow n - 5  adduc t w ith  ca lc ium  i s o t h i o c y a n a t e , where 

th e  c o - o r d in a t io n  sphere  o f  th e  ca lc ium  io n  i s  made up o f  

t h e  f i v e  r i n g  oxygen a tom s, two c o u n te r  io n s  and a w a te r  o r  

m ethanol s o l v a t e .  Magnesium does n o t  r e q u i r e  t h i s  l e v e l  

o f  c o - o r d in a t io n  and a s  a r e s u l t  th e  c r y s t a l  s t r u c t u r e  o f  th e  

an a logous  complex i s  d i f f e r e n t  w ith  no s o lv a te d  m o le c u le s .
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In  -the i n t e r e s t i n g  crown complex o f  th e  h o s t  (21 ) 

w i th  sulphonium s a l t s ,  a  m olecule  o f  ace to n e  i s  an i n t e g r a l  

p a r t  o f  th e  complex. 47

The h o s t ,  i n c o r p o r a t in g  a d ih y d ro p y r id in e  u n i t  a c t s  as  a 

r e d u c in g  agen t a g a in s t  th e  sulphonium s a l t  (22) to  g iv e  

pheny l m ethyl s u lp h id e  and ace tophenone . Simple 

d ih y d ro p y r id in e s  do n o t  e a s i l y  perform  t h i s  r e a c t i o n  s u g g e s t in g  

t h a t  com plexation  p rece ed s  th e  r e a c t i o n .  The sodium p e r c h l o r a t e  

complex has been a n a ly se d  by X -ray  c r y s ta l lo g r a p h y  and shows 

t h a t  th e  s o lv a t e d  ace to n e  m olecu le  i s  n o t  i n  a  p o s i t i o n  where 

i t  can be red u ce d .

PhC -C H o-S

CH*

[ 2 1 ]
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A number o f  u n u su a l  crown complexes have been i d e n t i f i e d .  

The bromine-crown system  p ro b ab ly  in v o lv e s  only  oxygen- 

bromine i n t e r a c t i o n s  as changing  th e  c a v i ty  s i z e  does no t 

a f f e c t  th e  b in d in g  o f  th e  bromine m o lecu le .  48 j-fc j_s r e l a t e d  

to  th e  b ro m in e -1 , 4 -d io x an  a d d u c t , which a l th o u g h  fo rm a l ly  an 

e th y le n e  oxide  o ligom er h a rd ly  m e r i t s  th e  crown c l a s s i f i c a t i o n .

R ecognised  a t  an e a r l y  s ta g e  was th e  r e l a t i o n s h i p  between 

th e  h o le  d ia m e te r  o f  th e  s im ple  crown e th e r s  and th e  io n s  w ith  

which th e y  form th e  s t r o n g e s t  com plexes. 49 p0r  example, th e  

s t a b i l i t y  c o n s ta n t s  f o r  l8 -c row n-6  and th e  a l k a l i  m e ta ls  re a c h  

a  maximum a t  p o ta ss iu m  whose c a t io n  d ia m e te r  l i e s  w i th in  th e  

range  o f  h o le  d ia m e te rs  found f o r  i t s  complexes.

Much work has  been done on th e  d e s ig n  o f  h o s t  m o lecu le s^  

which may s e l e c t i v e l y  b in d  a  p a r t i c u l a r  m e ta l  c a t i o n .  Much 

w i l l  be s a id  l a t e r  about th e  work o f  Cram and h i s  s t u d i e s  

on m o le c u la r  r e c o g n i t i o n ,  b u t  some s t r i k i n g  examples and 

u se s  o f  io n  s e l e c t i v i t y  have been p u b l i s h e d .  The b is -c ro w n  

e t h e r  (23) was found, n o t  s u r p r i s i n g l y  t o  form s t a b l e  

s andw ich -type  complexes, f o r  th o s e  io n s  which r e q u i r e  th e  

oxygens on b o th  r in g s  t o  com plete t h e i r  c o - o r d in a t io n  s p h e re s .  

A number o f  such compounds were p re p a re d ,  (23) b e in g  found 

t o  be an e f f i c i e n t  e x t r a c t i o n  agen t f o r  caesium io n s .  ^

T his  i s  n o t  un ex p ec ted  as caesium io n s  form 2:1 h o s t - g u e s t  

complexes w i th  b e n z o -15-crow n - 5  o r  benzo-18—crown-6. ^
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[23]

A more s p e c ta c u la r  exam ple, " b r ie f ly  m entioned  e a r l i e r ,  

in v o lv e s  th e  d e te rm in a tio n  o f  barium  io n s  when p re s e n t  in  

sm all c o n c e n tra t io n  w ith in  a  la rg e  p o o l o f  ca lc iu m  io n s .  ^1 

E n v iro n m en ta l sam ples r e q u i r in g  an  a s s a y  f o r  b a riu m , te n d  

to  c o n ta in  la rg e  q u a n t i t i e s  o f  ca lc iu m  io n s  w hich h in d e r  

th e  q u a n t i t a t iv e  m easurem ent o f  barium  th ro u g h  in te r f e r e n c e  

in  th e  em iss io n  and a tom ic  a b s o rp t io n  s p e c t r a .  The io n ic
o

d ia m e te r  o f  barium  i s  2.7CA which i s  com parable to  th e  h o le  

d ia m e te r  o f  l 8-crow n -6  ( 2 .6 - 3 *2A.), b e in g  c o n s id e ra b ly  

l a r g e r  th a n  th e  ca lc ium  io n ic  d ia m e te r  which i s  1 . 98A. The 

d if f e r e n c e  in  s t a b i l i t y  c o n s ta n ts  i s  th e r e f o r e  c o n s id e ra b le ,  

r e f l e c t e d  in  th e  r e s u l t s  o f  an  e x t r a c t io n  p ro c e d u re . From 

a  100:1  m ix tu re  o f  ca lc ium  and barium  io n s ,  l 8-crow n -6  

q u a n t i t a t i v e l y  e x t r a c te d  th e  b a riu m , w ith  an  io n  r a t i o  o f  1 :4  

in  fa v o u r  o f  th e  barium  io n s ,  a l lo w in g  more a c c u ra te  d e te r ­

m in a tio n  o f  th e  barium  c o n te n t by s p e c tro s c o p ic  m eans.
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Crown e th e r s  have "been a t ta c h e d  to  polym er su p p o rts  

(F ig u re  8 ) in  o rd e r  t h a t  th e y  may he f a c i l y  r e c y c le d  

a f t e r  u s e .  52 T his ±s done hy p re p a r in g  th e  crown e th e r s  

w ith  a d d i t io n a l  f u n c t i o n a l i t y  on th e  r in g ,  w hich i s  n o t a '  

d i f f i c u l t  t a s k .  These s o l id  phase  c a t a ly s t s  w ere found to  

prom ote th e  h a lo g en  exchange r e a c t io n  o f n - o c ty l  brom ide 

w ith  p o ta ss iu m  io d id e .

F ig u re  8 Crown e th e r  a t ta c h e d  to  polym er su p p o rt •

On a  s im i la r  them e, ex ch an g ers , p o s s e s s in g  a  c y c l ic  

p o ly e th e r  r e p e a t  u n i t ,  have been p re p a re d  and have been 

a p p lie d  to  a  v a r i e ty  o f ta s k s  53 in c lu d in g :

( i )  S e p a ra t io n  o f  c a t io n s  w ith  common a n io n s ,

( i i )  S e p a ra t io n  o f an io n s w ith  common c a t io n s ,

( i i i )  S e p a ra t io n  o f  o rg a n ic  compounds,

( iv )  Anion a c t iv a t io n  in  o rg a n ic  s y n th e s is  .
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[24]

^ S ta b il i ty  sequences c o r re sp o n d , w ith  few e x c e p tio n s ,  

to  th o s e  found in  th e  monomer, th e r e f o r e ,  f o r  th e  polym er 

w ith  d ih en zo —18—crown-6  a s  th e  r e p e a t  u n i t  ( 24)

K+ >  Rb+ >  Na+ Cs+ ^>^>Li+ , in  b o th  w a te r and  m e th an o l.

The ex changer w ith  a  dibenzo-24-croxvn—8 r e p e a t  u n i t  

e x h i b i t s  s e l e c t i v i t y  f o r  caesium  io n s .  D iphenyl d is u lp h id e  

and  th ia n th r a c e n e  have been  s e p a ra te d  c h ro m a to g ra p h ic a lly  

u s in g  th e  ex ch an g ers  a s  th e  s t a t io n a r y  p h a s e . Some v ita m in s  

and  a n t i b i o t i c s  have been  s e p a ra te d  by th e  same sy s te m s .

A v e ry  s im ple  r e c y c l in g  p ro c e d u re  a llo w s  renew ed a p p l ic a t io n  

o f  th e  ex ch an g ers  u n l ik e  t h e i r  monomer c o u n te r - p a r t s .

V o g tle  h as  c a r r i e d  o u t a s tu d y  on d ia za -c ro w n s  and  

c r y p ta te s  in  o rd e r  t h a t  th e  io n  s e l e c t i v i t y  may be 

g ra d u a l ly  a l t e r e d  by  p la n n e d  m o d if ic a t io n .  54
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' By chang ing  th e  n i t r o g e n  s u b s t i t u e n t s  in  crow ns (25) 

o r  e x te n d in g  th e  le n g th  o f  th e  n i t r o g e n - n i t r o g e n  b r id g e  

in  th e  c r y p ta te  (2 6 ) i t  was hoped th a t  th e  s t a b i l i t y  c o n s ta n ts  

f o r  th e  v a r io u s  g u e s ts  co u ld  be s y s te m a t ic a l ly  a l t e r e d .

L i t t l e  d i f f e r e n c e s  w ere o b se rv ed  how ever p a r t i c u l a r l y  in  

th e  c r y p t a t e s .

R—N Kj—R

U p

[25]

-(CH2)n- 0

I t  has  been  su g g e s te d  th a t  th e  in c re a s e d  c a t a l y t i c  

p o t e n t i a l  o f  d ib e n zo — and d ic y c lo h e x y l crowns o v e r  th e  

s im p le r  18-crow n—6 i s  due to  t h e i r  g r e a t e r  s o l u b i l i t y ,  

o r  a f f i n i t y  f o r  o rg a n ic  s o lv e n t s .  A s e r i e s  o f  s u b s t i t u t e d  

crowns h a s  been  p re p a re d , whose s o l u b i l i t y  p r o p e r t i e s  

have been  im proved . 55
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Tada has looked  a t  th e  p h o to c h em is try  o f  th e  h o s t -  

g u e s t com plexes as a  means o f  f u n c t io n a l i s in g  th e  m a cro cy c lic  

r in g  5^ (F ig u re  9 )? "bu.t s ta n d a rd  te c h n iq u e s  seem s u p e r io r  

a t  th e  moment f o r  s y n th e t ic  p u rp o se s .

*

F ig u re  9 P ho tochem ica l f u n c t i o n a l i s a t io n  o f  crown e t h e r s .

The s u p e r io r i t y  o f c y c l ic  p o ly e th e r s  ov er t h e i r  l i n e a r  

c o u n te r - p a r ts  has "been e s ta b l i s h e d ,  h u t work c o n tin u e s  to  

he done in  t h i s  a r e a .  Y anagida has  s tu d ie d  some l i n e a r  

p o ly e th y le n e  g ly c o ls  and has observ ed  s o lu t io n  e f f e c t s .  57 

S o lid  com plexes o f  ca lc iu m , barium  and s tro n tiu m  have been 

i s o l a t e d  th ro u g h  t h e i r  th io c y a n a te s . Glyme com plexes have 

a ls o  been p re p a re d .

V o g tle  has a ls o  s y n th e s is e d  some i n t e r e s t i n g  l i n e a r  lig a n d s  

and c r y s t a l l i n e  ad d u c ts  have been o b ta in e d . 58 j n ^ . 2 

p o ta ss iu m  th io c y a n a te  complex o f  th e  p o ly e th e r  (2 7 ) ,  th e  

h o s t i s  c o i le d  around  th e  two p o ta ss iu m  io n s  in  an S—shape.



The a p p l ic a t io n s  o f  crown e th e r s  a re  num erous, 

p a r t i c u l a r l y  in  s y n th e t ic  o rg a n ic  c h em is try  where v a s t  

r a t e  enhancem ents a re  p o s s ib le  and p ro d u c t d i s t r i b u t i o n s  

may be a l t e r e d .  The complex o f l 8-crow n - 6  w ith  brom ine 

has p ro v id e d  a  h ig h ly  s t e r e o s e l e c t i v e  b ro m in a tin g  a g e n t. 48 

The [2 .2 .1 ]  c r y p ta te  o f  l i th iu m  alum inium  h y d rid e  can a l t e r  

th e  a t t a c k  on c y c lo h e x -2-enone to  c o n ju g a te  a d d i t io n .  59 

A few p ap e rs  have appea red  r e c e n t ly  on th e  enhanced 

b a s i c i t y  o f c ry p ta te d  s p e c ie s .  E n o la te s  o f  cyclohexanone 

when complexed w ith  c ry p ta n d s  shows unexp ec ted  b a s i c i t y .  ^  

P rep a red  by r e a c t io n  w ith  p o ta ss iu m  t e r t - b u to x id e ,  th e  

c ry p ta te d  e n o la te  w i l l  a b s t r a c t  a  p ro to n  from e th e r  and 

w i l l  undergo q u a n t i t a t iv e  a lk y la t io n  w ith  m ethyl io d id e .
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P ed e rsen , in  h is  e a r ly  s tu d ie s ,  n o te d  t h a t  p o ta ss iu m  

h y d ro x id e  would h y d ro ly se  e s t e r s  o f m e s i to ic  a c id ,  w hich 

a re  o r d in a r i ly  d i f f i c u l t  to  sap o n ify , in  th e  p re se n c e  o f  

d ic y c lo h e x y l—18—crow n-6 . ^6  most im p o rtan t d isc o v e ry  

was th e  s o l u b i l i s a t i o n  o f  p o ta ss iu m  perm anganate in  

benzene by th e  same crown e th e r  to  g iv e  ’’p u rp le "  benzene. 61 

Perm anganate o x id a tio n s  in  benzene a re  now r o u t in e ,  a 

r e c e n t  example b e in g  th e  a ro m a tis a t io n  o f  n o n -co n ju g a ted  

cy c lo h ex ad ien es  62 (F ig u re  10 ) .

C onjugated  d ie n e s  a re  n o t a f f e c te d  by th e  same re a g e n t 

p ro v id in g  a  method o f  s e p a r a t in g  them from a  m ix tu re .

(T)MnOi

F ig u re  10 S e le c t iv e  o x id a tio n  o f  n o n -c o n ju g a te d  

cy c lo h ex ad ien es  by " p u rp le ” b en ze n e .

When th e  c a t io n s  o f  in o rg a n ic  s a l t s  a r e  e n c a p su la te d  

by th e  crown th e  an io n  i s  o f te n  r e l a t i v e l y  f r e e  from th e  

complex in  s o lu t io n .  Of th e se  "naked" a n io p s , 

th e  b e s t  known i s  th e  f lu o r id e  a n io n , w hich becomes a 

v e ry  e f f i c i e n t  n u c le o p h ile  once th e  s tro n g  io n  p a i r  i s  

b ro k en . I n te r a c t i o n  o f  t h i s  v e ry  r e a c t iv e  system  w ith  a 

number o f  s u b s t r a te s  can o f te n  g iv e  q u a n t i t a t iv e  y ie ld s  

even w ith  a ro m a tic  h a l id e s .  ^3 (F ig u re  11 )
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F ig u re  11 Q u a n ti ta t iv e  s u b s t i t u t i o n  o f  a ro m a tic  h a l id e s  u s in g

"naked” f l u o r i d e .

Among o th e r  naked  an io n s  w hich have heen u sed  a re  

a c e ta t e  and c y an id e .

C a tio n -a n io n  s e p a ra t io n  has found a p p l ic a t io n  in  th e

" G a b r ie l - l ik e "  s y n th e s is  o f  seco n d ary  am ines from p rim ary

f>Aam ines. The in te rm e d ia te  t r i f lu o r o a c e ta m id e s  a re

U -a lk y la te d  and th e n  h y d ro ly se d  to  th e  seco n d ary  am ine. 

(F ig u re  12)

F ig u re  12 A p p lic a tio n  o f  io n  s e p a ra t io n  hy crown e th e r s  in  th e

G a b rie l s y n th e s is  o f  seco n d ary  am in es .

The t r i f lu o r o a c e ta m id e s  a re  d e p ro to n a te d  u s in g  

p o ta ss iu m  h y d r id e . A d d itio n  o f crown e th e r s  g iv e s  a  v e ry  

r e a c t iv e  n u c le o p h ile  f o r  w hich on ly  a lk y la t io n  a t  n i t ro g e n  

has been o b serv ed .

R

R'
n- c c f 3
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A nother am bident n u c le o p h ile  s tu d ie d  r e c e n t ly  i s  th e  

^ -n a p h th o x id e  a n io n . ^5 O -a lk y la t io n  p red o m in a tes  in  

s o lv e n ts  o f  h ig h  d i e l e c t r i c  c o n s ta n t ,  f o r  exam ple, d im eth y l 

formamide and a c e t o n i t r i l e ,  crown e th e r s  h av in g  l i t t l e  

e f f e c t  on th e  p ro d u c t d i s t r i b u t i o n .  In  s o lv e n ts  o f low 

d i e l e c t r i c  c o n s ta n t ,  a  h ig h  p ro p o r tio n  o f  C -a lk y la t io n  

i s  found as io n  p a i r s  a re  p re s e n t  to  a  g r e a t e r  e x te n t .

Crown e th e r s  s e p a ra te  th e  io n - p a i r s  g iv in g  a  h ig h e r  

p ro p o r t io n  o f  O - a lk y la t io n .

The norm al a c t iv a t io n  o f  n u c le o p h ile s  was re v e rs e d  

when th e  a c y la t io n  o f  p rim ary  and seco n d ary  amine s a l t s  

was s tu d ie d  by B a r r e t t .  ^  The n o rm ally  more r e a c t iv e  

p rim ary  amine s a l t  was su p re s se d  by p r e f e r e n t i a l  com plexation  

by l8 -c ro w n -6 , th e re b y  a llo w in g  th e  seco n d ary  s a l t s  to  

compete fa v o u ra b ly . Y ie ld s  o f  secondary  am ides from  t h i s  

p ro c e d u re  w ere up to  3$fo,
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( i i ) Channel In c lu s io n  Compounds

T h is  group o f  m u ltim o le c u la r  in c lu s io n  compounds 

in  w hich -the g u e s t i s  s i t u a t e d  in  a tu n n e l w hich ru n s 

th ro u g h  th e  c r y s t a l  l a t t i c e  o f  th e  h o s t a r e  w id e ly  r e f e r r e d  

to  as ch an n e l com plexes, c a n a l com plexes, o r sim ply 

in c lu s io n  compounds. A lthough , in  o v e r a l l  num ber? th e r e  

a re  on ly  s e v e ra l  g enu ine  exam ples, th e  d iv e r s i t y  o f  h o s t 

s t r u c t u r e  i s  rem ark ab le  w ith  few r e l a t i n g  f e a tu r e s .  The 

s im p le  u re a s  have been m entioned  as have th e  v e r s a t i l e  

t r i - o - th y m o t id e  (3) and complex c y c lo d e x tr in s .  O ther h o s ts  

a re  fo rm u la te d  below (F ig u re  13) and range  from th e  sim ple  

h yd ro carb o n s eg jB-methyl n a p h th a le n e  (2 8 ), to  th e  h ig h ly  

f u n c t io n a l i s e d  am ylose (2 9 )

H i s to r i c a l l y  th e  f i r s t  example o f  th e s e  com plexes 

w ere th e  " c h o le ic  a c id s " .  In  th e  m idd le  o f  th e  n in e te e n th  

c e n tu ry  th e  b i l e  a c id ,  c h o l ic  a c id ,  was i s o l a t e d  by 

S t r e c k e r .  L a te r ,  two more a c id s  w ere d is c o v e re d  and c a l le d  

c h o le ic  a c id  and d e so x y c h o lic  a c id  (3 0 ). A ttem pted  h ig h  

vacuum d i s t i l l a t i o n  o f  c h o le ic  a c id  y ie ld e d  d eso x y ch o lic  

a c id  and a s ig n i f i c a n t  amount o f  p a lm i t ic ,  s t e a r i c  and 

o le ic  a c id s .  67 They w ere l a t e r  re c o g n ise d  as hav in g  been 

in c lu s io n  compounds, b u t th e  term  " c h o le ic  a c id "  was 

r e t a in e d .

I t  i s  i n t e r e s t i n g  to  n o te  th a t  th e  d isc o v e ry  was made 

by ohance. T his i s  n o t s u r p r i s in g  f o r  th e  e a r l i e r  exam ples, 

when th e o r i e s  o f  bond ing  w ere s t i l l  f a i r l y  p r im i t iv e ,  b u t,  

w ith  v e ry  few e x c e p tio n s , a l l  in c lu s io n  compounds have been 

found th ro u g h  th e  chance fo rm a tio n  o f  c r y s t a l l i n e  m a te r ia l  

o r th ro u g h  " s tra n g e "  p h y s ic a l  p r o p e r t i e s  b e in g  observed .
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Fi|g^.re 1 3 Some exam ples o f in c lu s io n  h o s ts  which form channel- 

ty p e  a d d u c ts .
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Of a l l  c h a n n e l- ty p e  h o s ts ,  th e  u re a s  a re  by f a r  th e  

most s tu d ie d  p a r t i c u l a r l y  u re a  (5 ) and th io u r e a  (6 ) .

The most im p o rtan t d i f f e r e n c e  betw een t h e i r  ad d u c ts  l i e s  

in  th e  ch an n e l d ia m e te r , w hich f o r  th o s e  o f  u r e a  i s
* o

ap p ro x im a te ly  5A, b u t w hich in  th io u r e a  can re a c h  7A due 

to  th e  l a r g e r  su lp h u r  atom .

T his d i f f e r e n c e  in  s iz e  i s  r e f l e c t e d  in  th e  ty p e  o f 

g u e s ts  w hich may be accommodated in  t h e i r  r e s p e c t iv e  

c h a n n e ls . U rea, w ith  i t s  n a rro w er tu n n e l  w i l l  in c lu d e  

l i n e a r  h y d ro ca rb o n s , a lc o h o ls ,  a c id s ,  e t c ,  w h ile  p r o h ib i t in g  

th e  in c lu s io n  o f  any b ran ch ed  s p e c ie s .  T h io u rea  form s i t s  

most s ta b l e  com plexes w ith  l a r g e r  m o lecu le s , in c lu d in g  c y c l ic  

h y d ro ca rb o n s , and b ran ch ed  a lk a n e s .  I t  w i l l  form in c lu s io n  

compounds w ith  l i n e a r  m o lecu les  b u t le s s  e a s i l y ,  and on 

o c c a s io n s  th e  h o s t s t r u c t u r e s  w i l l  c o l la p s e  u nder m ild  

c o n d i t io n s .

H ost to  g u e s t r a t i o s  have been s tu d ie d  f o r  b o th  system s 

and a re  found to  be dependent upon th e  le n g th  o f th e  g u e s t 

m o lecu le .

As th e  le n g th  o f  th e  g u e s t ,  o r  e n d o c y tic  component, i s  

in c re a s e d ,  th e  h o s t g u e s t r a t i o  a ls o  in c r e a s e s .  73 p0r  

l i n e a r  m o lecu le s , in  u re a , an e s t im a t io n  o f  0 .7  moles o f  

h o s t p e r  carbon  atom in  th e  g u e s t has been p ro p o sed , and 

t h i s  i s  confirm ed  by r e s u l t s  o b ta in e d  f o r  a  number o f 

a d d u c ts .
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In  th io u r e a ,  th e  p o t e n t i a l  g u e s t sh o u ld  have a
O

u n ifo rm  c r o s s - s e c t io n  o f  "between 5 -9  7»6A, o th e rw is e

s t a b l e  ad d u c t fo rm a tio n  w i l l  n o t ta k e  p la c e .  C le a r ly  

s t r a i g h t - c h a i n e d  h y d ro ca rb o n s  do n o t f a l l  i n t o  t h i s  

c a te g o ry .,T h a ; g rap h  in d i c a te s  th e  e f f e c t  o f  in c r e a s in g  

c h a in  le n g th  on th e  h o s t  to  g u e s t r a t i o  (F ig u re  14)•
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F ig u re  14 L eng ths o f  th e  in c lu d e d  g u e s t m o lecu le s

p l o t t e d  a g a in s t  th e  m olar r a t i o  th io u r e a :g u e s t

T here i s  a lm ost no scope f o r  m o d if ic a t io n  o f  th e  

b a s ic  s k e le to n ,  as th e  c o n s t i tu e n t  p a r t s  o f  th e  m o lecu le  

a r e  a l l  n e c e s s a ry  f o r  th e  c o n s tr u c t io n  o f  th e  c r y s t a l  l a t t i c e  

w hich in c o rp o r a te s  th e  open c h a n n e ls . The h o s t s t r u c t u r e  

i s  h e ld  to g e th e r  by a  netw ork  o f  hydr-ogen-bonding  betw een 

th e  a m in o -fu n c tio n  and th e  o th e r  h e te ro  atom , oxygen, 

s u lp h u r  o r  se le n iu m . Any changes w hich w ould a f f e c t  t h i s  

i n t e r a c t i o n  w ould be e x p ec ted  to  d e s tro y  th e  adduct 

fo rm ing  a b i l i t y .



Most work has c e n tre d , th e r e f o r e ,  on th e  ty p e  o f 

g u e s ts  w hich a re  in c lu d e d  and th e  i n t e r e s t i n g  p r o p e r t i e s  

th e y  have as a  r e s u l t  o f b e in g  c o n s tra in e d  w ith in  a 

r e s t r i c t e d  sp a c e . V ario u s s tu d ie s  have been d i r e c te d  

tow ards co n fo rm a tio n a l changes w hich a re  found f o r  g u e s ts  

in  th e  c h a n n e ls . M o n o su b s titu ted  cyclohexanes a re  known 

to  e x i s t  p r e f e r e n t i a l l y  as th e  e q u a to r ia l  conform er in  th e  

gas and l i q u id  p h ases  and in  s o lu t io n .  They a ls o  o r y s t a l l i  

in  th e  e q u a to r ia l  co n fo rm a tio n  a t  low te m p e ra tu re s . In  

in c lu s io n  compounds o f th io u r e a ,  most a re  found to  

p r e f e r e n t i a l l y  adopt th e  a x i a l  co n fo rm a tio n . A re c e n t 

Raman and i n f r a - r e d  s tu d y  74 has confirm ed  t h i s  b eh av io u r 

f o r  a  s e r i e s  o f  m o n o su b s titu te d  cy c lo h ex an es , and 

some d i s u b s t i t u t e d  exam ples as t h e i r  ad d u c ts  o f th io u r e a .  

The l im i t s  o f th e  c r o s s - s e c t io n a l  d ia m e te r  a re
o

ca 5 * 8 -6 *8A, th e re b y  p r o h ib i t in g  g u e s ts  o f  g r e a t e r  s i z e .  

Cyclohexane f a l l s  w ith in  th e s e  bonds and in  th e  adduct 

th e  m o lecu les  may be s ta c k e d  w ith  th e  t h r e e - f o ld  a x is  

c e n tre d  a lo n g  th e  channel a x i s .  W hereas an e q u a to r ia l  

s u b s t i tu e n t  w i l l  in c re a s e  th e  cyclohexane d ia m e te r , an 

a x ia l  s u b s t i tu e n t ,  b e in g  p a r a l l e l  to  th e  t h r e e - f o ld  a x is  

w i l l  n o t s i g n i f i c a n t l y  in c re a s e  th e  d ia m e te r  o f th e  

m o lecu le . G e n e ra lly  f o r  mono- and 1 ,4 -d i-h a lo g e n a te d  

cyc lohexanes th e  a x i a l  conform ers have s m a lle r  volumes 

th a n  th e  e q u a to r ia l  con fo rm ers. More e f f i c i e n t  p ack ing  

i s  p o s s ib le  w ith  th e  a x i a l l y  s u b s t i tu t e d  cyclohexanes 

w hich acc o u n ts  f o r  th e  s i t u a t i o n  w hich i s  ob serv ed .



The s e l e c t i v i t y  o f  u re a  tow ards l i n e a r  s p e c ie s  has 

been u sed  f o r  t’he i s o l a t i o n  and p u r i f i c a t i o n  o f  a 

r e a c t io n  p ro d u c t.  W itr ic  a c id  o x id a tio n  o f cyclododecane 

and cyclo d o d ecan o l g iv e s  decane -  1 , 1 0 -d ic a rb o x y lic  a c id  

w hich i s  p u r i f i e d  by fo rm a tio n  o f th e  u re a  a d d u c t, any 

n o n - l in e a r  p ro d u c ts  b e in g  u n ab le  to  do so . T his p ro ced u re  

gave th e  l i n e a r  d i - a c id  in  99*5% p u r i t y .  75

O th er w ell-know n u se s  o f  th e  u re a  and th io u re a  

in c lu s io n  compounds in c lu d e  t h e i r  s t a b i l i s a t i o n  o f e a s i ly  

o x id is a b le  su b s ta n c e s , f o r  exam ple, v ita m in  A, 76 

u n s a tu r a te d  f a t t y  a c id s  77 & e c a l i n ,  78 - th e ir  u se

as  m a tr ic e s  f o r  p o ly m e r is a t io n  p ro c e s s e s .  In  th e  

p o ly m e r is a t io n  o f d ie n e s ,  1 ,4- t r a n s  a d d i t io n  i s  o b ta in e d  

as th e  channe l h o ld s  th e  monomer g u e s t in  a  s t r a i g h t  

co n fo rm a tio n . 79

Wot a l l  com plexes o f  polym ers w ith  u re a  and th io u r e a  

a re  o f th e  same ty p e . P o ly e th y le n e s  and a l i p h a t i c  p o ly e s te r s  

do form ad d u c ts  o f  an in c lu s io n  n a tu re ,  ^  b u t p o ly ­

e t h y le n e  o x id e ) form s com plexes w hich a re  n o t re g a rd e d  as 

b e in g  in c lu s io n  compounds. Q u a te rn a ry  ammonium s a l t s  

w ith  lo n g  a lk y l  c h a in s , such as c e ty l  t r im e th y l  ammonium 

brom ide (34) form in c lu s io n  compounds w ith  th io u r e a .

In  c o n t r a s t ,  th e  h ex am e th y len e -b is  ( c e ty l  d im ethy l ammonium) 

d ib rom ide (35) complex i s  o f  an io n ic - ty p e .

Com parisons w ith  th e s e  two ca se s  have been used  to  

d e te rm in e  th e  n a tu re  o f  th e  com plexes o f  some ionene (36) 

polym ers w ith  th io u r e a .  I n f r a - r e d  and X -ray d i f f r a c t i o n  

s tu d ie s  in d ic a te d  th a t  th e  com plexes were io n ic  in  n a tu re ,  

n o t o f  an in c lu s io n  ty p e . 82
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c e ty l  t r im e th y l  ammonium brom ide (34)
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h e x am e th y len e -b is  ( c e t y l  d im eth y l ammonium) dibrom ide (35)
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m,n—lon en e (36)

The ch an n e ls  o f  u re a  have a ls o  been u sed  as  a  m a tr ix  

f o r  th e  s tu d y  o f r a d ic a l  fo rm a tio n  and decay . 8 3 T his 

i s  n o rm a lly  done by i r r a d i a t i o n  o f  th e  p re -fo rm ed  in c lu s io n  

compound. A lso re p o r te d  has been th e  fo rm a tio n  o f  tra p p e d  

e le c t r o n s  in  th e  n -o c ta n e  u re a  adduct w hich has been 

s tu d ie d  by e le c t r o n  s p in  re so n a n c e . 84

U rea ad d u c ts  have been su g g e s te d  as  a  s ta t io n a r y  phase 

in  gas chrom atography. Both th e  u rea -n -h ex a d ecan e  ^5 and.

u r e a - c e ty l  a lc o h o l ° in c lu s io n  cempounds have been t r i e d .

In  th e  fo rm er case  r e t e n t io n  tim es o f a v a r i e ty  o f  n -a lk a n e s , 

b ranched  a lk a n e s , a lk e n e s , a ro m a tic  compounds, n -a lc o h o ls  

and k e to n e s  have been d e te rm in ed . The c e ty l  a lc o h o l adduct
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has been  u sed  a s  an  a n a l y t i c a l  m ethod, a l lo w in g  r a p id  

a n a ly s e s ,  even a t  low e x p e rim e n ta l te m p e ra tu re s .

J u s t  a s  i t  was th e  chance o b s e rv a tio n  o f  c r y s t a l s '  by 

Bengen which le d  to  th e  in c lu s io n  p r o p e r t i e s  o f  u re a  b e in g  

d is c o v e re d , so i t  was th a t  th e  cyclophosphazene 

" c l a t h r a t e s ” were d isc o v e re d  by a c c id e n t .  ^  The f a i l u r e  o f  

T r i s  (_o—p h e n y le n e d io x y )-c y c lo tr ip h o sp h a z e n e  (3 7 ) ,  to  g ive 

s a t i s f a c t o r y  m ic ro a n a ty t ic a l  d a ta ,  d e s p i te  c o n s is ta n t  

i n f r a - r e d ,  u l t r a - v i o l e t ,  nmr s p e c tr a  and c o r r e c t  m o lecu la r 

w eigh t by mass sp e c tro m e try , and i t s  c u r io u s ly  b ro ad  

m e ltin g  ra n g e , 'were re c o g n ise d  a s  b e in g  a r t i f a c t s  o f  

in c lu s io n  b e h a v io u r , o n ly  a f t e r  X -ray  a n a ly s i s  o f  th e  

a d d u c ts  had been  c a r r i e d  o u t .

T r is  (_o—p h en y len ed io x y )—c y c lo tr ip h o sp h a z e n e  ( 3 7 ) .
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(37) n o t o n ly  in c lu d e s  g u e s ts  on r e c r y s t a l l i s a t i o n ,  

■but w i l l  a l s o  d i r e c t l y  ab so rb  m o lecu le s  l i k e  n -h e p ta n e  

and ch lo ro fo rm  from  th e  l i q u i d  i t s e l f  o r  from  th e  v ap o u r. 

A v e ry  w ide ran g e  o f  g u e s ts  i s  found  w ith  h o s t  to  g u e s t 

r a t i o s  ra n g in g  from  1 :0 .6  to  1 : 0 . 0 3 , w ith  a  v e ry  h ig h  

s t a b i l i t y  f o r  most ad d u c ts  b e in g  o b se rv e d .

X—r a y  a n a ly s i s  o f  th e  benzene in c lu s io n  compound
o

in d i c a te d  la y e r s  a t  s e p a r a t io n ,  b u t t h i s  i s  to o  narrow  

to  accommodate th e  g u e s t .  I n s te a d  th e y  a r e  o ccu p ied  in  

tu n n e ls  form ed by th e  s id e -g ro u p s  o f  (37) (F ig u re  15)•

The te rm  c l a t h r a t e  &7 a l th o u g h  now e s ta b l i s h e d  f o r  t h i s  

s e r i e s  i s  a g a in  m isu sed .

c
0 1 2 3 4 5 *

o
F ig u re  15 The 4»5“ 5A d ia m e te r  tu n n e l  form ed by  th e  

van  d e r  Waals b o u n d a rie s  o f  (3 7 )«
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T his system  e x h ib i t s  g u e s t s e l e c t i v i t y  in  a b s o rp tio n  

from a  m ix tu re  o f  l i q u id s .  From n -h e p ta n e  and cy c lohexane , 

th e  l i n e a r  m olecu le  i s  in c lu d e d  w ith  100^ e x c lu s io n  o f  th e  

c y c l ic  com ponent. V ario u s  s e p a ra t io n  p ro ced u re s  have 

been  p a te n te d  88 , 89 * 90 cyclophosphazene

in c lu s io n  ad d u c ts  have been sugge s t e d  as th e  statinnq.-py 

phase  in  g a s - s o l id  and l i q u i d - s o l i d . chrom atography.

A ttem pts to  a l t e r  . in c lu s io n  b e h a v io u r by m o d if ic a tio n  

o f  th e  h o s t s t r u c t u r e  h as  been c a r r i e d  ou t by A llc o ck . The 

m ethod o f  p r e p a r a t io n  a llo w s f a c i l e  changes to  be made and 

a  number o f  an a lo g u es have been made.

— 0 .

T r is  ( 2 ,3 -n a p h th a le n e d io x y ) c y c lo tr ip h o sp h a z e n e  ( 38) .
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In c re a s e  in  th e  le n g th  o f .th e  .s id e -g ro u p  as in  

t r i s  ( 2 ,3 -n ap h th a len e  d io x y ) c y c lo tr ip h o sp h a z e n e  (3 8 ) 

le a d s  to  r e t e n t io n  o f  in c lu s io n  p r o p e r t i e s  b u t w ith  a 

h ig h e r  r a t i o  o f  g u e s t m o lecu les  p e r  h o s t m o lecu le . 91 

E xam ination  o f  th e  c r y s t a l  s t r u c t u r e  92 in d ic a te s  th e  

same "p ad d le -w h ee l” arrangem ent o f  s id e -g ro u p s , b u t th e  

lo n g e r  n ap h th a len e  r in g  causes g r e a t e r  s e p a ra t io n  o f  th e  

m o le c u le s . T his i s  r e f l e c t e d  in  th e  tu n n e l d ia m e te r
o

w hich i s  9—10-A- a t  i t s  n a rro w es t p o in t ,  compared to  

4.5-5-A in  th e  n a rro w er tu n n e ls  o f  (3 7 ). T h is w idening  

red u ce s  th e  s t a b i l i t y  o f  th e  a d d u c ts  s in c e  g u e s t escape 

i s  now much e a s i e r .

The t r i s  ( 1 ,8 -n a p h th a le n e  d io x y ) d e r iv a t iv e  (39)» a ls o  

form s in c lu s io n  compounds when r e c r y s t a l l i s e d  from a 

w ide ran g e  o f  s o lv e n ts .  93

T r is  ( 1 ,8 —n ap h th a len e d io x y ) cy c lo tr ip h o sp h a z e n e  ( 39) .
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The s t r u c t u r e  94 0f  a d d u c ts  d i f f e r s  from  th o s e  

o f  (37) and ( 3 8 ) ,  i n  t h a t  th e  s id e -g ro u p s  a r e  b e n t a t  th e  

oxygen a tom s, and th a t  in c lu s io n  i s  o b se rv ed  a s  a  

consequence o f  one o f  th e  s id e -g ro u p s  b e in g  b e n t in  th e  

o p p o s ite  d i r e c t i o n  from  th e  o th e r  tw o. A sy m m e trica l 

r e l a t i o n s h i p  o f  th e  t h r e e  g roups w ould r e s u l t  i n  th e  

t h i r d  g roup f i l l i n g  th e  tu n n e l  (F ig u re  1 6 ).

The a d d u c ts  a re  s t a b l e  p o s s ib ly  due to  c o n s t r i c t i o n s  

i n  th e  tu n n e l  a t  v a r io u s  p o in t s .  In  th e  p -x y le n e  c a se , 

th e  g u e s t  m o lecu le  i s  f ix e d  and u n d erg o es  o n ly  m inim al 

th e rm a l m otion  a t  room te m p e ra tu re .

F ig u re  16 View o f  th e  u n i t  c e l l  c o n te n ts  o f  a  x y le n e  

c l a t h r a t e  o f  ( 3 9 ) -

O th e r c y c lo tr ip h o s p h a z in e s ,  f o r  w hich in c lu s io n

b e h a v io u r  has been observ ed  a r e  th e  n i t r o g e n  an a lo g u e  (4 0 )»

w ith  m ethy l e th y l  k e to n e , 9 ”! c i s - 1 , 3 , 5 - t r i c h l o r o - 1 , 3* 5 -

tr ip h e n y lc y c lo tr ip h o s p h a z in e  (41) w ith  benzene 95 and

h e x a p h e n y lc y c lo tr ip h o sp h a z in e  (42) w ith

051 , 1 , 2 , 2 - te t r a c h lo ro e th a n e .  7



T hese s tu d ie s  have shown t h a t  changes i n  in c lu s io n  

a b i l i t y  by m o d if ic a t io n  can be r a t i o n a l i s e d ,  though  th e  

s p e c i f i c  changes w ere n o t p r e d ic te d .  Though th e  changed 

b e h a v io u r  o f  (3 8 ) w ith  r e s p e c t  to  (3?) co u ld  w e ll  have 

been  fo re s e e n  by ex am in a tio n  o f  th e  c r y s t a l  s t r u c t u r e  o f  

(37) th e  c o m p le te ly  d i f f e r e n t  s t r u c t u r e  o f  (39) co u ld  n o t 

be p r e d ic te d .

An i n t e r e s t i n g  a r e a  f o r  f u tu r e  s tu d y  m ight be th e  

a tta c h m e n t o f  an asym m etric s id e -g ro u p  to  p roduce  a  c h i r a l  

tu n n e l ,  w ith  p o s s ib le  a p p l ic a t io n  to  en an tio m er s e p a ra t io n  

by s e l e c t i v e  in c lu s io n .
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( i i i )  C la th r a te s

When a g u e s t i s  co m p le te ly  tra p p e d  w ith in  a  c a v i ty  

w hich i s  c lo se d  on a l l  s id e s  hy a  w a ll made up o f  h o s t 

m o lecu les  th e  in c lu s io n  compound i s  c a l le d  a  c l a t h r a t e .

Few genu ine  exam ples o f t h i s  form o f  m o lecu la r  complex 

have "been e s ta b l i s h e d ,  y e t ,  one o f th e  most abundant 

compounds, w a te r , p o s se s s e s  t h i s  am azing a b i l i t y .  The 

t r u e  c l a t h r a t e  n a tu re  o f  a complex may on ly  be e s ta b l is h e d  

by a  c r y s t a l  s t r u c t u r e  a n a ly s i s  w hich shows th e  c ag e -ty p e  

c a v i ty .

A group o f  c l a t h r a t e  h o s ts  a re  r e l a t e d  in  t h a t  th e  

in d iv id u a l  m o lecu les  a re  h e ld  to g e th e r  in  th e  l a t t i c e  

by hyd rogen -b o n d s. A part from w a te r  (4 3 ), o th e r  members 

o f  t h i s  c la s s  a re  pheno l (44) and s u b s t i tu t e d  p h e n o ls , 

hydroqu inone (45) and D ia n in Ts Compound (4 ) .

• • OH

H H
[43]

[4 5 ]



-  45  -

In  th e  c l a t h r a t e s  o f  h y d ro q u in o n e , f o r  exam ple, 

s i x  m o lecu le s  a r e  h e ld  to g e th e r  v i a  hydrogen  "bonding to  

g iv e  an a lm ost p la n a r  hexagon o f  oxygen a tom s. 97 

r e s t  o f  each  m o lecu le  a n g le s  away from  th e  p la n e  to  form  

th e  w a ll  o f  th e  cag e . The o th e r  h y d ro x y l group i s  

s im i l a r l y  a  p a r t  o f  a n o th e r  hexam er u n it , .  . le a d in g  to  

an  i n f i n i t e  a r r a y  o f  hexagons and cages (F ig u re  17)*

F ig u re  17 Manner o f  hydrogen "bonding o f  hydroquinone

m o le c u le s . Each r e g u la r  hexagon d en o te s  s ix  

hydrogen "bonds "between oxygen a to m s.
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C la th ra te s  a re  u s u a l ly  formed, by r e c r y s t a l l i s a t i o n  

from th e  d e s ir e d  g u e s t ,  how ever, w a te r , 98 pheno l 99 and 

hydroquinone 99 have been shown to  be a b le  to  ab so rb  

g ases  and v apou rs  when th e  h o s t c r y s t a l s  a re  a g i t a t e d  

in  th e  p re se n c e  o f  th e  g a s . T h is s im p le  method a llow ed  

th e  f a c i l e  s tu d y  o f  a  s e r i e s  o f  p a r a - s u b s t i tu t e d  pheno ls  

and t h e i r  c l a th r a t e s  in  r e l a t i o n  to  th e  p a re n t p h e n o l. "^0 

A number o f p h en o ls  w ere found to  form c l a th r a t e s  

w ith  n o b le  g ase s  and gaseous h y d ro ca rb o n s .

OH

HO' OH HO

[4 7] [48]

The a b i l i t y  o f  pheno l to  s e p a ra te  th e  n o b le  g ases  

has been e s ta b l i s h e d .  From a  x en o n /k ry p to n  m ix tu re  

phenol in c lu d e s  xenon to  th e  a lm ost com plete e x c lu s io n  

o f  k ry p to n , b u t when £ - c r e s o l  (4 6 ) i s  u sed  on ly  a 

4 .8 :1  Xe/Kr r a t i o  i s  found .

In  1910 a s tu d y  o f  p o ly h y d r i t ic  phen o ls  and 

r e l a t e d  e th e r s  showed th a t  p h lo rg lu c in o l  (47) and o rc in o l  

(4 8 ) form ed ad d u c ts  w ith  hydrogen brom ide b u t a c l a th r a t e  

n a tu re  has n o t been e s ta b l i s h e d .  S im i la r ly ,  a group o f 

d im eth y l and t r im e th y l  p heno ls  have been r e p o r te d  to  

form ad d u c ts  w ith  s im ple  a lc o h o ls  f o r  w hich a c l a th r a t e  

s t r u c t u r e  i s  c la im ed . Complexes o f h ig h e r  a lc o h o ls  a re  o f a
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d i f f e r e n t  ty p e .

The th r e e  m onofluorophenols have a l l  been  found to  

in c lu d e  g a s e s ,  th e  o r th o  and m eta c a se s  on ly  u n d er la rg e  

g u e s t p r e s s u r e s .

H ydra tes  and d e u te r a te s  have been  w id e ly  u sed  f o r  

s p e c tro s c o p ic  s tu d ie s  o f  g u e s ts  a t  low te m p e ra tu re s . 1^3

R e c e n tly  th e  fo rm a tio n  o f h y d ra te s  o f  th e  n o b le  g ases  

has been p roposed  ^ 4  a s  an e x p la n a tio n  f o r  t h e i r  r e l a t i v e  

abundances in  th e  a tm osphere .

As in  u re a ,  th e r e  i s  l i t t l e  scope f o r  m od ify ing  th e  

in c lu s io n  p r o p e r t i e s  o f  th e s e  s im p le  m o lecu le s , and t h e i r  

low s t a b i l i t y  excep t a t  v e ry  low te m p e ra tu re s  p re v e n ts  

t h e i r  w id esp read  a p p l ic a t io n .  The o th e r  member o f  th e  

"hydrogen-bond ing" s e r i e s ,  D ia n in fs Compound has been 

th e  s u b je c t  o f d e t a i l e d  in v e s t ig a t io n  in to  th e  e f f e c t s  

o f  s t r u c t u r a l  m o d if ic a t io n  on in c lu s io n  b e h a v io u r .

D ia n in ’ s Compound (4)» 4 -^ -h y d ro x y p h e n y l-2 ,2 ,4 -
105t r im e th y l  chroman was p re p a re d  in  1914 » hy th e  

c o n d en sa tio n  o f m e s i ty l ox ide w ith  two p heno l m o le c u le s .

A f te r  P o w e ll’ s work on th e  hydroquinone c l a t h r a t e s ,  

th e se  i n t e r e s t i n g  h o s ts  were exam ined by B aker and 

McOmie. 106—108 r a n g6 o f  g u e s ts  in c lu d e d  by t h i s

v e r s a t i l e  compound i s  wide and v a r ie d  from gases  to  

m o d e ra te ly  s iz e d  o rg a n ic  m o le c u le s . T able 2 l i s t s  some 

i l l u s t r a t i v e  exam ples.
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T able 2

R e p re s e n ta tiv e  I n c lu s io n  b e h a v io u r d is p la y e d  by  D ian in*s Compound 

Guest____________________ Mole R a tio  o f  h o s t :g u e s t

m ethanol 3:1

e th a n o l 3:1

ace to n e 3:1

carbon  t e t r a c h l o r id e 3:1

n itro m e th a n e 3:1

a c e t i c  a c id 3*1

n -p e n ta n o l 6:1

d ie th y l  e th e r 6:1

n—'b u ty l  brom ide 6:1

h exan o ic  a c id 6:1

benzene 6:1

£ —xylen e 6:1

Iodobenzene 6:1



-  4 9  -

The c a g e - ty p e  n a tu re  o f  th e  c a v i ty  was f i r s t

109su g g e s te d  by P ow ell and  W e tte rs ; ^ th e  a c c u ra c y  o f  

t h e i r  p r e d i c t i o n  b e in g  i l l u s t r a t e d  by  com parison  o f  

t h e i r  v iew  o f  th e  hexam eric  u n i t  o f  D ia n in ’ s Compound 

w ith  th e  s t r u c t u r e  found  in  th e  c l a t h r a t e  and  u n s o lv a te d  

form  110 (F ig u re  1 8 ) .

F ig u re  18 Schem atic  r e p r e s e n ta t io n  o f  one hexam eric  

u n i t  form ed by D ia n in Ts Compound and  th e  

p a c k in g  found in  u n s o lv a te d  D ia n in 's  

Compound.



-  50  -

■ The s t r u c tu r e  o f  th e  a d d u c ts  i s  isom orphous w ith  

th e  u n s o lv a te d  fo rm . The key f e a tu r e  o f  th e  open c l a th r a t e  

i s  th e  u n i t  o f  s ix  m o lecu les l in k e d  v ia  hydrogen b o n d s .

The oxygen atom s form a  d i s to r t e d  hexagon w ith  th e  r e s id u e s  

o f  th e  m o lecu les a l t e r n a t e l y  up and down from th e  p la n e  

o f  th e  hexagon . There i s  an  a r r a y  o f  th e se  hexamer u n i t s  

a l ig n e d  a lo n g  th e  c r y s ta l lo g r a p h ic  c .-a x is , th e  i n t e r ­

p e n e t r a t io n  o f  th e  th re e - le g g e d  "cups" p ro d u c in g  a s e r ie s  

o f  c a g e s .  S ince  th e re  i s  o n ly  one hyd roxy l group p e r  

m o lecu le  th e r e  i s  no i n f i n i t e  framework a s  in  th e  q u in o l 

c l a t h r a t e s .

The d im ensions o f  th e  cage a re  i l l u s t r a t e d  in  th e  

s e c t io n  th ro u g h  th e  van d e r Waals s u r fa c e  (F ig u re  19)*

n Z

0 - 5  

0 - 3  

0

F ig u re  19 A s e c t io n  th ro u g h  th e  van d e r Waals su rfa c e

o f  th e  c a v i ty  p re s e n t  in  u n s o lv a te d  D ia n in ’ s
o

Compound. The le n g th  o f  th e  cage i s  1 0 .9A.
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The c a v i ty  i s  o f  an  h o u r -g la s s  shape imposed "by one

o f  th e  two gem inal d im eth y l g ro u p s , th e  one syn to  th e

4 -hydroxypheny l g ro u p . As can he seen  from th e  ta b le  o f

g u e s ts ,  la rg e  m o lecu les  a re  f i t t e d  one p e r  c ag e , to  g ive

a h o s t to  g u es t r a t i o  o f  6 : 1 , w h ile  sm a lle r  g u e s ts  a re

accommodated two p e r  cage co rre sp o n d in g  to  a r a t i o  o f  3 : 1*

M ethanol h as  been  quo ted  a s  fo rm ing  a 2:1 h o s t to  guest

complex b u t a 3:1 r a t i o  has s in c e  been  e s ta b l i s h e d .  ^ ^

H igher h o s t to  g u es t r a t i o s  p ro b a b ly  in d ic a te s  th a t  some

o f  th e  cages a re  u n f i l l e d  w hile  th e  1:1 adduct w ith

p ip e r id in e  i s  p ro b a b ly  n o t an  in c lu s io n  compound, b u t a

lo o s e ly  bound s a l t .  The c r y s t a l s  a r e  u n s ta b le ,  lo s in g  th e

" g u e s t"  in  a i r  u n l ik e  th e  c l a t h r a t e s  which have rem arkab le

s t a b i l i t y  -  th e  su lp h u r h e x a f lu o r id e  ad d u c t showing le s s

th a n  0 .5]o d ecom position  a f t e r  th r e e  y e a rs  a t  norm al

112te m p e ra tu re s  and p r e s s u r e s .  The lo s s  may have been

due to  th e  h o s t su b lim a tio n  r a th e r  th a n  g u es t escape

th ro u g h  th e  w a l l s .  The d im ensions o f  th e  cage a re  n o t

g r e a t ly  a f f e c t e d  by  d i f f e r e n t  g u e s ts ,  o n ly  s l i g h t  expansion

ta k in g  p la c e  fo r  th e  ch lo ro fo rm  c l a t h r a t e .  T h is  i s  in

c o n t r a s t  to  th e  hydroquinone c l a t h r a t e s  where a t r e l l i s

e f f e c t  a llo w s  ad ju stm en t depending  upon th e  r e l a t i v e  le n g th

111and w id th  o f  th e  g u e s t .  -) In  H ia n in ’ s Compound, i t  i s

g e n e ra l ly  th e  g u es t m olecu le  which w i l l  be d i s to r t e d  i f

n e c e s s a ry .  In  th e  ri-h e p ta n o l c l a t h r a t e ,  th e  le n g th  o f  the

cage i s  to o  sh o r t to  accommodate th e  g u es t u n le s s  i t  ad o p ts

114a gauche co n fo rm a tio n  a t  b o th  ends o f  th e  m o lecu le . H 

(F ig u re  20)



F ig u re  20 The r e l a t i v e  s iz e  o f  an  ex ten d ed  .n -h e p ty l a lc o h o l  m o lecu le  

w i th in  th e  norm al c a v i ty  found in  D ia n in 1 s  Compound.

L ik e  m ost in c lu s io n  compounds D ianin*s Compound has 

found a p p l i c a t io n  in  th e  s e p a r a t io n  o f  m ix tu re s  and  a s  a  

m a tr ix  i n  which to  s tu d y  m o lecu le s  u n d e r  c o n s t r a i n t .

I t  has a  draw back in  th a t  b e in g  a h o s t  o f  h ig h  m o lecu la r 

w eigh t th e  amount o f  g u es t p e r  w eigh t o f  c l a t h r a t e  i s  

s m a l l .

The c o n s t r i c t i o n  in  th e  m idd le o f  th e  cage p ro v id e s  a  

b a r r i e r  to  c e r t a i n  g u e s ts  and t h i s  h as  been  u s e d  in  a  

s e p a r a t io n  p ro c e d u re . From an  eq u im o la r m ix tu re  o f  

n—h ep tan e  and  3—m ethyl hexane th e  r e l a t i v e  p e rc e n ta g e s  

o f  in c lu d e d  g u e s t were 8 9 :1 1 . The g e n e r a l i t y  o f

t h i s  r e s u l t  was e s ta b l i s h e d  f o r  C5—C7 l i n e a r  hyd ro carb o n s 

and  th e  3 - s u b s t i tu t e d  m ethy l is o m e rs . I n  each  ca se  th e  

s t e r i c  in te r f e r e n c e  o f  thb. w a is t a l lo w s  s e le c t iv e  in c lu s io n  

o f  th e  s t r a i g h t  ch a in ed  a lk a n e .  A p a r t i c u l a r l y  im p ressiv e  

exam ple i s  th e  s e p a ra t io n  o f  2—m ethyl- hexane in  9 9 p u r i t y
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from an  equ im o lar m ix tu re  w ith  2 , 3-d im e th y l p en tan e

a f t e r  o n ly  one r e c r y s t a l l i s a t i o n  from D ian in * s  Compound.

I n  th e  absence  o f  X -ray  d a ta ,  in fo rm a tio n  on changes

in  c a v i ty  shape b ro u g h t abo u t by  h o s t m o d if ic a t io n  co u ld

be o b ta in e d  from g u es t s e l e c t i v i t i e s .

S tu d ie s  on th e  m otion  o f  g u e s ts  in  th e  cages have been

c a r r i e d  ou t u s in g  a  number o f  s p e c tro s c o p ic  te c h n iq u e s .

E le c t ro n  p a ram ag n e tic  re so n a n c e , p ro to n  m agnetic

reso n an ce  117 and in f r a - r e d  s tu d ie s  1^3 have a l l  been

c a r r i e d  o u t .  The cage h as  been  employed a s  a

m a tr ix  f o r  s tu d y in g  r a d i c a l s  g e n e ra te d  in s id e  th e

c a v i ty .  They a re  p roduced  by  i r r a d i a t i o n  w ith  X -ray s; to

produce B r2 -̂n  case  °T 1 , 2-d ib ro m o —1 , 1- d i f l u o r o

e th a n e , o r  by  7$- r a y s  to  g iv e  th e  CH3N.O2H r a d ic a l

when n i t r o e th a n e  i s  th e  g u e s t .

The problem  o f  low c o n c e n tr a t io n  which a f f e c t s  th e

s p e c tro s c o p ic  s tu d ie s  i s  a l s o  a hand icap  in  th e  a p p l ic a t io n

o f  D ia n in f s Compound a s  a  t r a p p in g  ag en t f o r  r a d io a c t iv e

g a s e s .  Only hydroquinone h as  found a g e n e ra l u se  in  t h i s  
120

a r e a .  The su lp h u r h e x a f lu o r id e  c l a th r a t e  has found

a p p l ic a t io n  in  th e  e l e c t r i c a l  in d u s t r y ,  th ro u g h  c o n t ro l le d
121

r e le a s e  o f  th e  g u e s t ,  a gas o f  low d i e l e c t r i c  c o n s ta n t .

C la th r a te s  o f  some am ines have been  u sed  a s  l a t e n t

p o ly m e ris in g  a g e n ts ,  th e  com plexes b e in g  b roken  down by

1 22u l t r a s o n ic  r a d i a t i o n .
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The th re e -d im e n s io n a l p r o te c t io n  o f  g u e s ts ,  compared 

to  th e  l e s s  com plete c o v e rin g  o f  o th e r  h o s ts  i s  i l l u s t r a t e d  

by th e  c l a t h r a t i o n  o f  g ly c e ro l  which was th e n  p r o te c te d  

from a t t a c k  by  hydrogen p e ro x id e  and le a d  t e t r a - a c e t a t e , 

though n o t from p e r io d ic  a c i d .  ^ 3

The y 3 -c y c lo d e x tr in  complex o f  g ly c e ro l  d id  n o t 

p ro v id e  th e  same d eg ree  o f  p r o te c t io n  from th e  same 

r e a g e n t s .

The s t r u c t u r e  o f  D ian in * s Compound o f f e r s  trem endous 

scope f o r  m o d if ic a t io n ,  th e  o n ly  l i m i t a t i o n  b e in g  

s y n th e t ic  a v a i l a b i l i t y .  Most o f  th e  p o s s i b i l i t i e s  have 

been  s tu d ie d  r e c e n t ly  by M acHicol and by  Ja c q u e s .
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(a )  The hyd rogen-bond ing  found in  th e  hexam eric  u n i t  

o f  D ia n in 1s Compound i s  fundam ental to  i t s  a b i l i t y  

to  form in c lu s io n  compounds. M o d if ic a tio n s  to  t h i s  

fu n c tio n  sho u ld  have a s u b s t a n t i a l  e f f e c t  upon 

c l a t h r a t e  fo rm a tio n .

When th e  p o s s i b i l i t y  o f  hydrogen-bond ing  i s  

e l im in a te d  c o m p le te ly , th e n  no d i r e c t l y  an alogous 

in c lu s io n  p r o p e r t i e s  can be e x p e c te d . C o n sequen tly , 

th e  m o lecu le s  shown below  do n o t form any a d d u c ts .

R

CH3 [49]

- C P h  50]  
II 
0

- CNMe 9  [51 ] 
II L  
S

Two o th e r  f u n c t i o n a l i t i e s  cap a b le  o f  form ing 

hydrogen-bonds a re  am ines and t h i o l s .  The co rre sp o n d in g  

an a lo g u es  ( 5 2 ) and  ( 5 3 ) were p re p a re d  and s tu d ie d .

The amine u n dergoes spon taneous r e s o lu t io n ,   ̂^4, 125 

w ith  in d iv id u a l  c r y s t a l s  b e in g  made up co m p le te ly  o f  

m o lecu les  o f  a  p a r t i c u l a r  en an tio m e r, th e  asym m etric 

c e n tr e  b e in g  a t  C—4« No in c lu s io n  however ta k e s  

p la c e .  One su g g e s tio n  f o r  th e  f a i l u r e  o f  t h i s  system



to  form an  open s t r u c t u r e  may "be t h a t  hydrogen

b o n d in g  betw een  th e  am ine and  th e  r i n g  oxygen i s

p r e f e r r e d  to  th e  UH b o n d in g  r e q u ir e d  f o r  th e

hexam er u n i t •

The t h i o l  (53 ) » when f i r s t  p re p a re d  was

found  n o t to  form in c lu s io n  compounds w ith  a  v a r i e ty

o f  s o lv e n t s ,  th e  compound u n d e rg o in g  sp on taneous 

1 25r e s o lu t io n  a s  found  f o r  th e  am ine ( 52 ) •

When th e  t h i o l  (53 ) was r e c r y s t a l l i s e d  from 

ca rb o n  t e t r a c h l o r i d e ,  how ever, a  c l a t h r a t e  was 

o b ta in e d  w ith  a  h o s t  to  g u e s t r a t i o  o f  3:1 • I n f r a ­

r e d  m easurem ents o f  th e  S—H s t r e t c h in g  mode 

in d ic a te d  an  u n u s u a lly  s h o r t  SH-——S hydrogen  b o n d . 

The c r y s t a l s  o f  th e  ad d u c t d id  n o t have th e  s t a b i l i t y  

o f  th e  p a r e n t  p h en o l c l a t h r a t e s ,  n o t ic e a b le  

d eco m p o sitio n  ta k in g  p la c e  w ith in  a  d ay .

X
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The c l a t h r a t e  n a tu re  was con firm ed  when th e  X—ray- 

s t r u c t u r a l  a n a ly s i s  was c a r r i e d  o u t .  ̂^  The s t r u c t u r e  

( f ig u r e  21) shows th e  hexam eric  u n i t  o f  th e  t h i o l  

a n a lo g o u s  to  D ian irfs Compound i t s e l f .

l.i .Li. 1 1 r 
0 1 2  3 a

F ig u re  21 A g e n e ra l v iew  o f  th e  hydrogen-bonded 

hexam eric  h o s t u n i t  o f  ( 5 3 ) in  th e  CCl^ 

c l a t h r a t e .
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The la c k  o f  s t a b i l i t y  o f  th e  c l a t h r a t e s  may 

he a r e f l e c t i o n  o f  th e  r e l a t i v e  weakness o f  th e  

t h i o l  hydrogen bond compared to  th e  hydroxy l.

The le n g th  o f  th e  cage i s  g r e a te r  th a n  in  D ia n in ’ s 

Compound, th e  d is ta n c e  betw een th e  two hexam eric
o o

u n i t s  b e in g  12.07A a g a in s t  10.94A. C u r io u s ly , 

when v e ry  pu re  t h i o l  i s  u se d , on ly  u n so lv a te d  

m a te r ia l  i s  o b ta in e d . "P o iso n in g ” th e  t h i o l  w ith  

2% o f  D ian in*s Compound en su re s  th e  fo rm a tio n  o f 

a  c l a t h r a t e .  ^ 4

U n lik e  th e  p la n n ed  s y n th e s is  o f  th e  new 

h o s t ( 5 3 ) » co m p le te ly  u n ex p ec ted  were th e  two 

h o s ts  (54) and (.54=0 1 p re p a re d  a s  in te rm e d ia te s  

in  th e  s y n th e s is  o f  th e  amine ( 5 2 ) .
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Whereas (54) » was found to  have o n ly  l im i te d

in c lu s io n  b e h a v io u r , th e  q u in a z o lin e  h o s t ( 54a )

i s  a g e n e ra l in c lu s io n  h o s t ,  fo rm ing  a d d u c ts  w ith

1 27a wide range o f  d iv e rs e  s o lv e n ts  (T ab le  3) • 

T ab le  3

R e p re p e n ta tiv e  In c lu s io n  b eh av io u r o f  th e  

c ru inazo line  h o s t ( 54a )

Guest____________ Mole R a tio  o f  h o s t :g u e s t

cy clop ropane  1:1

c y c lo o c ta n e  2:1

benzene 1:1

_ t-b u tan o l 1:1

a c e t i c  a c id  1:1

carbon  t e t r a c h l o r id e  1:1

_ t-b u ty l amine 2:1

The c lo se d  n a tu re  o f  th e  c a v i ty  o f  (54 a) was 

su g g es ted  by th e  s u rv iv a l  o f  cyc lop ropane  

(b .p  .-38°C ) on h e a t in g  i t s  ad d u c t a t  45°C below  

0.5mm Hg o f  p r e s s u r e .  X -ray  s t r u c t u r a l  a n a ly s i s  1^  

confirm ed  th e  cage i s  ind eed  c lo se d  and hence th e  

in c lu s io n  compounds o f  ( 54a )  a re  t r u e  c l a t h r a t e s .



— 6 0  —

(b )  The oxygen in  th e  chr-oman r in g  does n o t ap p ea r

to  have an  im p o rta n t fu n c t io n  in  th e  fo rm a tio n  o f

th e  c l a t h r a t e s  o f  D ia n in 's  Coumpound. M o d if ic a tio n

a t  t h i s  p o s i t i o n  would n o t he e x p e c te d  to  g r e a t ly

a l t e r  i t s  ad d u c t fo rm in g  a b i l i t y .

Compounds(5 5 )—(5 ^ ) have been  p re p a re d ,  th e

th iach ro m a n  ^ 9  ( 5 5 ) se lenachrom an 130» 131 ( 5 8 )

fo rm in g  a d d u c ts  b u t  th e  su lp h o x id e  ^  ( 5^) an&

1 ^ 0* 1 2su lphone J ' ( 5 7 ) f a i l i n g  to  sh a re  th e se

p r o p e r t i e s .
X

[55]

[56]

[57]

S
9s
f t
5
6
Se  [58]

( 5 5 ) .  a p p e a rs  to  be th e  f i r s t  exam ple o f  a  h o s t 

o f  th e  c lo s e d —cage ty p e  w hich was d e l ib e r a t e ly  

p re p a re d  f o r  t h a t  p u rp o s e . I t  s h a re s  a  s im i la r  

c a v i ty  goem etry to  th e  p a re n t  and  hence- n o t 

s u r p r i s in g ly  s im i la r  in c lu s io n  b e h a v io u r .  T h is  

h o s t  was u se d  to  d e te rm in e  th e  a b s o lu te  n a tu re  o f  

th e  g u es t in  a  cage th ro u g h  X—ra y  a n a ly s i s  o f  th e

a c e ty le n ic  a lc o h o l Me^C.C=C.CMe2- 0H, 133 A ll th e

g u es t m o lecu le s  ad o p t a  s ta g g e re d  co n fo rm a tio n . T h is  

i s  im posed upon th e  g u e s t by th e  s t r i c t  symmetry o f  

th e  h o s t s t r u c tu r e  which i s  3 *



- 6 1 -

X

SH [ 5 9 ]

NH2  [ 6 0 ]

0 [61 ]

[ 6 2 ]
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O ther su lp h u r an a lo g u es  have "been p re p a re d  w ith

d i f f e r i n g  r e s u l t s .  A lthough  b o th  m ono-su lphur

compounds ( 5 3 ) and ( 5 5 ) form in c lu s io n  compounds no

ad d u c ts  have been  found fo r  th e  th iach ro m an y l 

1 24t h i o l  (59 ) > d e s p i te  dop ing  w ith  2]o D ia n in 's  

Compound to  prom ote c l a th r a t e  fo rm a tio n .

1 24The th iach ro m an y l amine (60) was p re p a re d

w ith  th e  hope th a t  th e  rem oval o f  th e  s tro n g  HH 0

i n t e r a c t i o n  would a llo w  th e  HH-------H hydrogen

b o n d in g  rec fu ired  f o r  a  hexam eric u n i t  to  compete 

more f a v o u ra b ly . !To in c lu s io n  b e h a v io u r was 

o b se rv e d .

L a s t ly  th e  two q u in a z o lin e  d e r iv a t iv e s  (61:)

1 24and ( 6 2 ) p re p a re d  a s  in te rm e d ia te s  in  th e  ro u te  

tow ards th e  amine show d i f f e r e n t  b e h a v io u r .

( 6 1 ) ,  th e  th io —analo g u e  o f  th e  m inor h o s t ( 5 4 ) d id  

n o t form in c lu s io n  compounds b u t ( 6 2 ) th e  analogue 

o f  th e  g e n e ra l h o s t (54a )  in c lu d e d  a  wide range  o f 

s o lv e n ts  s im i la r  to  th e  p a r e n t .

The o b s e rv a tio n s  in d ic a te  t h a t  a p p a re n t m inor 

m o d if ic a t io n  does n o t a u to m a tic a l ly  le a d  to  new 

h o s t sy s tem s . C la th r a te  fo rm a tio n  i s  s e n s i t i v e  

to  changes in  s i z e ,  shape and p o l a r i t y  o f  th e  h o s t 

sy stem .
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( c )  The fu se d  a ro m a tic  r i n g  o f  th e  chroman l i e s  

on th e  o u ts id e  o f  th e  column o f  cag es  i n  D ianin* s 

Compound. S u b s t i t u t i o n  o f  t h i s  r in g  w ould b e  

e x p e c te d  to  le a d  to  i n t e r a c t i o n s  betw een  th e  p a r a l l e l  

colum ns a f f e c t i n g  t h e i r  p a c k in g .

A s tu d y  h a s  b een  c a r r i e d  o u t on th e  th iach ro m an  

a n a lo g u e  o f  D ia n in ! s Compound re g a rd in g  th e  p o s s ib le  

e f f e c t s .

The a d d i t io n  o f  a  fu se d  benzene r i n g  a s  in  ( 6 3 ) 

le a d s  to  th e  rem oval o f  a l l  in c lu s io n  p r o p e r t i e s ,  

s u g g e s t in g  se v e re  in t e r f e r e n c e  betw een  th e  colum ns

1 34.and  a  d i s r u p t io n  o f  th e  norm al p a c k in g  a rra n g e m e n t.

[ 6 3 ]
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A more s y s te m a tic  approach, in v o lv e d  s u b s t i t u t i o n  

o f  a s in g le  m ethyl group in to  th e  a ro m a tic  r i n g .

6 -m e th y l, ( 6 5 )> 7 -m ethy l ( 6 6 ) ,  and 8—m ethyl ( 6 7 ) 

an a lo g u es  o f  (55 ) have been  p re p a re d  and examined 

fo r  changes w ith  r e s p e c t  to  th e  p a r e n t .

( 6 5 ) R-]=R2=H, R^=Me:

(66) R-| =R^=H, R2=Me

( 6 7 ) R2=R3=H, R>|=Me

H
The 6—m ethyl ( 6 5 )» and 8—m ethyl ( 6 7 ) compounds 

do form in c lu s io n  compounds,  ̂^4 b u t w hereas ( 6 5 ) 

i s  isom orphous w ith  (55 ) h av in g  s im i la r  l a t t i c e  

p a ra m e te rs ,  ( 6 7 ) h as  a  r a d i c a l l y  d i f f e r e n t  

c a v i ty  shape • ^

A view  o f  a s e c t io n  th ro u g h  th e  van d e r  Waals 

ra d iu s  o f  (55 ) an(i  ( 6 7 ) shows how th e  h o u r -g la s s  

shape o f  th e  u n s u b s t i tu te d  h o s t h as  been  m od ified  

to  g ive  a c a v i ty  o f  a  "C hinese la n te rn "  type  

(F ig u re  22) .
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( 5 5 ) (67)

+ C
+c

0.57.7A0.5
4.3A

0.36.3A
 .--------- )0.3

6.i A- ;
0.0" " 2 . 6 A

0.03.2'A'
L j -  1 . . .  I , ,  1 
0 1 2  3

F ig u re  22 S e c tio n  th ro u g h  th e  van d e r Waals s u r fa c e  o f  th e  

c a v i ty :  A , f o r  (5 5 ) > fo r  (67 )»  r e p r e s e n t in g  

th e  space a v a i la b le  f o r  g u e s t accom m odation.
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A sso c ia ted , w ith  t h i s  change in  c a v i ty  shape i s  

an  a l t e r a t i o n  in  th e  in c lu s io n  p r o p e r t i e s  o f  th e  

h o s t .  P a r t i c u la r ly ,  s e le c t iv e  in c lu s io n  from so lv e n t 

m ix tu re s  i s  a f f e c t e d .

The a d d i t io n  o f  a m ethyl group to  th e

7 - p o s i t i o n ,  meta to  th e  su lp h u r, le a d s  to  th e  lo s s

o f  in c lu s io n  b e h a v io u r , a  s i t u a t i o n  a ls o  found fo r

th e  7-m e th y l ana logue  o f  D ianin* s Compound 

111i t s e l f .  C u rio u s ly  th e  6 -m ethy l compound a ls o

does n o t form in c lu s io n  compounds, c o n t r a s t in g  

w ith  th e  s i t u a t i o n  found f o r  ( 6 5 ) • S u b s t i tu t io n  

in  th e  5 - p o s i t io n  o f  b o th  system s and  in  th e

8—p o s i t i o n  o f  D ia n in ’ s Compound has  y e t to  be 

c a r r i e d  o u t .
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(d ) S u b s t i tu t io n  o f  th e  4 -bydroxyphenyl group o f  

D ia n in 1s Compound h as  been  c a r r i e d  ou t b u t w ith  

l im i te d  s u c c e s s .

The f i r s t  s y s te m a tic  s tu d y  on th e  m o d if ic a t io n  

o f  D ian in*s Compound in v o lv ed  th e  r e a c t io n  o f  methyl, 

p h en o ls  w ith  2 ,2 ,4 - t r im e th y l  chromene (68) in  an 

a tte m p t to  p roduce new h o s t s .  ^ 7

-O rth o -c r e s o l  gave a c r y s t a l l i n e  homologue o f

D ian in * s  Compound b u t no adduct fo rm a tio n  was

o b se rv e d . There i s  p ro b a b ly  s t e r i c  h in d e ran ce

w hich i n t e r f e r e s  w ith  th e  fo rm a tio n  o f  th e  hydrogen-

bonded hexam er. Meta-  and p a ra -  c r e s o l  d id  n o t

g ive  p h e n o lic  p ro d u c ts .

R eac tio n  w ith  c a te c h o l y ie ld e d  p ro d u c ts  which

would n o t c r y s t a l l i s e ,  b u t ,  r e s o r c in o l  r e a c te d  in

good y ie ld  w ith  th e  chromene to  g ive

4 - (  2* ,4*-< iihydroxyphenyl)—2 , 2 ,4 - t r im e th y l

chroman ( 69 ) •  T h is compound form s a d d u c ts  w ith  a

v a r i e ty  o f  s o lv e n ts  in c lu d in g  ch lo ro fo rm  and 

1 21a c e to n e .
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[ 69 ]

[701

[71 ]



-  69  -

( e )  One o f  th e  most n o t ic e a b le  f e a tu r e s  o f  th e

h o u r -g la s s  c a v i ty ,  i s  th e  c o n s t r i c t i o n  w hich a p p e a rs

to  d iv id e  th e  cage in to  two com partm ents- T h is

w a is t  i s  c au sed  by  s ix  m ethy l g ro u p s , one o f  th e

gem inal m ethy l g roups from each  o f  th e  s ix  m o lecu le s

fo rm ing  th e  c a g e . I t  i s  th e  m ethy l group syn

to  th e  4 -h y d ro x y p h en y l group w hich i s  r e s p o n s ib le

f o r  t h i s  b o t t l e - n e c k .  Removal o f  t h i s  m ethy l

s u b s t i tu e n t  g iv e s  a  new c l a t h r a t e  h o s t  ( TO) *

The c a v i ty  shape found  f o r  th e  a d d u c ts  h a s  been  

1 37d e te rm in e d  1 and  com pares rem ark ab ly  w e ll  w ith  

t h a t  p r e d ic te d  by  fo rm al rem oval o f  th e  m ethy l 

group from  th e  c a v i ty  o f  D ian in * s  Compound (F ig u re  23)

71A

V2I'

05

03

00

v a‘

A B

F ig u re  23 S e c tio n  th ro u g h  th e  van d e r Waals su r fa c e  

o f  th e  c a v i ty  f o r  A , D ian in*s Compound (4 ) 

a s  ch lo ro fo rm  c l a t h r a t e ,  th e  cu rv ed  

b ro k en  l i n e s  r e p r e s e n t  th e  e f f e c t  o f  fo rm al 

rem oval o f  th e  w a is t m ethy l g ro u p s ; B 

compound ( 7 0 ) a s  CCl^ c l a t h r a t e .
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O o lle t  and Jacqn.es have s y n th e s is e d  th e  o th e r  

2—n o r analogue (71 ) in  which th e  m ethy l group a n t i  

to  th e  a r y l  s u b s t i tu e n t  i s  rem oved. ^ 8  T his 

compound i s  a l s o  an  in c lu s io n  h o s t ,  a  h o s t to  

g u es t r a t i o  o f  7:1 b e in g  found f o r  th e  cyclohexane 

a d d u c t•

The c e n tre  a t  p o s i t i o n  4 in  D ian in*s Compound 

i s  asym m etric a s  in  p o s i t i o n  2 in  th e  n o r-m e th y l 

compounds (70 ) and (7 1 )•  C h ira l  a s p e c ts  o f  th e se  

system s w i l l  be d is c u s s e d  in  a  l a t e r  c h a p te r .

A summary o f  th e  work c a r r i e d  ou t on D ia n in ’ s 

Compound i s  r e p re s e n te d  s c h e m a tic a lly  { F ig u re  24)• 

A w ide-range  o f  in c lu s io n  b e h a v io u r  h as  been  

o b se rv ed , and th e  shape o f  th e  c a v i ty  h as  been  

a l t e r e d  in  a p r e d ic ta b le  m anner. U nexpected 

r e s u l t s  a re  s t i l l  o b ta in e d  b u t th e y  can l a t e r  be 

r a t i o n a l i s e d .  T h is i s  p ro b a b ly  th e  c l a s s i c  

example o f  c l a th r a t e  e n g in e e r in g , showing th e  

im p o rtan t r o le  o f  X -ray  a n a ly s i s  in  e lu c id a t io n  

o f  th e  e f f e c t  o f  m o d if ic a t io n  on th e  c r y s t a l  

s t r u c tu r e  and on c l a th r a t e  fo rm a tio n .
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a

F ig u re  24 Summary o f  th e  m o d if ic a t io n s  made to  th e  

s t r u c t u r e  o f  D ian in * s Compound.
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A ll  p re v io u s  exam ples o f  new h o s ts  have been  

th e  r e s u l t  o f  s t r u c t u r a l  m o d if ic a t io n  o f  a  known 

h o s t sy stem . A co m p le te ly  d i f f e r e n t  concep t 

however i s  th e  d is c o v e ry  o f  h o s ts  n o t r e l a t e d  

s t r u c t u r a l l y  to  an  e x i s t in g  o n e . Those w hich have 

been  found in  th e  p a s t  a r e  th e  r e s u l t s  o f  chance 

o b s e rv a t io n .  R e c e n tly  however, th e  p lan n ed  

p r e p a r a t io n  o f  a  group o f  compounds, n o t d i r e c t l y  

r e l a t e d  to  any h o s t system , r e s u l t e d  in  th e  

d is c o v e ry  o f  a  new s e r i e s  o f  c l a th r a t e  in c lu s io n  

h o s t s .

A nalogy y betw een th e  hexagona l lin k a g e  o f  

m o lecu le s  in  D ia n in ’ s Compound and th e  c o v a le n t 

s t r u c tu r e  o f  a  benzene u n i t  prom pted M acRicol to  

p re p a re  a  number o f  h e x a s u b s t i tu te d  b enzenes 

( f ig u r e  2 5 ) . A number o f  such compounds had been  

p re p a re d  in  th e  1930’ s and had been  found to  

r e t a i n  s o lv e n ts ,  though th e  n a tu re  o f  in c lu s io n  

compounds had y e t to  be e s t a b l i s h e d .  A wide range 

o f  in c lu s io n  b e h a v io u r was found f o r  a  number o f  

h e x a s u b s t i tu te d  m o le c u le s . Exam ples a re  p re s e n te d  

in  T able 4*
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R R

/

V i ho
io-H-h \

R

(A) (B)

F ig u re  25 Comparison o f  th e  hexam eric u n i t  o f  hydrogen-bonded.

hyd ro x y l groups (A) and h e x a - s u b s t i tu te d  b enzenes  ( B ) .
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[72]

[73]

[ 74 ]

[75]

[76]

R e p re s e n ta tiv e  In c lu s io n  Compounds formed by h ex ah o sts  ( 7 2 ) - ( 7 6 ) 

Host Guest Mole R a tio  o f  h o s t :g u e s t

72 c c i 4 1:2

CCl3Br 1:2

73 to lu e n e 1:2

74 to lu e n e 1:1

75 cyclohexane 1 :2

to lu e n e 1 :2

sq iia lene 2:1

hexame th y ld i s i l a n e 2:1

76 cyclohexane 1 :1

ace to n e 1:2

a c e ty l  c h lo r id e 2:1

T ab le  4
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An X—ra y  s t r u c t u r a l  a n a ly s i s  o f  th e  carbon  

t e t r a c h l o r id e  adduct o f  h ex ap heny lth iobenzene  (72) 

r e v e a ls  th a t  th e  c r y s t a l s  a re  t r i g o n a l  w ith  space 

group R3> two m olecu les f i t t i n g  in to  a th r e e -

d im en sio n a l cagei*.e, a genuine c l a th r a t e  s t r u c t u r e .

142G uest s e l e c t i v i t y  i s  found when a number 

o f  th e  h o s ts  a re  r e c r y s t a l l i s e d  from an  equ im olar 

m ix tu re  o f  o rth o  and p a ra -x y le n e s .

Whereas fo r  h ex ak is  (p- t e r t  h u ty lp h e n y lth io m e th y l)  

benzene (75) a g u e s t com position  o f  95% £ -x y le n e  and 

5% £ -x y le n e  i s  o b ta in e d , r e c r y s t a l l i s a t i o n  o f  h e x a k is  

(b e n z y lth io m e th y l)  benzene (76) from th e  same x y len e  

m ix tu re  g iv e s  an in c lu s io n  compound o f g u e s t 

co m p o sitio n  25% o-oqylene and 75% £ - 2y le n e .

T his r e v e r s a l  o f s e l e c t i v i t y  found f o r  (75) 

and (76) su g g e s ts  th a t  th e r e  i s  g re a t  scope f o r  

m od ify ing  th e  in c lu s io n  b eh av io u r to  p roduce a  

com plete  range o f  s e l e c t i v i t i e s .
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C hap ter 3 • T r ig o n a l Symmetry

A lthough  r e l a t io n s h ip s  betw een th e  v a r io u s  h o s ts  may "be made 

th ro u g h  th e  ty p e  o f  c a v i ty  found, th e re  a re  few s t r u c t u r a l  

s i m i l a r i t i e s  betw een many o f them . S ev e ra l o f  th e  c l a th r a t e  h o s ts  

a r e  co n n ec ted  in  t h a t  hydrogen-bonding  i s  an i n t r i n s i c  f a c t o r  in  

t h e i r  a b i l i t y  to  form in c lu s io n  compounds. A s t r u c t u r a l  r e l a t i o n ­

sh ip  betw een  2-m e th y l n ap h th a len e  (4 3 ) ,  deoxycho lic  a c id  ( 30 ) ,  

and u re a  ( 5 ) ,  i s  a b s e n t ,  y e t th e y  a l l  form c h a n n e l- ty p e  a d d u c ts .

One f e a t u r e ,  how ever, which ap p ea rs  f r e q u e n t ly  in  b o th  th e  

m o le c u la r  s t r u c tu r e  and c r y s t a l  s t r u c tu r e  o f  in c lu s io n  compounds 

in  g e n e r a l ,  i s  t r i g o n a l  symmetry.

Among h o s ts  a l re a d y  m en tioned , a number p o s se ss  t r i g o n a l  

symmetry in c lu d in g  p e rh y d ro tr ip h e n y le n e  (31) , t r ip h e n y l  methane ( 32 ) ,  

t r i - o - th y m o t id e  ( 3) and c y c lo tr ip h o sp h a z e n e s  ( 37) •

Me Me



O th e r m o le c u le s  n o t p o s s e s s in g  t r i g o n a l  symmetry th e m se lv es

c r y s t a l l i s e  in  t r i g o n a l  sp ace -g ro u p s  o r  d is p la y  a  h ig h  symmetry

in  t h e i r  c r y s t a l  s t r u c t u r e ,  f o r  exam ple, hydroquinone ( 4 5 ) and

D ia n in 's  Compound (4 )*

H exaphen y lth io b en zen e  ( 7 2 ) e x i s t s  in  a  co n fo rm a tio n

c o n ta in in g  a  t h r e e - f o l d  a x i s  o f  symmetry in  i t s  CCI4  c l a t h r a t e  

(F ig u re  26) .

C(7)

cm C[8)

S(2)

F ig u re  26 An ORTEP draining showing a g e n e ra l view  o f  th e  m o le c u la r

s t r u c t u r e  o f  h o s t m olecule  ( 7 2 ) in  th e  c r y s t a l  o f  th e  CCl^ 

c l a t h r a t e .  (The hydrogen atom s a re  n o t shown.)

143
_ C y c lo v e r a t r i l  (7 7 ) I s  an  in c lu s io n  h o s t h u t th e  n a tu re  o f

th e  c a v i ty  i s  y s t  to  he e s t a b l i s h e d .  I t  e x i s t s  in  a  crown 

c o n fo rm a tio n  w ith  C^v  symmetry.
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R e c e n tly j a  new h o s t was d is c o v e re d , a p p a re n tly  "by ch an ce , 

in c o rp o r a t in g  t r i g o n a l  symmetry. T r i s - ( 5 - a c e t y l - 3-  th ie n y l )  

methane ( 78 )1  p re p a re d  "by th e  a c t io n  o f  2-a c e ty l th io p h e n e  on

ch lo ro fo rm  in  th e  p re se n c e  o f  alum inium  c h lo r id e ,  forms in c lu s io n

compounds w ith  a  v e ry  wide range o f  g u e s ts ,  f o r  exam ple, "benzene, 

e th a n o l ,  a c e to n e ,  e th y l  a c e ta te ,n i t r o m e th a n e  and p y r id in e ,  w ith  a 

2:1 h o s t to  g u e s t r a t i o  in  each  c a s e .  No s o lv e n ts  were found

w hich d id  n o t form a d d u c ts ;  in  a l l  38 g u e s ts  were t r i e d .  The n a tu re

o f  th e  c a v i ty  h as  y e t to  "be d e te rm in e d .

R

R 
C M e  [ 7 8 ]  
0  
C 0 2 M e [ 7 9 ]

A number o f  an a lo g u es  were p re p a re d  h u t on ly  th e  t r i s - m e th y l  

e s t e r  ( 7 9 ) j showed any in c lu s io n  b e h a v io u r .

On th e  b a s i s  o f  m e ltin g -p o in t d a ta ,  th e  a u th o r  su g g e s ts  th a t  

" th r e e - le g g e d ” s o lv e n ts  a re  l e s s  fav o u red . The m e sity le n e  adduct 

h as  a  m e lt in g -p o in t  o f  77“ 78°C compared to  to lu e n e ,  109—110°C, 

m—x y le n e  97—98°C , jd—x y le n e , 112—113°C and e th y l  benzene 106—110°C.

S e le c t iv e  in c lu s io n  b eh av io u r i s  a ls o  e x h ib ite d  by ( 7 8 )> from 

an  eq u im o la r m ix tu re  o f  o rth o  and meta—xylene  a  g u est com position  o f  

ca 5:1 i s  found in  fav o u r o f  th e  o rth o  iso m er.
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canT r i-o - th y m o tid e  (3)> i s  a r a re  exam ple, in  th a t  i t  

c r y s t a l l i s e  in  a d i f f e r e n t  form to  produce e i t h e r  a c h a n n e l- ty p e  

c a v i ty  o r  a  c a g e . The le n g th  o f  th e  p ro s p e c tiv e  g u es t u s u a l ly  

d e c id e s  w hich mode i s  ad o p te d . For m olecu les lo n g e r th a n  9 -5A,

ch an n e l a d d u c ts  a re  o b se rv ed , h u t sm a lle r  g u e s ts  a re  in c o rp o ra te d  

w ith in  a  c l a t h r a t e  c a g e . Some g u e s ts  on th e  b o rd e r l in e  may 

c r y s t a l l i s e  in  e i t h e r  form .

A la rg e  number o f  t r i - o —thym otide an a lo g u es have been  p re p a re d  

and have been  found to  in c lu d e  s o lv e n ts ,  b u t t r i g o n a l  symmetry i s  

n o t a  n e c e s s a ry  f e a t u r e .  Two exam ples, t e t r a s a l i c y l i d e  (80) ^4^ 

and t e t r a —_o—c r e s o t id e  ( 8 1 ) ^47 have been known s in c e  th e  l a s t  

c e n tu ry .  Use o f  th e se  h o s ts  a s  ch lo ro fo rm  p u r i f y in g  a g en t has been  

su g g e s te d  on th e  b a s i s  o f  t h e i r  s e l e c t i v i t y  fo r  i t  a s  a g u e s t .

The te t r a - m - c r e s o t id e  ( 8 2 ) has been  s y n th e s is e d  and i s  r e p o r te d  

to  form  a  1 : 1 -'jadduct w ith  b en zen e . ^4-8

n  r < /  \ \  n  r i = r 2 = h  ( 8 0 )

\ \  1\  /  / /  Rl R1=Me- V H <81>
r ^ y - c o  r i =h’ R2=Me (82)

149The c o rre sp o n d in g  d i— and t r i —s a l i c y l id e s  and 

o - o r e s o t id e s  15° d id  n o t form in c lu s io n  compounds
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The c lo s e ly  r e l a t e d  t r i —o—c a rv a c ro tid e  ( 8 3 ) in  which th e

m ethy l and  is o p ro p y l groups a re  in  th e  re v e rs e  p o s i t io n s  to  t h a t

found in  t r i —o—thym otide  has been  s tu d ie d  h u t no com plexes have been  
151r e p o r te d .

S u lp h u r and n it r o g e n  analogu.es o f th e  sim ple s a l i c y l i d e s  a re

known. A com plete  r e v e r s a l  o f  th e  b eh av io u r found f o r  th e  oxygen

system  i s  o b se rv e d . The dim er ( 84 ) and tr im e r  ( 8 5 ) b o th  in c lu d e
t 52

benzene b u t th e te t r a m e r  ( 8 6 ) does n o t .  C o n tra s t in g ly  th e

d i— and t r i —a n th r a n i l i d e s  ( 8 7 ; and ( 8 9 ) f a i l e d  to  form

+ 153, 154a d d u c ts .

n=2 ( 8 4 )

n=3
n=4

( 85 )
( 86)

r -  NH

n=2 ( 87 )

n=3 ( 88 )
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F o r t r i —o—th y m o tid e , "two co n fo rm ations a re  found in  

s o lu t io n ,  c o rre sp o n d in g  to  th e  sym m etrica l p r o p e l l e r  and

h e l i c a l  co n fo rm a tio n s  s c h e m a tic a lly  shown below  (F ig u re  27).

F ig u re  27 S o lu t io n  co n fo rm ations o f  t r i -o - th y m o tid e  ( 3) .

I n  b o th  th e  cage and channel a d d u c ts  o f  t r i - o - th y m o t id e ,
156

th e  p r o p e l l e r  co n fo rm a tio n  i s  u s e d . T h is i s  n o t alw ays t r u e

f o r  i t s  a n a lo g u e s , in c lu d in g  IT,]7T- d im e th y l - t r i a n th r a n i l i d e  ( 8 9 ) • 

The p r o p e l l e r  co n fo rm a tio n  w ith  pseudo-C3 symmetry c r y s t a l l i s e s  

u n s o lv a te d ,  b u t  th e  h e l i c a l  form w ith  C1 symmetry form s a 1:1

157c l a t h r a t e  w ith  e th a n o l .

Me

( 8 9 )
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The tr ig o n a lly -s y m m e tr ic  N,1T'  ,11" ” —tr ih e n z y l  t r i a n t h r a n i l i d e  (9^)>  

has  a l s o  "been r e p o r te d  to  form a 1:1  complex w ith  e th an o l*

. The c y c lo tr ip h o sp h a z e n e s  a re  g e n e ra l h o s ts  where t r i g o n a l  

symmetry i s  e v id e n t in  "both th e  m o lecu la r and c r y s t a l  s t r u c t u r e s .  

I t  i s  i n t e r e s t i n g  to  n o te  th a t  c y c lo te tra p h o sp h a z e n e s  do n o t form 

in c lu s io n  compounds.
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C h ap te r 4» C h i r a l i t y  in  In c lu s io n

Much r e s e a r c h  has "been d ir e c te d  tow ards th e  s y n th e s is  and 

p r o p e r t i e s  o f  c h i r a l  in c lu s io n  compounds. There a re  two main re a so n s  

f o r  th e  i n t e r e s t  in  t h i s  a r e a .

( i )  A g r e a t e r  u n d e rs ta n d in g  o f "b io lo g ica l system s i s  o f te n  

g a in e d  hy  th e  s tu d y  o f  m odels. Enzyme—s u b s t r a te  r e l a t io n s h ip s  

f o r  example in v o lv e  many in te r a c t io n s  which a re  o f  a h o s t— 

g u e s t n a tu r e ,  s iz e  and shape b e in g  o f g re a t  im p o rtan ce .

However, th e  e s s e n t i a l  req u irem en t o f  en an tio m e ric  s e l e c t i v i t y  

i s  d i f f i c u l t  to  in c o rp o ra te  in to  most sim ple o rg an ic  m o le c u le s . 

I n c lu s io n  com plexes can p ro v id e  e x c e l le n t  m odels f o r  n a t u r a l  ■ 

system s p a r t i c u l a r l y  i f  c h i r a l  d is c r im in a t io n  can be 

in c o rp o ra te d  in to  th e  h o s t s t r u c t u r e .

( i i )  S e p a ra t io n  p ro c e d u re s  fo r  o p t i c a l  isom ers a re  l im i t e d .  

U n le ss  d ia s te re o m e rs  a re  form ed, which can th e n  be p h y s ic a l ly  

s e p a ra te d  e i t h e r  th rough  p r e f e r e n t i a l  c r y s t a l l i s a t i o n  o r by 

ch ro m ato g rap h ic  m eans, th e re  a re  v ery  few methods th ro u g h  

w hich th e  m ir ro r—image forms may be i s o l a t e d .  I n c lu s io n  

h o s ts  cap a b le  o f  s e le c t iv e ly  b in d in g  o r t r a p p in g  one isom er 

in  fa v o u r  o f  th e  o th e r  would p ro v id e  a method o f  s e p a ra t io n  

w hich does n o t in v o lv e  chem ical m o d if ic a tio n  o f th e  c h i r a l  

m o lecu le  . Once th e  re s o lv e d  g a e s t was re le a s e d  from th e  

com plex, th e  h o s t cou ld  th en  be re —used  f o r  f u r th e r  

s e p a r a t io n s .

U n lik e  s y n th e t ic  m a te r ia ls ,  most n a tu r a l ly  o c c u rr in g  compounds 

te n d  to  e x i s t  in  o n ly  one c o n f ig u ra tio n  and a re  an  e x c e l le n t  

so u rce  o f  c h i r a l  m o le c u le s .
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The b i l e  a c i d ,  d e so x y ch o lic  a c id  (30 ) i s  an  in c lu s io n  h o s t 

found  in  one c o n f ig u r a t io n  and i s  o p t i c a l l y  a c t i v e .

OH

( 3 0 )

Of th e  o th e r  b i l e  a c id s  o n ly  a p o c h o lic  a c id  ( 8 , 14—dehydro— 

d e so x y c h o lic  a c id )  sh a re s  th e  in c lu s io n  b e h a v io u r o f  ( 3 0 ) .  ^59 

F o rm a tio n  o f  th e  com plexes i s  s t r a ig h tf o r w a r d ,  th e  h o s t and  

p r o s p e c t iv e  g u e s t b e in g  d is s o lv e d  to g e th e r  in  h o t a lco h o T  and  

a llo w e d  to  c o o l s lo w ly  to  c r y s t a l l i s e  th e  in c lu s io n  compound o r  

" c h o le ic  a c i d " .

The fo rm a tio n  o f  c h o le ic  a c id s  has been  u sed  f o r  th e  

s t a b i l i s a t i o n  o f  e a s i l y  o x id is e d  m a te r i a l s .  Complexes o f  

v i ta m in s  K>] and  K2 a r e  n o t on ly  s ta b le  a g a in s t  o x id a t io n ,  b u t 

a l s o  a g a in s t  ch em ica l a t t a c k .  The v ita m in  a d d u c ts  have been

t e s t e d  f o r  a c t i v i t y  which i s  found to  be eq u a l to  th a t  o f  th e  f r e e  

v i ta m in ,  b u t  h a v in g  a  g r e a te r  s t a b i l i t y .  Many com plexes o f  

b i o l o g i c a l l y  a c t iv e  compounds have been  p re p a re d  and t e s t e d ,  th e  

e a r l i e s t  exam ples b e in g  th e  u se  o f  th e  camphor in c lu s io n  compounds 

o f  d e so x y c h o lic  a c id  (" c o d e c h o l" )  and a p o c h o lic  a c id  

( "cam phochol") . A q u e s tio n  mark over th e  usage  o f  th e s e
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p h a rm a c e u tic a l com plexes, i s  th e  la c k  o f in fo rm a tio n  r e g a rd in g  

th e  b i o a v a i l a b i l i t y  o f  th e  d ru g , which i s  dependent upon 

breakdow n o f  th e  adduct and where t h i s  ta k e s  p la c e  in  th e  l i v in g  

sy stem . O ra l a d m in is t r a t io n  o f  a su sp en sio n  o f  a s a l i c y c l i c  a c id  

com plex o f  d e so x y ch o lic  a c id  le d  to  a r e t a r d a t io n  in  th e  

e x c r e t io n  o f  th e  a c id ,  compared to  u p take  a s  a s o lu t io n ,  t h i s
1(Tn

due p resum ab ly  to  th e  s t a b i l i t y  o f  th e  c h o le ic  a c id .

I t  i s  e x p ec ted  th a t  th e  c h o le ic  a c id s  a re  s ta b le  a t  th e  v e ry  

a c id ic  g a s t r i c  pH b u t would become in c re a s in g ly  u n s ta b le  a s  i t s  

env ironm ent became more b a s i c .  R elease  o f  th e  g u es t would 

th e r e f o r e  be pH d ep e n d e n t.

The ch an n e l com plexes o f  desoxycho lic  a c id  have been  u sed  

f o r  in c lu s io n  p o ly m e r is a t io n . For exam ple, 2 ,3 -d ic h lo ro b u ta d ie n e  

form s a  re a so n a b ly  s ta b le  adduct w ith  ( 30) .  ^ - i r r a d i a t i o n  o f  th e  

in c lu d e d  monomer y ie ld s  po lym eric  m a te r ia l  o f dom inan tly  1 ,4 - t r a n s ­

c o n f ig u r a t io n .  S im ila r  b eh av io u r has been observed  fo r  o th e r  

d i s u b s t i t u t e d  b u ta d ie n e s .

The p o ly m e r is a tio n  o f  p r o c h ir a l  monomers le a d s  to  th e  

fo rm a tio n  o f  o p t i c a l l y  a c t iv e  po lym ers. C_is—1 ,4—p e n ta d ie n e  i s  

p o ly m e rise d  w ith in  th e  asym m etric channel to  g ive a p ro d u c t xtfhose. 

s p e c i f i c  r o t a t i o n  i s  —21 (oCpin to lu e n e ) , w hereas t r a n s -

2—m ethyl p e n ta —1 ,3 —diene  ( 91 ) a f fo rd s  a polym er o f  a  much h ig h e r

165 '
s p e c i f i c  r o t a t i o n .

The d eg ree  o f  c h i r a l i t y  may be dependent upon how t i g h t l y

th e  h o s t s t r u c tu r e  f i t s  around th e  g u est •



(91 )

The f i r s t  example o f  c i i i r a l  in c lu s io n  p o ly m e r is a tio n  was 

c a r r i e d  o u t in  th e  ch an n e ls  o f  re so lv e d  ( t r a n s - a n t i - t r a n s - a n t i -  

t r a n s ) p e rh y d ro tr ip h e n y le n e  (PHTP) (3 l)«  The m olecule does n o t 

p o s s e s s  a  p la n e  o f  symmetry, no r c e n tre  o f in v e rs io n  o r im proper 

a x i s  and  hence can  e x i s t  in  two en an tio m eric  fo rm s. F or each  o f  

th e  two c o n f ig u ra t io n s  one r i g i d  confo rm ation  e x i s t s  (F ig u re  28)

F ig u re  28 C onform ation o f  t r a n s —a n t i —tr a n s —a n t i —tra n g

p e rh y d ro tr ip h e n y le n e  (3 1 )•
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S e p a ra t io n  o f  th e  two enan tiom ers i s  however d i f f i c u l t  • The 

la c k  o f  f u n c t i o n a l i t y  and low r e a c t i v i t y  o f  th e  compound th w a rte d  

a t te m p ts  a t  r e s o lu t io n  "by v a r io u s  means. F a r in a  and A u d is io  have 

succeeded  in  s e p a ra t in g  th e  two a n tip o d e s  hy th e  fo llo w in g
166  , v

m ethod. (F ig u re  29)

T rea tm en t o f  PHTP w ith  o x a ly l c h lo r id e  in  carbon  t e t r a c h l o r i d e ,  

i n i t i a t e d  hy  "benzoyl p e ro x id e  o r UV l i g h t  g iv es  th e  a c id  c h lo r id e  

in  low y i e l d .  H y d ro ly s is  to  th e  a c id  was fo llow ed  hy d ia s te re o m e r 

fo rm a tio n  u s in g  d e h y d ro a h ie ty la m in e . The s a l t s  were c r y s t a l l i s e d  

to  c o n s ta n t  o p t i c a l  r o t a t i o n  th e n  th e  a c id  was re g e n e ra te d .

R eso lved  PHTP was th e n  o b ta in e d  hy d e c a rb o x y la tio n  v ia  th e  t e r t -  

h u ty l  p e r e s t e r .

&

R C O O B u

«

± R C 0 0 H

( +)  & ( -  

R C O O H

F ig u re  29 P rocedu re  fo r  th e  r e s o lu t io n  o f  p e rh y d ro tr ip h e n y le n e .
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O p tic a l ly  a c t iv e  PHTP form s in c lu s io n  compounds, th e  s iz e  o f  

th e  u n i t  c e l l  b e in g  th e  same a s  f o r  racem ic m a te r ia l ,  th e  space— 

groups a re  d i f f e r e n t ,  how ever, b e in g  P6 ^ and R63/111 r e s p e c t iv e ly .

The p o ly m e r is a t io n  o f  t r a n s -1 ,3 -p e n ta d ie n e  was c a r r i e d  ou t in  

th e  p re s e n c e  o f  R (-)-PH T P, b u t w ith o u t p r i o r  fo rm atio n  o f  th e

in c lu s io n  compoundf w hich on r e le a s e  from th e  h o s t was found to  be 

o f  h ig h  chem ica l and  s t e r i c  p u r i t y  though o f  low o p t i c a l  r o t a t i o n .

The c y c lo d e x tr in s  a r e  a  s e r i e s  which show rem arkab le  

in c lu s io n  p r o p e r t i e s  b o th  in  th e  s o l id  s t a t e  a s  channe l in c lu s io n  

compounds and  a s  com plexing a g e n ts  in  s o lu t io n .  They a re  la rg e  

r in g s  made up o f  6 , 7 o r 8 D (+ )-g lucopy ranose  u n i t s ,  l in k e d  1 ,4  

to  g iv e  r e s p e c t iv e ly  c*, p a n d #  - e y e lo d e x t r in  (F ig u re  30) • D erived  

from n a t u r a l  m a te r ia ls  th e y  a re  o p t i c a l l y  a c t i v e .

The com plexes d i f f e r  from most h o s ts  in  th a t  th e  in c lu s io n  i s  

due to  a  n a t u r a l  h o le  in  th e  c e n tre  o f  th e  to r u s  o f  sugar u n i t s ,  

and a r e  c a l l e d  u n im o le c u la r  in c lu s io n  compounds because  each  guest 

m o lecu le  i s  bound by an  in d iv id u a l  e y e lo d e x tr in  u n i t .

167
in c lu s io n  compound. The p ro d u c t was o b ta in e d  a s  th e  polym er

H
0

n

F ig u re  30 The 1 ,4 - l i n k e d  g lucopyranose u n i t  in  th e  c y c lo d e x t r in s .
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Work on th e  c y c lo d e x tr in s  com prises a  s ig n i f i c a n t  p e rc e n ta g e  

o f  th e  t o t a l  r e s e a r c h  in to  in c lu s io n  phenomena and many p ro c e s s e s  

and a p p l i c a t io n s  have been  p a te n te d .  C onsequen tly , th e  

s u b je c t  h a s  been  rev iew ed  e x te n s iv e ly ,  in c lu d in g  a  r e c e n t  book 

by B ender and  Komiyama. The fo llo w in g  d is c u s s io n  w i l l  be

co n ce rn ed  o n ly  w ith  t h e i r  s p e c ia l  p r o p e r t i e s  a s  c h i r a l  h o s t s .

The d ia s te re o m e r ic  in t e r a c t io n s  betw een c y c lo d e x tr in s  and  th e  

two e n a n tio m e rs  o f  a  racem ic g u est would le a d  to  an  ex cess  o f  

t h a t  isom er w hich gave th e  most s ta b le  adduct b e in g  in c lu d e d .

The d i f f e r e n c e  in  th e  b in d in g  e n e rg ie s  i s  a  m easure o f  th e  deg ree  

o f  r e s o lu t io n  o b ta in a b le .

169Cramer and  D ie tsc h e  were th e  f i r s t  to  p a r t i a l l y  re s o lv e

some c h i r a l  compounds by t h i s  m ethod, though th e  o p t i c a l  p u r i t y  

was low , ra n g in g  from 2]o  fo r  th e  DL-menthyl e s t e r  o f  a c e t i c  a c id  

to  o v e r 11 Jo from cinnam ic a c id  d ib rom ide , v ia  th e  c r y s t a l l i n e  

com plexes o f p - c y c lo d e x t r in .

O th er w orkers have a p p l ie d  th e  same method to  th e  s e p a ra t io n

o f  e n an tio m e rs  whose c h i r a l i t y  i s  due to  asymmetry a t  c e n t r e s  o th e r

th a n  c a rb o n . Benschop and van den B erg  has d e sc r ib e d  th e
t7G

r e s o lu t io n  o f  a  s e r i e s  o f  o—a lk y l  a lk y lp h o sp h o n a te s  .

(R10 ) ( R 2 ) P - H
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A maximum o p t i c a l  p u r i ty  o f  8 4 a f t e r  th r e e  in c lu s io n

p ro c e d u re s  was o b ta in e d  whenp — c y c lo d e x tr in  was em ployed,

R1 = is o p ro p y l ,  R2 = 6113.

C h ir a l  su lp h o x id e s  were f i r s t  examined in  1971 when o p t i c a l
171p u r i t i e s  o f  up to  14*5^ were achieved* L a te r  work p roduced

172s im i la r  r e s u l t s  f o r  most a lk y l  b en zy l su lp h o x id e s . However, an 

e x c e p t io n a l  s e p a ra t io n  was o b ta in e d  fo r  iso p ro p y l methane 

s u lp h in a te  ( 9 2 ) which i s  s p a t i a l l y  v ery  s im i la r  to  th e  

phosp h o n ate  w hich a l s o  gave th e  b e s t  s e p a ra t io n .  In  b o th  c a se s  

th e  S -isom er was p r e f e r e n t i a l l y  in c lu d e d . T his i s  p ro b a b ly  due 

to  th e  two m o lecu le s  h av in g  th e  b e s t  f i t  w ith in  th e  c a v i ty  

th e re b y  b e in g  most s e n s i t iv e  to  h o s t-g u e s t  in t e r a c t io n s .

f l

O P i 1 

M e  
(92)

M ic ro c a lo r im e tr ic  m easurem ents have shown a  sm all 

d i f f e r e n c e  in  th e  b in d in g  energy  o f th e  enan tiom ers o f  p h e n y la la n in e  

and <xr-m ethylbenzylam ine• The r e s u l t s ,  fo r  th e  s o lu t io n  com plexes 

w ith  o<—c y c lo d e x tr in  a re  in  c o n t ra s t  to  m andelic a c id ,  amphetamine 

and  p h en y l t r i f l u o r c e t h a n o l  f o r  which no c h i r a l

173d is c r im in a t io n  was d e te c te d .

M e
S ( - )



-  91 -

S in ce  rep ea ted , r e c r y s t a l l i s a t i o n s  from c y c lo d e x tr in s  p roduce

o n ly  p a r t i a l  r a c e m is a t io n s , t h e i r  ro u tin e  u se  hy t h i s  method i s

l i m i t e d .  S im i la r ly  t h e i r  s o lu b i l i t y  in  w ate r and aqueous a lc o h o ls

p re v e n ts  t h e i r  e x te n s iv e  u se  a s  s ta t io n a r y  p h ases  f o r  column

ch ro m ato g rap h y . C ro s s l in k in g  o f  th e  c y c lo d e x tr in  u n i t s  has

so lv e d  th e  l a t t e r  problem  and th e se  g e ls  have been  s u c c e s s fu l ly

u se d  f o r  th e  ch rom atograph ic  s e p a ra t io n  o f th e  enan tiom ers  o f

174m andelic  a c id  e s t e r s .  For m ethyl m an d e la te , th e  c y c lo d e x tr in

g e l b in d s  th e  L(+) isom er more s tro n g ly  th a n  th e  L (- )  iso m e r. 

I n i t i a l  f r a c t i o n s  from th e  column were 100$ L (-)  iso m e r. T h is  

p ro v e s  t h a t  a  c h i r a l  d is c r im in a to ry  e f f e c t  i s  p re s e n t  in  s o lu t io n  

f o r  m a n d a la te s  though m a g n if ic a tio n  th rough  m u ltip le  b in d in g  

p ro c e d u re s  i s  r e q u ir e d  fo r  i t  to  be o b se rv ed . S e p a ra tio n s  by 

c r y s t a l l i s a t i o n  p ro c e d u re s  a ls o  in v o lv es  l a t t i c e  e n e rg ie s  e tc . 

w hich a c c o u n ts  f o r  d i f f e r e n t  r e s u l t s  o b ta in e d  in  s o lu t io n  a g a in s t  

th o se  in  th e  s o l id  s t a t e .

C y c lo d e x tr in s  have been  employed a s  s h i f t  re a g e n ts  in  n u c le a r  

m agnetic  re so n an ce  s tu d ie s .  A d d itio n  o f  an ex cess  amount o f

o < -c y c lo d ex trin  to  p a ra —cymene in  shows s p l i t t i n g  o f  th e
, 175

a ro m a tic  s ig n a l s  in  th e  'H n .m . r .  spectrum . The spectrum  o f

adam antane h a s  been  expanded by th e  same m ethod.

The c h i r a l i t y  o f  th e  c a v i ty  has found a p p l ic a t io n  in  t h i s

19a re a  f o r  p ro d u c in g  chem ical s h i f t s  in  th e  F nmr spectrum  o f
176

p r o c h i r a l  t r i f lu o r o m e th y l  g ro u p s.



o
( 93a)

o

(93b)

The n o rm a lly  s in g le  l in e  fo r  th e  —CF^ groups in  th e  p ro to n  

n o is e -d e c o u p le d  spectrum  o f  ( 93a )  shows marked s p l i t t i n g  on a d d i t io n  

o f  p - c y c l o d e x t r i n .  S im ila r  b eh av io u r i s  found fo r  (9 3 b ) , which 

i s  p a r t i c u l a r l y  s ig n i f i c a n t  a s  i t  la c k s  any f u n c t io n a l i ty  th a t  

m ight a l lo w  c o n v e n tio n a l s h i f t  re a g e n ts  to  he u s e d .

L a s t ly ,  h u t p ro h a h ly  o f  g r e a te s t  im portance , a re  th o se  

r e a c t io n s  w hich a r e  c a ta ly s e d  in  th e  p rescen ce  o f  c y c lo d e x tr in s ,  

in  w hich one en an tiom er r e a c t s  f a s t e r  th a n  th e  o th e r .  For exam ple,

th e  c le a v a g e  o f  c h i r a l  o rganophosphates i s  a c c e le r a te d  hy

177< * -c y c lo d e x tr in . However, th e  more t i g h t l y  hound S (+ )-iso m er

o f  th e  f lu o ro  compound ( 94 ) i s  le s s  a c c e le r a te d  th a n  th e  

R(—)—isom er w hich does n o t form such a s ta b le  com plex. I t  has 

been  su g g e s te d  t h a t  s te r e o s p e c i f ic  in te r a c t io n s  betw een th e  

h y d ro x y l groups o f  th e  c y c lo d e x tr in  r in g  and th e  c h i r a l  g u e s ts  a re  

r e s p o n s ib le  f o r  th e  b e h a v io u r .
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C H .

och(ch 3 ) 2

( 9 4 )

— The r e a c t io n  o f  hydrogen cyanide w ith  o r th o -  o r p a ra -  

ch lo ro b e n za ld e h y d e  n o rm ally  would g ive  racem ic p ro d u c ts  u n d er 

no e x te r n a l  in f lu e n c e .  In  th e  p rescen ce  o f< * -c y c lo d e x tr in , 

o p t i c a l l y  a c t iv e  p ro d u c ts  a re  o b ta in e d  ( H gure 3 l) » "the r e a c t io n  

p resum ab ly  b e in g  p reced ed  by complex fo rm atio n  betw een th e

178, 179ch lo ro b en za ld eh y d e  and c y c lo d e x tr in .
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+ h c n  *■ 
N pH9/H70

X =+0-2e

F ig u re  31 O p t ic a l ly - a c t iv e  p ro d u c ts  produced by c y c lo d e x tr in  
c a t a l y s i s .

T h is  b e h a v io u r  h as  r e s u l t e d  in  th e  a p p l ic a t io n  of* c y c lo d e x tr in s  

a s  enzyme m o d e ls . The en an tio m eric  p re fe re n c e  shown by 

o c -c y c lo d e tr in  in  th e  a c y la t io n  s te p  o f  th e  h y d ro ly s is  o f

3 -c a r b o x y - 2 ,2 ,5 ,5 - ie i r a - m e th y l  p y rro lid in -1 -o x y -m -n itro p h e n y l 

e s t e r  (95 ) » i s  com parable to  th a t  shown by e<-chym otrypsin f o r  th e

c o rre s p o n d in g  j ) -n i t ro p h e n y l  e s t e r  ( 96 ) • 180

0

NO2

(95)  m-

( 9 6 )



-  95 -

The v e r s a t i l e  in c lu s io n  h o s t ,  D ia n in 's  Compound (4 ) i s  

asym m etric a t  C -4 , h u t th e  compound i s  sy n th e s is e d  a s  a  racem ate  

I t  had "been p ro p o sed  th a t  r e s o lu t io n  would p ro v id e  an  o p t i c a l l y  

a c t iv e  h o s t ,  p o t e n t i a l l y  u s e f u l  a s  a r e s o lv in g  a g e n t .

R eso lved  m a te r ia l  was p re p a re d  "by B rienne and Jacq u es  v ia  th e
182cam phanic a c id  e s t e r  ( 97 )*

( 9 7  )

However th e  s in g le  enantiom er i s o la te d ,  co rresp o n d in g  to  

S ( - ) - D ia n in Ts Compound ( 4 ) f a i l e d  to  in c lu d e  e i th e r  c h i r a l  o r  

a c h i r a l  g u e s t s .  The cage in  ad d u c ts  o f racem ic D ia n in 's  Compound 

i s  cen tro sy m m etric  w ith  th re e  m olecu les o f  one c o n f ig u ra tio n  and 

th r e e  o f  th e  o p p o s ite  c o n f ig u ra t io n ,  one s e t  up and th e  o th e r  down, 

conform ing  w ith  th e  ^ symmetry o f  th e  c r y s ta l  s t r u c t u r e .  U n less  

"both iso m ers  a re  p re s e n t  in c lu s io n  w i l l  n o t ta k e  p lace*

S ince  th e  symmetry c o n d itio n s  p ro h ib i te d  th e  p r e d ic te d  

b e h a v io u r ,  a  d i f f e r e n t  approach  was adop ted  by C o lle t  and Jacq u es 

_ w hich le d  to  th e  p re p a ra t io n  o f  "q u as i—racem ic" c l a th r a t e s  r e l a t e d

183
to  D ia n in 1s Compound.
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Compounds ( 9 8 ) and ( 99 ) „ e r e p re p a re d  by an  o r ig in a l  s y n th e t ic  

ro u te  w hich a llo w ed  th e  a b so lu te  c o n f ig u ra tio n  shown to  he 

e s t a b l i s h e d  a t  C -2 , th e  compounds b e in g  ep im eric  a t  C-4 .

GH — C H

OH
( 9 8 )  ( 9 9 )

C u rio u s ly  (9®) gave a  2:1 adduct when r e c r y s t a l l i s e d  from 

carbon  t e t r a c h l o r i d e  . b u t th e  s t r u c tu re  i s  u n l ik e ly  to  be o f  th e  

norm al cage ty p e  o f  D ia n in f s Compound. (99) c r y s t a l l i s e d  

u n s o lv a te d  from cyclohexane o r carbon t e t r a c h l o r id e .

An eq u im o lar m ix tu re  o f  (9^) an(i  (99) when r e c r y s t a l l i s e d  

from ca rb o n  t e t r a c h l o r id e  r e s u l t e d  in  th e  fo rm atio n  o f  a c l a th r a t e  

w ith  an  o v e r a l l  h o s t to  g u est r a t i o  o f  6:1  w ith  th e  r a t i o  o f  th e  

two ep im ers  b e in g  1:1  . S ince b o th  C—4 c o n f ig u ra tio n s  were p re s e n t  

th e  symmetry c o n d i t io n s  a re  c lo se  to  b e in g  u p h e ld , b u t th e  

r e s o lu t io n  a t  C—2, a lth o u g h  n o t p re v e n tin g  c l a th r a t e  fo rm a tio n , 

in t ro d u c e s  a  c h i r a l  environm ent in to  th e  cag e . These " q u a s i— 

racem ic"  c l a t h r a t e s  were t e s t e d  fo r  c h i r a l  d is c r im in a t io n ,  b u t 

a lth o u g h  r e c r y s t a l  l i  s a t  ion  from racem ic e th y l—2—brom opropionate 

gave th e  3 - 3*1 c l a t h r a t e ,  l e s s  th a n  0 .5% re s o lu t io n  was o b ta in e d .



-  97 -

E x p la n a tio n s  f o r  t h i s  la c k  o f  s e l e c t i v i t y  in c lu d e  d is o rd e r in g  o f  

th e  g u e s t in  th e  cage and th e  q u a s i—cen trosym m etric  shape o f  th e  

g u es t i t s e l f .

The am ine (52) and t h i o l  (53) analogues o f  h ia n in ’ s Compound 

"both undergo  spon taneous r e s o lu t io n  on r e c r y s t a l l i s a t i o n  from 

v a r io u s  s o lv e n t s >  ̂^  th e  l a t t e r  on ly  when u n s o lv a te d , s in g le  

c r y s t a l s  b e in g  made up o f  one enan tiom er o n ly .

C y c lo v e r a t r i l  (77)» which e x i s t s  in  a  crown co n fo rm a tio n , 

does n o t undergo  in v e rs io n  up to  200°C in  s o lu t io n .  Asymmetric 

an a lo g u e s  w ould th e r e f o r e  r e t a i n  t h e i r  o p t i c a l  i n t e g r i t y  and 

p e rh ap s  y i e l d  c h i r a l  in c lu s io n  compounds.

C o l le t  and  Jacq u es  p re p a re d  th e  i n t e r e s t i n g  m o lecu les  (100)
184

and (1 0 1 ) ,  in  o p t i c a l l y  a c t iv e  form . A lthough o p t i c a l l y  s t a b l e ,

th e  compounds d id  n o t d is p la y  any in c lu s io n  b e h a v io u r .

RQ OMe

MeO OR

R
H (100)

S Me (101)
0
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C le a r ly  i t  i s  n o t s u f f i c i e n t  m erely  to  make c h i r a l  an a lo g u es  

o f  known a c h i r a l  h o s ts  and expect in c lu s io n  b eh av io u r to  "be 

r e t a in e d .

A sp e c ts  o f  symmetry a re  c r i t i c a l l y  im p o rtan t in  th e  fo rm atio n  

o f in c lu s io n  compounds. The c h i r a l i t y  may p re v e n t th e  compound 

fifrcm c r y s t a l l i s i n g  in  th o se  sp ace-g roups which a re  a s s o c ia te d  w ith  

th e  fo rm a tio n  o f  open s t r u c t u r e s .

As p la n n e d  p re p a r a t io n  o f  c h i r a l  h o s ts  has met w ith  f a i l u r e ,  

i t  i s  even more i n t e r e s t i n g  th a t  a  c h i r a l  in c lu s io n  compound has 

r e c e n t ly  "been d is c o v e re d  "by ch ance . In  th e  cou rse  o f  s tu d ie s  on 

th e  p a c k in g  modes o f  racem ic and en an tio m eric  m a te r ia l s ,  r e s o lv e d  

m o lecu le s  1 -p h en y  1-p ro p y l 9“ an"tilroa"fce ( 102) and 1-phen y l-"b u ty l 

9- a n th r o a te  ( 103 ) were found to  in c lu d e  n-hexane w ith  a 6 :1

185
h o s t to  g u e s t r a t i o .
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The n -hexane  complex o f  th e  p ro p y l d e r iv a t iv e  (102)

c r y s t a l l i s e s  in  a  hexagonal space group w ith  th e  h o s t m o lecu les

a d o p tin g  a  h e l i c a l  arrangem ent a lo n g  th e  s ix  fo ld  a x i s .  The

d im ensions o f  th e  ch an n e ls  a re  s im ila r  to  th o se  o f  u r e a ,  and th e y

have been  su g g e s te d  a s  a  m a tr ix  fo r  p e rfo rm in g  asym m etric s y n th e s is ,

o r f o r  th e  r e s o lu t io n  o f  c h i r a l  p a r a f f i n s ,  though no work h as  been

done in  t h i s  a r e a .

T r i—o—th y m o tid e  ( 3 ) ,  when r e c r y s t a l l i s e d  in  u n so lv a te d  form
186

was found to  be ra c e m ic . Form ation  o f ad d u c ts  w ith  ch lo ro fo rm ,

hexane o r  benzene produced  s in g le  c r y s t a l s ,  which on d is s o lv in g

gave s o lu t io n s  showing o p t i c a l  a c t i v i t y ,  ra c e m isa tio n  ta k in g  p la c e

r a p id ly  how ever. Pow ell su g g ested  th a t  th e  c h i r a l i t y  was due to

h in d ra n c e  to  f r e e  r o t a t i o n  around th e  s in g le  bonds o f  th e  tw e lv e -

membered r i n g .  The two enan tiom orphic forms a re  r e l a t e d  to  each

o th e r  a s  r i g h t -  and le f t -h a n d e d  th re e -b la d e d  p r o p e l l e r s .  Pow ell

a c h ie v e d  p a r t i a l  r e s o lu t io n  o f sec- b u ty l  brom ide u s in g  
187

t r i —o - 'th y m o tid e . L a te r ,  a ttem p ted  r e s o lu t io n  o f

b rom och lo ro fluo rom ethane  gave evidence o f su ccess  b u t a la c k  o f
188

m a te r ia l  p re v e n te d  p ro o f  o f  r e s o lu t io n  from b e in g  o b ta in e d .

A l l  h o s t s ,  m entioned  to  d a te ,  which have been u sed  fo r  s tu d ie s  

tow ards c h i r a l  in c lu s io n  have them selves been o p t i c a l l y  a c t i v e .

I t  i s  th e  asym m etry o f  th e  h o s t m olecule i t s e l f  which i s  re s p o n s ib le  

f o r  th e  c h i r a l  e lem en ts  o f  th e  c a v i ty .

C u r io u s ly , u re a  ( 5 ) a f l a t  m olecule p o s se s s in g  symmetry p la n e s  

has a l s o  been  in v e s t ig a te d  fo r  i t s  a b i l i t y  to  re s o lv e  racem ic 

m ix tu re s .   ̂^  ^ The u re a  m olecu les in  th e  adduct s t r u c tu r e  a re

co n n ec ted  by  hydrogen bonds to  form h e l ic e s  which make up th e  w a lls  

o f  th e  c h a n n e l.  D epending on w hether th e  h e l ix  i s  r ig h t  o r l e f t  

handed a l lo w s  th e  hexagonal l a t t i c e  to  e x i s t  in  two m irro r-im ag e  fo rm s.
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R e c r y s t a l l i s a t i o n  o f  u re a  from a  racem ate can r e s u l t  in  fo u r  

p o s s ib le  c o m b in a tio n s , w ith  each o f  th e  iso m eric  l a t t i c e s  cap ab le  

o f  in c lu d in g  e i t h e r  o f  th e  two g u est e n an tio m e rs . One p a i r  o f 

i n t e r a c t io n s  w i l l  be e n e r g e t ic a l ly  more fav o u rab le  th a n  th e  o th e r ,  

though t h i s  in  i t s e l f  would n o t c o n s t i tu te  a method o f  s e p a ra t io n  

a s  each  p a i r  c o n ta in s  b o th  iso m eric  g u e s ts .  One member o f  th e  

p a i r  o f  more s ta b le  com binations may be a r t i f i c i a l l y  induced  

to  c r y s t a l l i s e  p r e f e r e n t i a l l y ,  though in  c e r t a in  c a se s  i t  happens 

sp o n ta n e o u s ly . I s o l a t i o n  o f th e  adduct b e fo re  c r y s t a l l i s a t i o n  i s  

com plete w ould th e n  y ie ld  an excess  o f  one enan tiom er o f  th e  g u es t 

in  th e  c h a n n e ls  w ith  i t s  a n t ip  ode in  r e l a t i v e l y  m inor ex ce ss  in  

th e  l i q u i d  p h a s e .  When a pseudo-racem ic m ix tu re  i s  used^w here one 

en an tiom er i s  in  ex ce ss  b e fo re  th e  r e c r y s t a l l i s a t i o n  p ro c e d u re , 

th e n  f u r t h e r  r e s o lu t io n  i s  in d u ced . O ther methods o f  in d u c in g  th e  

p r e f e r e n t i a l  ad d u c t fo rm atio n  in c lu d e  seed in g  w ith  c r y s t a l s  o f  th e  

a p p ro p r ia te  l a t t i c e  form , c r y s t a l l i s a t i o n  on asym m etric s u r f a c e s ,  

by u s in g  c h i r a l  c o - s o lv e n ts  and by d isp lacem en t o f  a  g u es t from a 

l a t t i c e  o f  known c o n f ig u r a t io n .

S ch len k  h as  exam ined t h i s  phenomenon in  g re a t d e t a i l  and 

has a c h ie v e d  p a r t i a l  r e s o lu t io n s  fo r  a la rg e  number o f  racem ic and 

p seu d o -racem ic  g u es t m ix tu re s .  He has a ls o  determ ined  th e  a b so lu te  

c o n f ig u ra t io n  o f  th e  o p t i c a l l y  la e v o ro ta to ry  l a t t i c e  to  be th a t  

p o s s e s s in g  a  r ig h t-h a n d e d  h e l ix  o f  u re a  m o lecu le s .

F o r a  s e r i e s  o f  <x—s u b s t i tu te d  c a rb o x y lic  a c id s  he has 

d e te rm in e d  t h a t ,  w ith  a  few e x c e p tio n s , th e  e q u iv a le n t a n tip o d e s  

a re  s e l e c t i v e l y  in c lu d e d  by  th e  same l a t t i c e .

Two u n u s u a l a p p l ic a t io n s  o f  in c lu s io n  compounds to  r e s o lu t io n

p ro c e d u re s  have been  d is c o v e re d .
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F o rm atio n  o f  com plexes o f  th e  type  Ni(NCS)2^<—a ry la lk y la m in e )  ^ *Ar 

i s  done q u i t e  s im ply  by m ixing  a s o lu t io n  o f  n ic k e l  th io c y n a te

w ith  th e  s to ic h io m e tr ic  amount o f  amine in  th e  p re sen ce  o f  th e
193

p ro s p e c t iv e  a ro m a tic  g u e s t ,  e .g .  j> -xy lene . The adduct

c r y s t a l l i s e s  and  may be se p a ra te d  from th e  m other l i q u o r s .  The 

same p ro d u c t i s  o b ta in e d  when th e  diam ine complex i s  r e a c te d  w ith  two 

a d d i t io n a l  m oles o f  am ine. N orm ally th e  com plexes w i l l  form a s  a 

racem ate  i f  b o th  amine enan tio m ers  a re  a v a i la b l e ,  hence i f  th e  

amine i s  r i c h  in  one iso m e r, i t  w i l l  be l e f t  b eh in d  in  s o lu t io n  

a s  in d ic a te d  b e lo w .

[ Ni(NCS) 2dl] +ddl+Ar [Ni(NCS) g d ld l]  .Ar+d

The p ro c e d u re  i s  on ly  p o s s ib le  when p a r t i a l  r e s o lu t io n  o f

th e  am ine h a s  a l r e a d y  been  c a r r i e d  o u t .  F u r th e r  o p t i c a l  enrichm ent

i s  th e n  o b ta in e d  by  t h i s  m ethod.

The o th e r  p ro ced u re  in v o lv e s  r e s o lu t io n  o f  a racem ic h o s t

by in c lu s io n  o f  a  c h i r a l  g u e s t .  R e c r y s ta l l i s a t io n  o f  1 ,2 - b i s ( 2 -

m e th y l-1 -n a p h th y l) -1  ,2 -b is (  2 ,4 ,6 -trim e th o x y p h en y l) e thane  ( 104 )
194

from ( + ) o<—p in e n e  ( 105 ) gave a  1:1 in c lu s io n  compound.
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(105)

On rem oval o f  th e  p in e n e , a r e s id u a l  o p t i c a l  a c t i v i t y  fo r  th e  

h o s t was d is c o v e re d .  T his r e s u l t  confirm ed th a t  th e  ’’e th a n e ” 

d e r iv a t iv e  was o f  a dll c o n f ig u ra tio n  n o t me s o . The degree o f  

r e s o lu t io n  was sm a ll and  th e re fo re  n o t a v ia b le  method in  t h i s  

p a r t i c u l a r  c a s e .  However, th e  p r in c ip le  cou ld  be a p p lie d  to  th e  

r e s o lu t io n  o f  o th e r  h o s t s ,  fo r  exam ple, p e rh y d ro tr ip h e n y le n e  o r 

t r i —o—th y m o tid e •

U n lik e  th e  c y c lo d e x tr in s ,  whose c h i r a l i t y  i s  a n a tu r a l  

consequence o f  t h e i r  p r e p a r a t io n ,  th e  o th e r  main group o f 

u n im o le c u la r  in c lu s io n  h o s t s ,  th e  m acrocyclic  p o ly e th e r s ,  o r  crown 

com plexes, a r e  co m p le te ly  s y n th e t ic  and re q u ire  any asymmetry ±o 

be s p e c i f i c a l l y  in tro d u c e d .

N a tu r a l ly  o c c u rr in g  compounds have p ro v id ed  th e  c h i r a l  b u i ld in g  

b lo c k s  from w hich many o f  th e  crowns a re  d e r iv e d . S ta r t in g  from
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S—(+ )— l a c t i c  a c i d  th e  two c h i r a l  dibenzo—18—crown—6 m o lecu le s  (1 0 6 )
a  n c

O ther such  m o lecu les  have b een
195

and ( 1 0 7 ) have b een  p re p a re d .
196

o b ta ined , u s in g  H -m ann ito l ( 108 ) , D -O -ephed rine , and
198

S ,S ,- o y c lo h e x a n e - 1 ,2 - d io l  ( 109) a s  p r e c u r s o r s .  Inouye h as

r e c e n t ly  p u b l i s h e d  a n  im proved s y n th e s is  o f  c h i r a l  crown e th e r s
199

from  L - t a r t a r i c  a c id  ( 110 ) .

(106)

(107)
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K o g a  h a s  u s e d  a p p r o p r i a t e l y  f u n c t i o n a l i s e d  c h i r a l  c r o w n  e t h e r

"binding s i t e  f o r  th e  s u b s t r a t e , and s u i ta b ly  p o s i t io n e d  t h i o l  

groups a s  th e  c a t a l y t i c  s i t e  (F ig u re  32) . The s id e -a rm s c o n s t i tu te  

r e g io - r e c o g n i t io n  s i t e s ,  and may be s y s te m a tic a lly  a l t e r e d .

The m odels were d esig n ed  to  show r e g io s e l e c t iv i t y  in  th e  

r e a c t io n  betw een  th e  t h i o l  c o n ta in in g  crowns and complexed amino 

a c id  £ - n i t r o p h e n y l  e s t e r  s a l t s  (1 1 2 ) .

F ig u re  32 T h io l c o n ta in in g  crown e th e r s  a s  enzyme m odels.

R ate d a ta  f o r  th e  r e le a s e  o f n itro p h e n o l was compared w ith

i s  much g r e a t e r  th a n  f o r  (112b) in  th e  p rescen ce  o f  crown e th e r  

( i l l ) ,  due to  l e s s  e f f i c i e n t  com plexation  o f  th e  IT—m ethyl s a l t  

compared to  th e  u n s u b s t i tu te d  m olecule and th e re fo re  a low er 

c o n c e n tra t io n  n e a r  th e  t h i o l  g roups. The f e a s i b i l i t y  o f  o b ta in in g  

r e g i o s e l e c t i v i t y  o f  a t t a c k  was e s ta b l is h e d  fo r  a s e r ie s  o f  crown 

e th e r s  and amino e s t e r  s a l t s .

com plexes (J11J a s  enzyme m odels, u s in g  th e  h o s t c a v i ty  a s  a

( 1 1 1  )

0  

- ♦  , , fl Br NH — (CH2)n— CO 
R

N 0 2

(112)  a  R=H 
b R=Me

t h e i r  p r e d ic t io n s  u s in g  CPK m olecu la r m odels. The r a te  f o r  (112a)
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201
Of i n t e r e s t  a re  th e  cryptom ycins (11 3) , p re p a re d  "by 

V og tle  a s  a n a lo g u e s  o f  th e  a n t i b i o t i c  ac tin o m y c in s  (114 ) » i n which 

th e  c y c lo p e p tid e  groups a re  re p la c e d  "by aza-crow n e t h e r s .  I t  was 

hoped th a t  th e  c ryp tom ycins would perfo rm  s im ila r  fu n c tio n s  to  t h e i r  

n a t u r a l l y  o c c u r r in g  c o u n te rp a r ts  in c lu d in g  m eta l c a t io n  i n t e r a c t i o n s .

(113)

L -  P r o L - P r o

D - V a l S a rD - V a lS a r

LrThrL - T h r L - M e V a l
L -M e V a l

,NH

( 1 H )
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P r o m is in g ly  cryptom ycin—B does form orange c r y s t a l l i n e

com plexes with, a l k a l i  and a lk a lin e  e a r th  m etal s a l t s .  E lem en ta l

a n a ly s i s  o f  th e  sodium p e r c h lo r a te  complex shows th a t  i t  i s  a

m onohydrate; th e  w ater i f  p la c ed  "between th e  two r in g s  would

in d ic a t e  a c o -o p e r a t iv e  e f f e c t  o f  th e  two aza—crown e th e r  r in g s .

In  trem endous c o n tr a s t  to  th e  chance d is c o v e r ie s  o f  in c lu s io n

B eh a v io u r , so f r e q u e n t ly  en cou n tered , the programme o f  r e se a r c h

1 AA 20? 21Ac a r r ie d  out hy Cram ' stan d s o u t. U sing th e  m a cro cy c lic

p o ly e th e r  a s  h i s  B a s ic  framework and m olecu lar m odels a s  a

p r e d ic t iv e  t o o l ,  he has done much to  remove the chance elem ent

from such  w ork. He has d esign ed  an im p ressiv e  range o f  h o st

sy s te m s, in c o r p o r a t in g  many o r ig in a l  s tr u c tu r a l u n i t s ,  cap ab le  o f

e x h ib i t in g  h ig h  s tr u c t u r a l  and c h ir a l  r e c o g n it io n  tow ards g u est

m o le c u le s . A summary o f  h is  work p ro v id es  an e x c e l le n t  means o f

p r e s e n t in g  th e  advances made in  the d e s ig n  o f  in c lu s io n  h o s t s .

I n  o rd er  to  e v a lu a te  th e  com plexing a b i l i t y  o f  one h o st in
202

r e la t io n  to  a n o th e r , Cram develop ed  a s c a le  o f  B in d in g

p o t e n t i a l  B ased  on th e  a b i l i t y  o f  the h o st to  e x tr a c t  t e r t -

B u ty l ammonium s a l t s  from w ater in to  ch loroform . The s c a le

i s  e i t h e r  q u oted  a s  th e  a s s o c ia t io n  c o n s ta n t , Ka, or a s  th e  fr e e

energy  o f  a s s o c i a t io n ,A G ° .

Exam ples o f  th e  new h o s ts  he prepared and t h e ir  corresp on d in g

a s s o c ia t io n  c o n s ta n ts  are  i l l u s t r a t e d  o v e r le a f  (F igu re 33) •



48,000

( 116 )
310

1 ,500

F ig u re  33 Crowns, p re p a re d  by Cram,

p o s s e s s in g  o r ig in a l  s tr u c tu r a l  

u n i t s .

( 118)
1 ,400,000



Among th e  new n n i t s  he introduced, in to  the m a cro cy c lic  p in g

were th e  fu ran .y l ( 115) and ( 116) ,  1 ,3 -x y ly l  ( 117) and

p y r id y l  (1 1 B) m o ie t i e s .  The m ono-pyridyl crown e th e r  ( 118 )

was th e  o n ly  member o f  th e  s e r ie s  to  have an a s s o c ia t io n  co n sta n t

g r e a te r  th an  th a t  o f  18—crown—6 i t s e l f , p o s s i b l y  due to  a s tr o n g e r

hydrogen bond betw een  n itr o g e n  and th e  g u e s t ,b u t  u n favou rab le  

" +
U N i n t e r a c t io n s  a c t  a g a in s t  a d d it io n a l  p y r id in e  r in g s .

A s s o c ia t io n  c o n s ta n ts  fo r  h o s ts  c o n ta in in g  th e  1 ,3 - x y ly l  

u n it  were s e n s i t i v e  to  s u b s t i t u t io n  in  the 2 ’-  and 5 1- p o s i t i o n s . 

O ccup ation  o f  th e  rem ote 5 ’- p o s i t io n  a f f e c t s  th e  e le c tr o n  d e n s ity  

o f  the. sy stem  w h ile  a s u b s t itu e n t  in  the convergent 2' p o s i t io n  

may e i t h e r  s t e r i c a l l y  h in d er  com p lexation , or p rov id e  an e x tr a  

b in d in g  s i t e  (F ig u r e  34)•

F ig u re  34 E x tra  b in d in g  s i t e  p ro v id ed  by 2’— s u b s t i tu e n t  in  crowns

in c o rp o r a t in g  a 1 j3-"Xylyl u n i t .
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I n  o rd e r  t h a t  a  h o s t may "be a b le  to  show g u es t d is c r im in a t io n  

c a v i t i e s  m ust be  d e s ig n e d  in  w hich s t e r i c  b a r r i e r s  a l lo w  o n ly  

s p e c i f i c  im olecules to  form s ta b le  com plexes. Systems m ust be 

d e v ise d  such  t h a t  p a r t s  o f  th e  m o lecu les  cap ab le  o f  im p a r tin g  

r e c o g n i t io n  p r o p e r t i e s  converge upon th e  b in d in g  s i t e .  Gram, 

r e a l i s i n g  th e  im p o rtan ce  o f  th e s e  co n cep ts  d e v ise d  r i g i d  u n i t s  

around  w hich  th e  p o ly e th e r  r in g s  c o u ld  be a t ta c h e d .

A number o f  h o s ts  were p re p a re d  in  which th e  r i g i d  u n i t  

was form ed b y  a  s u b s t i t u t e d  [ 2 . 2 ]  p a ra c y c lo p h a n e . Of th e  16 s i t e s  

f o r  s u b s t i t u t i o n ,  e ig h t  a r e  term ed "sem i-co n v erg en t"  i n  one 

d i r e c t i o n ,  w ith  th e  o th e r  e ig h t  sem i-convergen t in  th e  o p p o s ite  

d i r e c t i o n  (F ig u re  3 5 )•

F ig u re  35 The [ 2 . 2 ]  p aracy c lo p h an e  u n i t  showing th e  e ig h t  semi— 

co n v e rg e n t s i t e s  f o r  s u b s t i t u t i o n .

T h is  v e r s a t i l e  u n i t  p ro v id e s  th e  b a s is  f o r  more th a n  one 

s e r i e s  o f  h o s t s ,  s in c e  d i f f e r e n t  s u b s t i tu t io n s  p a t t e r n s  a re  

p o s s i b l e .  The p a r e n t  h o s ts  (119)» (120) an(  ̂ 0  21) were p re p a re d  

and t h e i r  com plex ing  p r o p e r t i e s  com pared. Host (119) was found 

to  be th e  m ost p ro m is in g  c a n d id a te  f o r  f u r th e r  in v e s t ig a t io n  b e in g  

th e  b e s t  b i n d e r ,  showing th e  h ig h e s t  s t r u c t u r a l  r e c o g n i t io n  and
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b e in g  e a s i e s t  to  p r e p a r e . The m olecu le  i s  a l s o  r e fe r r e d  to  a s  

"being s id e d  a s  th e  two fa c e s  o f  th e  m a cro cy c lic  r in g  are  now 

n o n - id e n t i c a l .  (1 2 1 ) i s  a l s o  s id e d , "but (1 20)? a lth ou gh , o f  th e  

th r e e  th e  o n ly  one w hich i s  c h ir a l ,  i s  n o n -s id e d .

A= 0(CH7 CH7 0 ) c 

A (119)

on ( 120 )

(121 )

_  Cram i s  i n v e s t ig a t in g  h o s t s  o f  th e  type shown he low w ith  a 

v iew  to  o b ta in in g  c h ir a l  r e c o g n it io n  o f  the enantiom ers o f  

racem ates o f  g e n e r a l s tr u c tu r e  XMSC—ITĤ  X , where L, M and S are  

the la r g e  , medium and sm all s u b s t i t u e n t s .  The conform ation  o f  the  

p r e d ic te d  more s ta b le  com plex (F igu re  36) has the sm a lle s t  

s u b s t itu e n t  a g a in s t  th e  la r g e r  s t e r i c b a r r i e r ,  the medium s u b s t itu e n t  

a g a in s t  th e  sm a lle r  b a r r ie r  w ith  th e  la r g e s t  su b s t itu e n t  h av in g  no 

s t e r i c  b a r r ie r .



F ig u re  36- M odel o f  p a racy c lo p h an e  h o s t f o r  e x h ib i t in g  h igh  c h i r a l  

r e c o g n i t io n  tow ards IMSC-M3X where L, M and S a re  th e  

l a r g e ,  medium and  sm all s u b s t i tu e n t s .
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By f a r  "the mos"fc s tu d ie d  h o s t s  have been  th o se  p o s s e s s in g  on© 

or more 1 ,1 *— d in a p h th y l u n i t s  w ith  th e  m acroring a tta c h e d  to  th e  2,2*  

p o s i t io n s  v ia  oxygen e th e r  lin k a g e s*  The u n i t ,  r ep r ese n te d  hy a 

key s t a r t in g  m a te r ia l  in  th e  h o s t  s y n th e s e s , 2 , 2’-d ih y d r o x y -  

1 ,1 ’-b in a p h th y l  ( 1 2 2 ) ,p o s s e s s e s  many u s e f u l  s tr u c tu r a l  p r o p e r t ie s .

OH

( 122  )

. _ The b in a p h th y l u n it  i s  c h i r a l ,  th e  naphthyl r in g s  p r e s e n t in g  

p o t e n t ia l  c h ir a l  b a r r ie r s  tow ards ap p ro p r ia te  gu est m o le c u le s .

The r e s o lu t io n  o f  th e  b u i ld in g -b lo c k  (1 22) may be c a r r ie d  out 

v ia  th e  c in c h o n in e  s a l t ,  th e  a b s o lu te  c o n f ig u r a t io n s  o f  th e  

en an tiom ers h a v in g  been  e s ta b l is h e d  by X -ray a n a ly s i s .  The u n i t s  

are o p t i c a l l y  s ta b le  under n e u tr a l c o n d it io n s  and under the  

r e a c t io n  c o n d it io n s  r e q u ir e d  fo r  th e  m acrocycle s y n t h e s i s .  Many 

h o st m o le c u le s  c o n ta in in g  on e , two or th r ee  b in ap h th y l u n it s  have 

been p rep ared  in  o p t i c a l l y  a c t iv e  form and t e s t e d  fo r  s tr u c tu r a l  

and c h ir a l  r e c o g n it io n .
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The g ro s s  p r o p e r t i e s  o f  th e  m acrocycles may he m o d ified  (e * g 0 

s o l u b i l i t y  and  s p e c tro s c o p ic  p r o p e r t i e s )  th rough  s u b s t i t u t i o n  in  

th e  rem ote 6 ,6 ’ p o s i t i o n s .  S u b s t i tu t io n  o f  th e  3 ,3 ’ p o s i t io n s  

w i l l  have d i r e c t  e f f e c t  upon th e  c a v i ty  i t s e l f ,  in c lu d in g  

e x te n s io n  o f  th e  c h i r a l  b a r r i e r .

M easurem ent o f  a  h o s t ’ s a b i l i t y  to  d is c r im in a te  betw een 

en an tio m ers  o f  a  p a r t i c u l a r  racem ate i s  q u a n t i f ie d  th rough  th e  

enan tiom er d i s t r i b u t i o n  c o n s ta n t (ETC), d e f in e d  a s  th e  r a t i o  

where I& i s  th e  d i s t r i b u t i o n  c o n s ta n t betw een th e  o rg an ic  la y e r  

and aqueous l a y e r ,  a f t e r  th e  e x t r a c t io n  p ro c e d u re , o f  th e  more 

complexed iso m e r, and  I>b i s  t h a t  fo r  th e  l e s s  complexed iso m e r.

The a b i l i t y  to  p r e d ic t  which o f  th e  two m irro r-im age forms 

o f th e  g u e s t w i l l  be p r e f e r e n t i a l l y  bound has been  a v e ry  im p o rtan t 

a sp e c t o f  Gram’ s w ork. F or th e  b is -d in a p h th y l  h o s t (123) iwo b in d in g  

models f o r  amino a c id  e s t e r  s a l t s  were employed (F ig u re  37 ), which 

cou ld  be d i s t in g u is h e d  from ’H nmr m easurem ents.

P F 7

th r e e —p o in t  b in d in g  model
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P F Z

fo u r - p o in t  b in d in g  model

F ig u re  37 The two b in d in g  models f o r  h o s t (123) w ith  amino 

a c id  e s t e r  s a l t s .

The en an tio m e r d i s t r i b u t i o n  c o n s ta n t (EDC) fo r  (S ,S )- (1 2 2 )  

w ith  th e  m e th y l e s t e r  o f  p h e n y lg ly c in e  was 3* E x ten s io n  o f  th e  

c h i r a l  b a r r i e r  by th e  a d d i t io n  o f  two m ethyl groups in  th e  3 and 3 ’ 

p o s i t i o n s  o f  one o f  th e  b in a p h th y l u n i t s  r a is e d  th e  EDC v a lu e  to  

12 . F o r each  ca se  th e  th r e e - p o in t  b in d in g  model appeared  to  be 

in  o p e r a t io n .

M o le c u la r  m odels su g g es ted  th a t  th e  h o s t ( 124) o f  "the S— 

c o n f ig u r a t io n  would form a  more s ta b le  complex w ith  L -v a lin e  

th a n  D—v a l i n e , and  t h i s  was confirm ed in  an  e x t r a c t io n  p ro c e d u re .
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/^COOH

o o
O .O

'^COOH

_ However, th e  s t a b i l i t y  o f  th a t  p a r t i c u l a r  complex was a p p lie d  

in  th e  o p p o s ite  s e n s e , t h a t  i s ,  c h i r a l  d is c r im in a t io n  d isp la y e d  by 

L -v a l in e  to w ard s  racem ic h o s t ( 124)» by c a r e fu l  m a n ip u la tio n  o f  

th e  o rg a n ic  and  aqueous p h ases  p a r t i a l l y  re so lv e d  h o s t m a te r ia l  

h av in g  a n  e x c e ss  o f  th e  ( S ^ c o n f ig u r a t io n  could be re c o v e re d .

U n lik e  th e  mono- and b is -d in a p h th y l  h o s ts ,  th e  m acrocyclic  

s t r u c tu r e  (1 25 ) , p o s s e s s in g  1)3 symmetry d id  no t complex any s a l t s .



(125)

T h is  was a  d isap p o in tm e n t to  Cram who had had g re a t  e x p e c ta t io n s  

fo r  th e s e  sy s te m s .

T o ta l  o p t i c a l  r e s o lu t io n  hy a p p l ic a t io n  o f  c h i r a l  crown e th e r s  

has been  acc o m p lish e d  th ro u g h  chrom atographic te c h n iq u e s  , b o th  

l i q u i d - l i q u i d  chrom atography in  which th e  m obile-phase  i s  made 

up o f  o p t i c a l l y  p u re  h o s t s ,  and l i q u id - s o l id  chrom atography in  

which th e  s t a t i o n a r y  s o l id  phase i s  a s i l i c a - g e l  bond h o s t system .

L iq u id —l i q u i d  chrom atography u s in g  th e  b is -d in a p h th y l  h o s t 

( 126) ,  w ith  th e  e n a n tio m e ric  amino e s te r  s a l t s  in  th e  w ater phase 

ab so rb ed  on a  s t a t i o n a r y  s o l id  p h ase , ach ieved  alm ost b a s e - l in e  

s e p a ra t io n  o f  racem ic  m ethyl p h e n y lg ly c in a te  hexafluo ro p h o sp h a te  

s a l t  (F ig u re  38 ) . The more s ta b le  complex i s  e lu te d  f i r s t ,  and 

a g re e s  w ith  t h a t  o b ta in e d  fo r  th e  t r a d i t i o n a l  e x t r a c t io n  p rocedu re  •
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F ig u re  38 O p t ic a l  r e s o lu t io n  by c h i r a l  re c o g n it io n  in  l i q u id -  

l i q u i d  chrom atography em ploying (R ,R )-(123 )»

R 

Br 0 2 6 )  

Si—Cl 0 2 7 )
I
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The secon d  method in v o lv in g  l iq u id - s o l i d  chromatography u t i l i s e d  

th e  te tr a b r o m id e  ( R , R ) - ( i 2 S ) ,  g iv in g  th e  t e t r a k i s ( d im e t h y lc h lo r o s i ly l ) -  

d e r iv a t iv e  (1 2 7 )  a f t e r  l i t h i a t i o n  and treatm ent w ith  d ic h lo r o d im eth y l  

s i l a n e • Treatm ent w ith  s i l i c a  g e l ,  th en  dry m ethanol to

con vert th e  rem ain in g  c h lo r in e  s u b s t itu e n t s  to  m ethoxyl groups gave 

th e  h o s t-b o n d  g e l .

The m o b ile  phase c o n s is t e d  o f  s o lu t io n s  o f  prim ary amino—a c id  

s a l t s  in  o r g a n ic  s o lv e n t s ,  w ith  l8-crow n-6  or a lc o h o ls  a s  

s o l u b i l i s e r s .  B a s e - l in e  se p a r a tio n  was a c h iev ed  in  a number o f  

exam p les, th e  isom er form ing th e  l e s s  s ta b le  com plexes b e in g  e lu te d  

f i r s t .  The e f f e c t s  o f  tem p era tu re , c o u n te r io n , medium e tc  have 

a l l  been  c a r e f u l ly  c o n s id e r e d  by Cram.

Most r e c e n t ly  Cram has ob ta in ed  chrom atographic r e s o lu t io n  by 

th e  c o v a le n t  b in d in g  o f  h o s t s  to  p o ly s ty r e n e  r e s i n s .  E nantiom eric  

se p a r a tio n s  have b een  s u c c e s s f u l ly  c a r r ie d  out by t h i s  method 

fo r  a s e r i e s  o f  amino a c id  and e s t e r  s a l t s .

A part from Cram, one o f  th e  le a d in g  r e se a r c h e rs  o f  c h ir a l  

crown e th e r s  h a s b een  S to d d a r t, who has developed  a s e r ie s  o f

compounds whose asymmetry i s  p rov id ed  by m od ified  ca rb o h y d ra tes .

21 *5 216 216L - t h r e i t o l ,  D -g lu c o s e , D -g a la c to s e ,
205 215.  115.  217 218

D -m annitol * ' and L—i d i t o l  have a l l  been

in c o r p o r a te d  in to  m a cr o c y c lic  p o ly e th e r  s tr u c tu r e s .  The

18—crown—6 d e r iv a t iv e  in c o r p o r a tin g  a D—m annitol u n it  and a

b in a p h th y l m o ie ty  h as been  form ulated  p r e v io u s ly  ( 1 0 8 ) .  I t

e x h ib ite d  c h ir a l  r e c o g n it io n  when com plexing w ith  racem ic

c(—p h e n y le th y la m in e  s a l t s  under eq u ilib r iu m  c o n d it io n s .
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A c h i r a l  crown e th e r  d e r iv e d  from two D -m annito l u n i t s ,

1 , 2:1 * , 2 f :5  j6 : 5 1 j6 '- t e t r a - O - i s o p r o p y l id e n e - B ,! 1:4 ,4 T- b i s - 0-

o x y d ie th y le n e d i-D -m a n n ito l (1 28 ) e x h ib i ts  s im i la r  r e c o g n i t io n  

p r o p e r t i e s  w ith  (R S )-^—phenylethylammonium h e x a flu o ro p h o sp h a te . 

S to d d a rt th e n  s y n th e s is e d  th e  d ia s te re o m e ric  compound (129) from 

L - i d i t o l  to  d is c o v e r  what e f f e c t  th e  change in  c o n f ig u ra t io n  

a t  th e  fo u r  c e n t r e s  would have on th e  c h i r a l  r e c o g n i t io n  p r o p e r t i e s .

R '^ ^ 0

0

O ' R

( 128) ( 1 2 9 )

H H
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LL— ( 1 2 9 ) was found, to  form s l i g h t l y  s tro n g e r  com plexes w ith  

a Iky  lammonium s a l t s  th a n  DD-( 1 28) , h u t d id  n o t e x h ib i t  c h i r a l  

r e c o g n i t io n  to w ard s  th e  HPFg s a l t  o f racem ic oc—pheny le th y lam in e  • 

However i t  d id  show e n an tio m e ric  d i f f e r e n t i a t i o n  w ith  th e

D -m annito l b a s e d  crown e th e r  DD-(128) s u r p r is in g ly  d id  n o t 

show any  c h i r a l  r e c o g n i t io n  tow ards t h i s  g u e s t .

B oth  h o s ts  showed a  p re fe re n c e  fo r  th e  s a l t  o f  th e  ( r e ­

c o n f ig u r a t io n  in  t h e i r  r e s p e c t iv e  c a s e s .  T his has been acco u n ted  

fo r  by r e f e r e n c e  to  th e  CPK s p a c e - f i l l i n g  model o f  th e  d ia s te re o m e ric  

com plexes, w hich in d i c a te  th a t  th e  ( s ) - is o m e r ,  in  th e  complex w ith  

LL-( 129)> e x p e r ie n c e s  a  g r e a te r  s t e r i c  b a r r i e r  th a n  th e  

(R )-iso m e r ( F ig u re  39) .

219S to d d a r t  h a s  rev iew ed  h i s  work to -d a te  in  a re c e n t  a r t i c l e .

p e r c h lo r a te  s a l t s  o f  (RS)—p h e n y lg ly c in e  m ethyl e s t e r .  The

y  ?  hi H

c i o 4

H

X  = C 0 2 M e

F ig u re  39 The com plex formed by LL-(129) w ith  th e  p e rc h lo ra te  

s a l t  o f  (R )-p h e n y lg ly c in e  m ethyl e s t e r .



From th e  chance o b s e rv a tio n  o f  an  unexpec ted  s id e -p ro d u c t in  

1967 "to th e  t o t a l  o p t i c a l  r e s o lu t io n  o f  amino a c id  s a l t s  i s  a 

r e f l e c t i o n  o f  th e  e x p lo s io n  o f  i n t e r e s t  su rro u n d in g  th e  phenomenon 

o f h o s t - g u e s t  c o m p le x a tio n .

Many w o r k e r s ,p a r t i c u la r l y  Cram in  th e  f i e l d  o f  u n im o lecu la r 

h o s ts  and  M acN icol in  n ru ltim o le c u la r  h o s ts ,h a v e  succeeded in  

rem oving some o f  th e  " lu c k "  elem ent from th e  d isco v e ry  o f  new 

system s w hich p o s s e s s  th e  rem arkab le  p ro p e r ty  o f  m o lecu la r in c lu s io n .

S u p e r io r  s e p a r a t io n  p ro c e d u re s , asym m etric s y n th e s is ,  

w orking enzyme m o d e ls ; th e  c o n t ro l  o f  d rug  r e le a s e  and th e  s a fe  

h a n d lin g  o f  to x i c  o r  r e a c t iv e  compounds a r e  some o f  th e  advances 

made in  th e  l a s t  t e n  y e a r s  o f  in c lu s io n  c h e m is try , th e se  a re a s  

a ls o  p r o v id in g  f e r t i l e  ground f o r  f u r th e r  re s e a rc h .
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R e s u lts  and D iscu ssio n

C hap ter 3. • S y s te m a tic  m o d if ic a tio n  of* th e  hexahost s k e le to n

O p p o r tu n i t ie s  f o r  o b ta in in g  c o n t ro l le d  changes in  in c lu s io n  

"behaviour h a v e , u n t i l  r e c e n t ly ,  "been h in d e re d  "by th e  la c k  o f  

s u i t a b le  s e r i e s  o f  h o s t compounds.

The s e r i e s  o f  in c lu s io n  h o s ts  r e l a t e d  to  T ia n in ’ s Compound 

has been  s u c c e s s f u l ly  s tu d ie d .  However, th e  fam ily  o f compounds 

p o s s e s s in g  a  h e x a s u b s t i tu te d  benzene sk e le to n  a re  more r e a d i ly  

a c c e s s i b le ,  w ith  an  a lm o st i n f i n i t e  range o f m od ified  system s 

a v a i la b le  th ro u g h  a l t e r a t i o n  o f  th e  s u b s t i tu e n t .

A dduct fo rm in g  p r o p e r t i e s  have been d isco v e re d  fo r  many o f  

th e  s im p le r  h e x a s u b s t i tu te d  b en zen es , whose g e n e ra l s t r u c tu r e  may 

be r e p r e s e n te d  a s  C /^Z -A r)^ , where v a r ia t io n  in  b o th  Z , th e  "arm” 

o r " le g "  o r  c h a in ,  and A r, th e  o u te r  arom atic  r in g  has produced  new 

in c lu s io n  h o s t s .

A more s y s te m a tic  s tu d y  was u n d ertak en  to  e lu c id a te  th e  e f f e c t  

o f  s t r u c t u r a l  changes on in c lu s io n  behaviour*  A l te r a t io n s  to  th e  

c a v i ty  geom etry  b ro u g h t abou t by such changes a re  b e s t  s tu d ie d  by 

X -ray  a n a l y s i s ,  b u t owing to  th e  tim e re q u ire d  f o r  an  e x te n s iv e  

X -ray  in v e s t i g a t io n  o f  t h i s  ty p e , e f f e c t s  were s tu d ie d  by com parison 

o f th e  g u e s ts  in c lu d e d  and by s e l e c t i v i t y  ex p erim en ts .

One o f  th e  most g e n e ra l h ex ah o sts  i s  h exak is  (b en zy lth io m e th y l)  

benzene ( 7 6 ) ,  w hich form s ad d u c ts  w ith  a wide range o f  g u e s ts .  A 

d e t a i l e d  s tu d y  o f  th e  e f f e c t  o f  s u b s t i tu t io n  o f  th e  o u te r  a ro m atic  

r in g  was c a r r i e d  ou t • Twelve analogues were p re p a re d  by r e a c t io n  

o f th e  a p p r o p r ia te  b e n z y l m ercap tide  w ith  h exak is  (bromom ethyl) -  

benzene, (^(CHr^Br)^ . The s t r u c tu r e s  o f  th e se  analogues a re  g iven  

in  F ig u re  4 0 .



C6 (CH2 SCH2 - A r ) 6

Ar Ar

(130)

(131)

Me

(136)

(137)

Me

Cl

Cl

(132)

(133)

(134)

Cl (135)

F ig u re  4-0 Twelve an a lo g u es  o f  hexakis(lD enzylthiom ethyi)l3enzene ( 7 6 )

7 VOMe 039)

Me

7
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I n c lu s io n  ex p e rim en ts  were c a r r i e d  ou t "by r e c r y s t a l l i s a t i o n  

o f u n s o lv a te d  m a te r ia l  from th e  a p p ro p r ia te  pure l i q u id .  Problem s 

o f i n s u f f i c i e n t  s o l u b i l i t y  were overcome by th e  u se  o f  s e a le d  

tu b e s  f o r  th o s e  s o lv e n t s .  The b eh av io u r o f  compounds ( 7 6 ) and 

(1 3 0 )-(1 4 1 )  i s  l i s t e d  in  T ab les  5-18  .

T ab le  5 g iv e s  some i l l u s t r a t i v e  g u e s ts  fo r  th e  p a re n t h o s t ( 76 ) .  

S u b s t i tu t io n  o f  each  o f  th e  s ix  o u te r  a ro m atic  r in g s  w ith  a s in g le  

m ethyl group g iv e s  th e  new h o s ts  (1 3 0 )—( 1 32) .  Whereas th e  o rth o -  

m ethyl (130 ) and  p a ra -m eth y l (132) compounds show on ly  r e l a t i v e l y  

l im i te d  in c lu s io n  p r o p e r t i e s  (T ab les  6 and 7) » th e  meta-m ethy l 

d e r iv a t iv e  (1 3 1 ) t e x h ib i t s  g e n e ra l in c lu s io n  beh av io u r s im ila r  

to  th e  p a r e n t .  S u b tle  d i f f e r e n c e s  a re  found however in  s e l e c t i v i t y  

ex p erim en ts  . L ike  th e  u n s u b s t i tu te d  h o s t th e  meta-m eth y l h o s t 

shows a  p r e f e r e n c e  f o r  th e  p a ra - is o m e r , on r e c r y s t a l l i s a t i o n  from 

an eq u im o lar m ix tu re  o f  o rth o -x y le n e  and p a ra -x y le n e , b u t improved 

s e l e c t i v i t y  o f  15:85 a g a in s t  25:75 i s  observed . S e le c t iv e  

in c lu s io n  o f  th e  l a r g e r  c y c lo a lk a n e s  from a te rn a ry  m ix tu re  o f  v 

c y c lo -p e n ta n e , —hexane and -h e p ta n e  i s  a ls o  found . Prom a 

q u a te rn a ry  m ix tu re  o f  th e  th r e e  xy lene isom ers and e th y l  benzene, 

th e re  i s  no s i g n i f i c a n t  in c lu s io n  (<5^) met a—x y le n e , b u t _ca. 15ŷ

o f  th e  g u e s t i s  e th y l  b en ze n e .

V a r ia b le  r a t e s  o f  g u es t lo s s  a re  found fo r  th e  th re e  hexa— 

m ethyl h o s t s .  The o r th o —compound (130) lo s e s  so lv en t very  r a p id ly ,  

b u t b o th  th e  met a — and  p a ra —d e r iv a t iv e s  form more s ta b le  a d d u c ts .

Por exam ple, th e  d io x an —p a ra —m ethyl (142) in c lu s io n  compound 

d is p la y s  no a p p a re n t g u e s t lo s s  a f t e r  24 hours under vacuum.
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A s im i la r  tren d , o f  in c lu s io n  "behaviour was found fo r  th e  

th re e  hexach lo ro -com pounds ( 1 3 3 )-( 1 3 5 ), in  which in c lu s io n  i s  ag a in  

favou red  by  metar - s u b s t i tu t io n .  The o rth o  and p a ra -c h lo ro  in c lu s io n  

compounds have u n u su a l h o s t :g u e s t  r a t i o s ,  su g g e s tin g  th a t  th e  

c a v i ty  geom etry  i s  d i f f e r e n t  from th a t  found fo r  th e  p a re n t h o s t 

system  (T a b le s  9? 1° and- 11 ) •

The v e ry  h ig h  g u e s t c o n te n t in  th e  1 ,4 -d io x an  adduct w ith  

h e x a k is (4 -c h lo ro b e n z y lth io m e th y l)b e n z e n e  (1 35) su g g es ts  th e  p resence 

o f sp a c io u s  v o id s  in  th e  l a t t i c e  o f  t h i s  in c lu s io n  compound.

These two s e r i e s  su g g es t th a t  w hereas o rtho  and p a ra -  

s u b s t i t u t i o n  a p p e a rs  to  have a d is ru p t iv e  e f f e c t  upon th e  norm al 

p ack in g  a rran g em en t o f  th e  u n s u b s t i tu te d  h o s t ,  meta- s u b s t i t u t i o n  

a llo w s g e n e ra l  in c lu s io n  p r o p e r t i e s  to  be r e ta in e d .  As a t e s t  

o f th e  s e n s i t i v i t y  to  m eta- s u b s t i t u t i o n , hex ak is( 3 - t r i -  

f lu o ro m e th y lb e n z y lth io m e th y l)b e n z e n e  (136) was p re p a re d . A lthough 

( 136) form ed a d d u c ts ,  th e  in c lu s io n  beh av io u r was not found to  be 

a s  w id e -ra n g in g  a s  f o r  (1 31) and (1 34) • T h is su g g es ts  th a t  th e  

s iz e  and  p o l a r i t y  o f  th e  meta—s u b s t i tu e n t  a re  im portan t f a c to r s  

in  th e  fo rm a tio n  o f  in c lu s io n  compounds o f  t h i s  ty p e .

A number o f  h e x a s u b s t i tu te d  benzenes p o sse ss in g  a more complex 

s u b s t i t u t i o n  p a t t e r n  in  th e  o u te r  a ro m atic  r in g  have a ls o  been 

p re p a re d . The dodecam ethyl compound (137)» i-n which b o th  meta— 

p o s i t io n s  a r e  s u b s t i t u t e d  i s  a g e n e ra l in c lu s io n  h o s t bu t d is ­

a p p o in tin g ly  d id  n o t form an  adduct w ith  th e  equim olar m ixture o f 

o rtho  and  p a ra - x y le n e s .

F u s io n  o f  a  m e thy lened ioxy  u n i t  onto th e  3 ,4”P °s i ^ i ° ns 

each o u te r  r i n g ,  a s  in  (13$^ g iv e s  a new h o st having  more g en era l 

in c lu s io n  p r o p e r t i e s  th a n  th e  r e l a t e d  h o s t (139)* Both e x h ib it  

o r th o -x y le n e  s e l e c t i v i t y  p a r t i c u l a r l y  (13$) which forms an adduct
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of o v e r a l l  h o s t  -fco g u e s t r a t i o  o f  3*2 w ith  an o r th o / p a ra  r a t i o  o f 

80 :2 0 . L a s t ly  th e  two compounds ( 140) and ( 141) were examined, 

th e se  p o s s e s s in g  a  n a p h th a le n e  r in g  in  p la c e  o f  th e  m onocyclic 

a ro m atic  g ro u p . The -naph th y lm eth an e  t h i o l  d e r iv a t iv e  formed 

a d d u c ts , in c o r p o r a t in g  more g u es t th a n  th e  s im p le r h o s ts  (T ahle 16) 

c o n s is te n t  w ith  th e  p re se n c e  o f  a la r g e r  c a v i ty  in  th e  form er 

c a s e . The £ - n a p h th y l  compound ( 141) a ls o  formed in c lu s io n  compounds.

To o b ta in  d e f i n i t i v e  in fo rm a tio n  on th e se  in c lu s io n  compounds, 

an X -ray  c r y s t a l  s t r u c t u r e  a n a ly s i s  o f  th e  1 ,4 -d io x an  adduct w ith  

th e  p a re n t  h o s t  h e x a k is (b e n z y lth io m e th y l)b e n z e n e  (76)  was 

u n d e rta k en  •

The c r y s t a l  u se d  was an . a lm ost c o lo u r le s s  n e a r  hexagon o f  

approx im ate  d im en sio n s 0 .97  x 0 . 72  x O.36 mm; th e  c r y s ta l  b e in g  

se a le d  i n  th e  t h i n —w a ll g la s s  c a p i l l a r y  w ith  a sm all amount o f  

so lv e n t to  p re v e n t  c r y s t a l  decom position  d u rin g  d a ta  c o l le c t io n .  

C ry s ta l d a ta  a r e  g iv e n  in  T ab le  19•

The m o lecu le  i s  lo c a te d  on a  c ry s ta l lo g ra p h ic  c e n tre  o f 

in v e rs io n  and  i s  th e r e f o r e  c o n s tra in e d  to  be cen trosym m etric  

(F ig u re  4 0 *  T h is  s i t u a t i o n  may be compared w ith  th e  exact th re e ­

fo ld  symmetry found  f o r  th e  CCl^ c l a th r a t e  o f  h exapheny lth iobenzene , 

C g(SPh)^, ( 7 2 ) .  The su lp h u r  atom s in  th e  " le g s ” a re  s i tu a te d  

a l t e r n a t i v e l y  above and  below  th e  p la n e  o f  th e  c e n t r a l  benzene 

r in g .  T o rs io n  a n g le s  r e v e a l  approx im ate  th r e e —fo ld  symmetry a t  

th e  co re  o f  th e  m o le c u le , b u t d e v ia tio n s  become g re a te r  tow ards 

th e  o u te r  p a r t s .  I n  each  o f  th e  te rm in a l phenyl groups h a l f  th e  

r in g  atom s l i e  above th e  p la n e  o f  th e  c e n t r a l  benzene r in g ,  w hile 

th e  o th e r  h a l f  l i e  b e lo w .
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F ig u re  4-1 An ORTEP draw ing  showing a  view 

norm al to  th e  p la n e  o f  th e  

c e n t r a l  benzene r in g  o f  h o s t 

m o lecu le  h e x a k is (b en zy Ith io m e th y l )■ 

benzene ( 76)  in  i t s  1 ,4 -d io x an  

c l a t h r a t e .  The hydrogen atom s 

have b een  o m itte d  f o r  c l a r i t y .
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F ig u r e  43 The space  a v a i l a b l e  i n  th e  cage o f  ( 7 6 ) ,  i n  c r o s s -

s e c t i o n  a t  v a r io u s  f r a c t i o n a l  l e v e l s  p e r p e n d i c u la r  t o  

th e  _ c -a x is .  The c o n to u r s  shown r e p r e s e n t  o n ly  h a l f  

th e  c e n tro sy m m e tr ic  c a g e .

1 ' 1 ■ * ■ O

0 1 2 3A
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The h o s t—g u es t  p a c k in g  arrangem ent in  th e  c r y s t a l  i s  

i l l u s t r a t e d  i n  F ig u re  4 2 ,  th e  h o s t  and g u es t  m o lecu le s  above and 

below  th e s e  shown b e in g  d i r e c t l y  superposed  in  t h i s  v ie w . A l l  

th e  m o lecu le s  a r e  l o c a te d  a t  c r y s t a l l o g r a p h i c  c e n t r e s  o f  symmetry 

on th e  be p l a n e .  The space a v a i l a b l e  f o r  g u es t  accommodation may 

be a p p r e c i a t e d  from F ig u re  43 which shows th e  c o n to u rs  a t  

f r a c t i o n a l  l e v e l s  p e r p e n d ic u la r  to  th e  g - a x i s ,  th e s e  s e c t i o n s  

r e p r e s e n t i n g  on ly  h a l f  th e  cen trosym m etr ic  c a g e .  The c a v i t y  may
%

be c o n s id e re d  to  be o f  a  c lo se d  cage ty p e ,  t h e r e  b e in g  o n ly  a 

narrow  in t e r e o n n e c t io n  betw een c a g e s .

Table  19 g iv e s  a com parison o f  s e l e c t e d  c r y s t a l  d a ta  f o r  

h e x a k is (b e n z y l th io m e th y l)b e n z e n e  ( 7 6 ) and th e  meta-m e th y l  and  p a r a -  

m ethy l d e r i v a t i v e s  (1 31) and ( 1 3 2 ) .  Whereas th e  two g e n e ra l  h o s t s  

( 7 6 ) and ( 131) b o th  form m onoc lin ic  a d d u c t s ,  th e  p a r a -m e th y l  

compound forms s o lv a te d  orthorhom bic  c r y s t a l s  from 1 ,4 - d io x a n  

w ith  an  approx im ate  d o u b lin g  o f  th e  u n i t  c e l l  volum e.

Two o th e r  p a r e n t  system s were examined b r i e f l y .  The • 

i n c l u s i o n  b e h a v io u r  o f  h e x a k is (p h e n y lth io m e th y l)b e n z e n e  ( 7 4 ) 

and  t h r e e  hexam ethyl d e r i v a t i v e s ,  ( 142)—( 144) p r e p a re d  from th e  

c o r re s p o n d in g  t h i o c r e s o l s  and hexak is(b ro m o m eth y l)b en zen e , i s  

l e s s  c l e a r - c u t  th a n  i n  th e  p re v io u s  c a s e .  (T a b le s  20 and  21) .

(142 ) (1 4 3 ) (144 )



-  132 -

The u n s u b s t i t u t e d  h o s t  has n o t  y e t  been  th e  s u b je c t  o f  an  

X—r a y  s t r u c t u r a l  a n a l y s i s  and hence th e  n a tu re  o f  th e  c a v i t y  

rem a ins  unknown. Of th e  t h r e e  hexam ethyl d e r i v a t i v e s ,  o n ly  th e  

meta—s u b s t i t u t e d  compound (143) formed an a d d u c t ,  w i th  b e n z e n e .

V ar io u s  d e r i v a t i v e s  o f  th e  h o s t  hexak is(p h en o x y m eth y l)— 

benzene  (73) have b een  s y n th e s i s e d .

C6 (CH2 0-
- A r > 6

Me
Ar = (145) Ar = H 0  (148)

Me Me/Me
Ar = - O  (146) Ar = (149)

\mm/
Me

Ar = - © - M e  (147) Ar = ■~ Q ~ \  (150)

A g ain ,  o f  th e  t h r e e  hexam ethyl compounds, th e  meta—analogue  

(146) showed in c lu s io n  b eh av io u r  p a r r e l l e l i n g  most c l o s e l y  t h a t  

o f  th e  p a r e n t  (T a b le s  22 and 24)* I n t e r e s t i n g l y  th e  o r th o —m ethyl 

compound (145) a l s o  forms an  adduct w ith  1 ,4 -d io x a n .  However, 

u n s o lv a t e d  m a te r i a l  has  a l s o  been  re c o v e re d  from t h i s  s o lv e n t  in  

a  s e p a r a t e  experim ent •

Two dodecam ethyl h e x a s u b s t i t u t e d  benzenes  o f  t h i s  type  

showed c o n t r a s t i n g  b e h a v io u r .  The compound (1 4 8 ) p o s s e s s in g  an 

u n sym m etr ica l r e l a t i o n s h i p  o f  m ethyl groups i n  th e  o u te r  a ro m a tic  

r i n g  r e c r y s t a l l i s e d  u n s o lv a te d  from a number o f  s o lv e n t s  b u t  i t s  

isom er (149) h av in g  b o th  meta p o s i t i o n s  s u b s t i t u t e d  forms i n c lu s io n  

compounds (T ab le  2 5 ) .  The adduct w ith  1 ,4 -d io x a n  d i s p la y e d  no
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s i g n i f i c a n t  g u es t  l o s s  a f t e r  24 h o u rs  u n d e r  vacuum a t  room 

t e m p e r a tu r e .  R a i s in g  th e  te m p e ra tu re  to  60°C r e s u l t e d  i n  com plete  

rem oval o f  th e  g u es t  a f t e r  15 h o u rs  under  vacuum.

I n  each  c a s e ,  s u b s t i t u t i o n  o f  th e  meta—p o s i t i o n  o f  th e  o u te r  

a ro m a t ic  r i n g s  a p p ea rs  to  he th e  most e f f e c t i v e  s u b s t i t u t i o n  

p a t t e r n  f o r  r e t a i n i n g  and m odify ing  in c l u s i o n  b e h a v io u r .

H exaphenylth iobenzene (72) and h e x a k i s ( b e n z y l th io m e th y l ) -  

benzene  ( 7 6 ) have been  e s t a b l i s h e d  a s  fo rm ing  c l a t h r a t e s  and 

a lo n g  w ith  h e x a k is (p h e n y lth io m e th y l)b e n z e n e  ( 7 4 )» th e s e  compounds 

com prise  a  s e r i e s  o f  h o s t s  p o s s e s s in g  1 , 2 and  3 atom u n i t s  

l i n k i n g  th e  c e n t r a l  benzene r i n g  and th e  o u te r  a ro m a t ic  r i n g .

I n  o rd e r  to  d is c o v e r  where an  upp er  l i m i t  to  th e  le n g th  o f  th e  

c o n n e c t in g  arm e x i s t s  above which m u l t im o le c u la r  i n c l u s i o n  w i l l  

n o t  ta k e  p l a c e ,  th e  two compounds, h e x a k i s ( 2- p h e n y le th y l t h io m e th y l ) -  

benzene  ( 151) and h e x a k i s ( 3-p h e n y lp ro p y l th io m e th y l )b e n z e n e  ( 15 2) 

were s y n t h e s i s e d , t h e s e  hav ing  r e s p e c t i v e l y  fo u r  and  f iv e  atom 

i n t e r - r i n g  c h a i n s .

(151)
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C r y s t a l l i s a t i o n  o f  u n s o lv a te d  (151) from a number o f  s o lv e n t s  

h a s  e s t a b l i s h e d  in c l u s i o n  b eh av io u r  f o r  t h i s ,  th e  f i r s t  fo u r-a to m  

c h a in  h e x a h o s t  m olecu le  (T ab le  26) .  The 1 ,4 -d io x a n  adduc t o f  ( 151 ) 

e x h i b i t s  th e  same h o s t - g u e s t  r a t i o ,  1 : 1 , found f o r  th e  d ioxan  

c l a t h r a t e  o f  h e x a k is (b e n z y l th io m e th y l)b e n z e n e  ( 7 6 ) .  Common r a t i o s  

a r e ,  how ever, n o t  found in  a l l  c a s e s ,  f o r  example, ( 151) g iv e s  

1 : 2  a d d u c ts  w ith  b o th  benzene and to l u e n e ,  w h ile  i t s  s h o r t e r  

c h a in  c o u n t e r p a r t  ( 7 6 ) g iv e s  1:1 ad d u c ts  w ith  th e s e  s o l v e n t s .  

I n t e r e s t i n g l y  compound ( 152) ,  which co rresp o n d s  to  f u r t h e r  ch a in  

e x t e n s io n  compared w ith  ( 151 )> has  g iven  no ev idence o f  in c lu s io n  

b e h a v io u r  t o - d a t e ,  u n s o lv a te d  m a te r i a l  b e in g  o b ta in e d  from 

c y c lo h e x a n e ,  n i t ro m e th a n e  and a c e to n e .  However, th e  h ig h  s o l u b i l i t y  

o f  ( 152 ) h a s  h in d e re d  th e  s tudy  o f  a wide range  o f  p o t e n t i a l  gues t 

m o le c u le s  •

The f u r t h e r  ex ten d ed  "o c to p u s” m olecu les  o f  V ogtle  have ion

b in d i n g  p r o p e r t i e s  a s  have o th e r  h e x a s u b s t i t u t e d  benzenes  r e c e n t l y  

220p r e p a r e d  by  him .
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T a b le  5

I n c l u s i o n  b e h a v i o u r  f o r  C5 ( CH2SCH2- ^ Q ^  ( 76)

Guest_______________  Mole R a t io  o f  h o s t : g u e s t a

Cyclohexane

-  -  w — w v -fa. w ^ 11V

1 ; lb

to lu e n e 1 : i b

1 ,4 -d io x a n 1:1b

a c e to n e >j :2b

1 , 1 , 1 - t r i c h l o r o e t h a n e 1 : lb

e t h y l  a c e t a t e i :1b

a c e t y l  c h lo r id e 2 ; ib

benzene 1:1

jD -ch lo ro to luene 1:1

nitromethaene 1:1

a .  D eterm ined by m u l t ip le  i n t e g r a t i o n  o f  th e  fH n .m . r .

spec trum  and g iven  to  n e a r e s t  i n t e g r a l  r a t i o .

b .  Prom r e f e r e n c e  124*

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

c y c lo h e p ta n e , c y c lo o c ta n e ,  n -decane and e t h a n o l .
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T a b le  6

I n c l u s i o n  b e h a v i o u r  f o r  % (C H p S C H p ^ ^ )  ( 1 3 0 )

c h 3

Guest___________________  Mole R a t io  o f  h o s t : g u e s t 9,

1 ,1 , 1- t r i c h l o r o e t h a n e  1 : 1^

a .  D eterm ined  by m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n . m . r .  

sp ec tru m .

b .  V a r ia b le  r a t i o s  found in  some e x p e r im e n ts .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

1 .4 -d io x a n ,  b enzene ,  n i t r o m e th a n e , a c e to n e ,  to l u e n e ,  

f u r a n  and  p a r a - c h l o r o t o l u e n e .

T ab le  7

I n c l u s i o n  b e h a v io u r  f o r  (1 32)

Guest Mole r a t i o  o f  h o s t : f f u e s ta

1 .4 - d io x a n  1:1

benzene 1 : 1^

a .  D eterm ined by  m u l t ip l e  i n t e g r a t i o n  o f  th e  fH n .m . r .  

spectrum  and g iven  to  n e a r e s t  i n t e g e r  .

b .  On one o c c a s io n  u n s o lv a te d  m a te r i a l  o b ta in e d .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

n i t ro m e th a n e ,  a c e to n e ,  cy c lo h ex an e ,  1 , 1 , 1- t r i c h l o r o e t h a n e , 

to l u e n e ,  u n i s o l e ,  f u r a n ,  e t h y l  a c e t a t e  and  a c e t y l  c h l o r i d e .
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Table  8

I n c l u s i o n  b e h a v i o u r  f o r  C5 ( CH2SCH (1  3 1 )

Guest Mole

CH3

r a t i o  o f  h o s t : g u e s ta

1 ,4 -d io x a n 1:1

benzene 1:1

to lu e n e 1 :1

cyclohexane 1:1

_o-xylene 1 : 1b

£ -x y le n e 1:1

e t h y l  benzene 1:1

a m s o l e 1:1

e t h y l  a c e t a t e 1:1

a c e to n e 1 : 2

fu r a n 1 : 2

n it ro m e th a n e 1 : 2

1 , 1 , 1—tr i c h l o r o e t h a n e 1:1

a c e t y l  c h lo r id e 2:3

a .  D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  !H n .m . r .

spectrum  and g iv en  to  n e a r e s t  i n t e g e r .

b .  U n so lv a ted  m a te r i a l  a l s o  o b ta in e d  from t h i s  s o l v e n t .

The fo l lo w in g  so lv e n t ,  was n o t  in c lu d e d :

m—xylene  •
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T a b le  9

I n c l u s i o n  b e h a v i o u r  f o r  ( ^ ( C ^ S C H g  )g (1  3 3 )

01

Guest______________ Mole r a t i o  o f  h o s t : g u e s t a

n i t ro m e th a n e  1 : 3

a .  D eterm ined by m u l t ip le  i n t e g r a t i o n  o f  th e  fH n .m .r*

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :  

t o l u e n e ,  1 ,4 - d io x a n ,  a c e to n e ,  f u r a n ,

1 ,1 , 1- t r i c h l o r o e t h a n e , a n . is o le ,  cy c lo h ex an e ,  e t h y l  

a c e t a t e  and b en ze n e .

T ab le  10

I n c l u s i o n  b e h a v io u r  f o r  Cg( CHgSCHg-^ ^ ^ - C l ^  ( 1 35)

Guest______________ Mole r a t i o  o f  h o s t : g u e s t a

1 ,4 -d io x a n  1:6  ( 1 : 8)"'3

a .  D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  ’H n . m . r .

sp ec tru m .

b .  V a r ia b le  g u es t  r a t i o  found , u p p e r  and low er l i m i t .  

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

b en zen e ,  n i t ro m e th a n e ,  cyclohexane a n d a n i s o l e .



T a b le  11

I n c l u s i o n  b e h a v i o u r  f o r  C ^C H gSC H >̂ ^ Q )  )g (134)
‘Cl

Guest Mole r a t i o  o f  h o s t : g u e s t a

cyclohexane  1:1

benzene  1 ; 1

1 , 1 , 1- t r i c h l o r o e t h a n e  1:1

1 ,4 -d io x a n  1:1

e t h y l  a c e t a t e  1:1

a n i s o l e  1 : 1^

to lu e n e  1:1

a .  D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  ’H n . m . r .  

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

b .  A r a t i o  o f  1 :2  a l s o  o b ta in e d  i n  a  s e p a r a t e  e x p e r im e n t .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :  

n i t ro m e th a n e  and a c e t o n e .

T ab le  1 2

I n c l u s i o n  b e h a v io u r  f o r  C^CE^SCH^ )g (1 36)

Guest Mole r a t i o  o f  h o s t : g u e s t a

a n i s o l e 1:1

to lu e n e 1:1

D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  fH n . m . r .

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

1 ,4 -d io x a n ,  benzene ,  n i t r o m e th a n e , cy c lo h ex an e ,

1 , 1 , 1- t r i c h l o r o e t h a n e  and e th y l  a c e t a t e .



-  140 -

T ab le  1 3 nu
— ^  3

I n c l u s i o n  b e h a v io u r  f o r  C^CH^SCH - <0 > >6 < ^
^CH3

Guest__________________ Mole r a t i o  o f  h o s t : g u e s t a

benzene 1:1

a n i s o l e  1 :1

cyc lohexane  1 :2

1 ,1 , 1 - t r i c h l o r o e t h a n e  1: 2

1 ,4 -d io x a n  2:3

a .  D eterm ined  by  m u l t ip l e  i n t e g r a t i o n  o f  th e  n . m . r .

spec trum  and g iv en  to  n e a r e s t  i n t e g e r .

The f o l lo w in g  s o lv e n t s  were n o t  in c lu d e d :  

a c e to n e  and  t o l u e n e .
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T a b le  14

I n c l u s i o n  b e h a v i o u r  f o r  (^ (C H gSC H ^ )6 ( 1 3 8 )

Guest Mole r a t i o  o f  h o s t :g u e s t*

benzene

f lu o ro b e n z  ene

to lu e n e

a n i s o l e

e t h y l  a c e t a t e

1 ,4 -d io x a n

ac e to n e

n i t ro m e th a n e

th io p h e n e

1 :1

1 :1 

1 :1 

1:1

2:3

1 : 2

1 : 2

1:2

1 : 2

a .  D eterm ined  by m u l t ip l e  i n t e g r a t i o n  o f  th e  fH n . m . r .

spec trum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

1 , 1 , 1- t r i c h l o r o e t h a n e , cyc lohexane  and 

p a r a - c h l o r o t o l u e n e .

Table 15

I n c lu s i o n  b e h a v io u r  f o r  C6 (CH2SCH2 KO> -OCH3 )g (139)

)CH3

Guest______________ Mole r a t i o  o f  h o s t : g u e s t

1 ,4-d io x a n  1 :4a

D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  *H n . m . r .  

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

t o l u e n e ,  b enzene ,  n i t ro m e th a n e  and  a n i s o l e .



T a b le  16

I n c l u s i o n  b e h a v i o u r  f o r  C g^H ^SC H ) ( 1 4 0 )

Gue s t Mole r a t i o  o f  h o s t : g u e s t ’a

1 ,4 -d io x a n

n i t ro m e th a n e

benzene

1 , 1 , 1 - t r i c h l o r o e t h a n e

2:3

2:3

1:2

1:1

D eterm ined by  m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n .m .r .  

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :
f

to lu e n e  and  cy c lo h ex an e .

n
T able  17

I n c l u s i o n  b e h a v io u r  f o r  C5 (CH2SCH  ̂K O >^ )6 (141) 

Compound ( 141) i Cg(CH2SCH2-< ) ^ ,  formed a n  a d d u c t

w ith  1 ,4 -d io x a n  w ith  h o s t :g u e s t  r a t i o  o f  1 :1 .  Toluene was n o t  

in c lu d e d .
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T a t t le  18

Guest s e l e c t i v i t y  p r o p e r t i e s  o f  h o s t s  ( 7 6 ) ,  ( 1 3 1 ) ,  ( 1 3 4 ) ,

( 1 3 8 ) ,  ( 1 3 9 ) ,  (140) and  (1 4 1 ) ,  on r e c r y s t a l l i s t a t i o n  from an  

equ im o lar  m ix tu re  o f  o r th o —x ylene  and p a ra —x y l e n e .

Host  R e sp ec t iv e  mole p e rc e n ta g e  O v e ra l l  h o s t
o f  g u es t  in c lu d e d a g u e s t  r a t i o

C6(CH2S C H ^ ^ >  )6

o—xylen e  

(76 )  25

C6 (CH2SCH s r ( r b ) 6  (131) 15
N— CH-

C6 (CH2SCH2H ^ )  ) (134) 55

Cl

c6 ( c h 2s c h 2- < Q ^ - o  ) 6 ( 138) 80

C6(CH2S C H 2 _ -/Q V -0 C H 3 )6 (1 3 9 )  70
N— — OCH^

p -x y le n e

75

85

45

20

30

c6 ( ch2sch

c6 ( ch2sch2-

a

)6 (140) 70

)6 0 4 1 )  55

30

45

1:1

1:1

1: 2

1:1

2:3

2:3

3:2

Determ ined t y  m u l t ip l e  i n t e g r a t i o n  o f  th e  fH n . m . r .  

spectrum  and g iven  to  n e a r e s t  5 

t>. V a r ia b le  h o s t : g u e s t  r a t i o s  have been  o b ta in e d  due to

r a p i d  g u es t  lo s s  i n  v a c u o .

The o th e r  r e l a t e d  h o s t s  d id  n o t  form i n c l u s i o n  compounds 

w ith  th e  same s o lv e n t  m ix tu r e .
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T a b le  20

I n c l u s i o n  b e h a v io u r  f o r  Ĉ  ( CHgS-^ij^^ )6 (7 4 )a

Guest_________________Mole r a t i o  o f  h o s t : g u e s t *3

to lu e n e  1 :1

1 ,4 -d io x a n  1 : 2

a* From r e f e r e n c e  124*

b .  Determined, by m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n .m .r .

spec trum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

c y c lo h ex an e ,  c y c lo p e n ta n e , t e t r a h y d r o f u r a n ,  

te t r a h y d ro p y ra n  and t e t r a h y d r o th i o p h e n e .

T ab le  21

I n c l u s i o n  b e h a v io u r  f o r  C^CH^S-- > ) (143)

;h3

Guest ________ Mole r a t i o  o f  h o s t : g u e s t a

benzene 1:1

D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n . m . r .  

sp ec tru m .
\

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

to l u e n e ,  cy c lo h ex an e ,  a c e to n e ,  x y le n e ,  o r  1 ,4 —dioxan. 

Compound ( 142 ) ,  d id  n o t  form an  i n c l u s i o n

c h 3

compound w ith  e i t h e r  ben zen e ,  t o l u e n e ,  1 ,4 - d io x a n ,  p a r a -x y le n e  

o r  o r th o —x y l e n e .

Compound (144) 9 C5 ( CH2S— CH3 » d id  form an  in c lu s io n

compound w ith  e i t h e r  1 ,4- d io x a n ,  b e n ze n e ,  o r th o - x y le n e  o r  

p a r a - xy len e  •
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T a b le  22

I n c l u s i o n  b e h a v i o u r  f o r  (^(C H ^O  )g  ( 7 3 )

Guest__________________ Mole r a t i o  o f  h o s t : g u e s t  ^

to lu e n e  1 :2

1 ,4 -d io x a n  1 :3

te t r a h y d r o th io p h e n e  1:1

a • From r e f e r e n c e  1 24•

b .  D eterm ined  by m u l t ip l e  i n t e g r a t i o n  o f  th e  fH n . m . r .

spec trum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

cy c lo h ex an e ,  t e t r a h y d r o f u r a n ,  c y c lo o c ta n e ,  

te t r a h y d r o p y r a n ,  1 , 1 , 1 - t r i c h l o r o e t h a n e  and  a c e to n e .

Table  23

I n c l u s i o n  b e h a v io u r  f o r  Cg ( ) (145)

CH^

a
Guest__________________ Mole r a t i o  o f  h o s t : g u e s t

1 ,4 -d io x a n  1t 2^

a .  D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n . m . r .  

spec trum  and g iven  to  n e a r e s t  i n t e g e r .

b .  U n so lv a te d  m a te r i a l  a l s o  o b ta in e d  from t h i s  s o l v e n t .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

ben ze n e ,  t o l u e n e ,  cy c lo h ex an e ,  x y le n e ,  n i t ro m e th a n e  

and  t e r t - b u t y l b e n z e n e .



)6 (145)
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T a b le  24

I n c l u s i o n  b e h a v i o u r  f o r  CgCCH^O'

CL
3

Guest ___________________ Mole r a t i o  o f  h o s t : g u e s t 3,

to lu e n e  1 :2

benzene 1 :2

a • D eterm ined by m u l t ip le  i n t e g r a t i o n  o f  th e  ’H n . m . r .

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

xylene , 1 ,4 -d io x an  and n i t ro m e th a n e  .

Compound (147) » xC y / ^ 3 ^ 6  no"k ^orm an  i n c l u s i o n

compound w ith  e i t h e r  to lu e n e ,  xy lene  o r  d io x a n .

T ab le  25 CH^

I n c l u s i o n  b eh a v io u r  f o r  C^(CH^O ) 6 ( 149)

CH,

cLGuest___________________ Mole r a t i o  o f  h o s t : g u e s t

1 ,4 -d io x a n  1 :2

benzene 1 :2

a .  D eterm ined  by m u l t ip le  i n t e g r a t i o n  o f  th e  fH n .m . r

spectrum  and g iven  to  n e a r e s t  i n t e g e r .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :  

to lu e n e  and x y le n e .

CH,

Compound (1 4 8 ) , C (CH O - Y r j )  ) , d id  n o t form an  in c lu s io n
6 2 ^ c h 3 6

compound w ith  e i t h e r  t o l u e n e ,  a c e to n e ,  x y le n e ,  benzene o r  cyclohexane
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T a b le  26

I n c l u s i o n  b e h a v i o u r  f o r  (^(CHgSCHgCH, )g  ( 151 )

Guest Mole r a t i o  o f  h o s t : guest*

benzene 1:2*

to lu e n e 1

flu o ro b en z en e 1 :2b

ch lo robenzene 1 ^ d

bromobenzene 1:1°

iodobenzene 1:1°

1 ,4 -d io x a n 1 : lb

1 , 1 , 1 - t r i c h l o r o e t h a n e 1 :1 ^ , c

t  e t  rah y d ro p y ran 2 :3b

a .  Given to  n e a r e s t  i n t e g e r .

b .  D eterm ined  by m u l t ip le  i n t e g r a t i o n  o f  fH n . m . r .

sp ec tru m .

c .  D eterm ined  by m ic ro a n a ly s i s  f o r  h a lo g e n .

d .  R a t io  o f  2 :3  o b ta in e d  by m ic ro a n a ly s i s  f o r  h a lo g e n .

The fo l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

e t h y l  a c e t a t e ,  a c e to n e ,  n i t r o m e th a n e , cyc lohexane  

and n - d e c a n e .



C h ap te r  6 T r ig o n a l  Symmetry — A Key Design. F e a tu re  f o r  th e  

S y n th e s is  o f  Dew I n c lu s i o n  H osts

Much ev idence  in  p re v io u s  c h a p te r s  has  been  p la c e d  upon th e  

a c c i d e n t a l  o r  chance d is c o v e ry  o f  new i n c lu s io n  compounds. With 

th e  n o ta b le  e x c e p t io n  o f  th e  hexahos t a n a lo g y ,  d e s c r ib e d  in  

C h ap te r  2, th e  on ly  e f f i c i e n t  method f o r  th e  p la n n ed  p r e p a r a t i o n

o f  new i n c l u s i o n  h o s t s  has  been  th e  m o d i f i c a t io n  o f  known s y s te m s .
221

F e t t e r l y  i n  1964 s t a t e d  t h a t  " th e  d is c o v e ry  o f  new m u l t im o le c u la r  

i n c l u s i o n  compounds has been  and s t i l l  i s  a  m a t te r  o f  c h a n c e " .  I n  

o r d e r  to  d i s c o v e r  w hether  new in c lu s io n  compounds co u ld  be 

s y n th e s is e d ,w h ic h  a r e  n o t  s t r u c t u r a l l y  r e l a t e d  to  any known 

exam ples ,  d e s ig n  f e a t u r e s  common to  a  number o f  e x i s t i n g  h o s t s  

were exam ined.

I n  D ia n in ’ s Compound and th e  h ex ah o s ts  th e  l a t t i c e  s t r u c t u r e  

c o n ta in s  a  c e n t r a l  c o r e ,  o f  r e s p e c t i v e l y  a hydrogen-bonded and 

c o v a l e n t l y  bonded n a t u r e ,  w ith  a n g u la r  f ragm en ts  o r  m o le c u la r  

r e s id u e s  which make up th e  w a l ls  o f  th e  c a v i t y .  The c y c l o t r i p h o s -  

phazene ch an n e ls  a r e  p roduced  in  an ana logous  manner, though  a l s o  

p o s s e s s in g ,  in  common w ith  many o th e r  h o s t  sy s tem s ,  e lem en ts  o f  

t r i g o n a l  symmetry i n  t h e i r  m o lecu la r  s t r u c t u r e .

Employing th e s e  two d e s ig n  f e a t u r e s ,  th e  model f o r  a  new 

i n c l u s i o n  h o s t  was c o n s t r u c t e d  (F ig u re  44 ) . I n t e r a c t i o n  between 

th e  h o s t  m olecu les  might le a d  to  th e  fo rm a t io n  o f  an  open l a t t i c e  

s t r u c t u r e  w ith  d i s c r e t e  cages  o r  i n f i n i t e  c h a n n e ls .
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F ig u re  44 Model f o r  an  i n c lu s io n  h o s t  i n c o r p o r a t i n g  t r i g o n a l  

symmetry a s  a  key d e s ig n  f e a t u r e .

A s e r i e s  o f  compounds i n c o r p o r a t in g  b o th  e lem en ts  a r e  th o s e  

b a s e d  upon a  1 ,3»5—"tr is—sulIds'ti'tu.i:ed. benzene s k e l e t o n .  With s u i t a b l e  

s u b s t i t u e n t s  th e  m o lecu les  might be induced  to  adop t an  open-packed 

s t r u c t u r e .  A. l i t e r a t u r e  s e a rc h  d id  n o t  uncover any examples o f  

a d d u c t  fo rm ing  b e h a v io u r  f o r  system s o f  t h i s  t y p e .  Compounds (153)—

( 158 ) were p r e p a re d  by th e  r e a c t i o n  o f  th e  sodium s a l t  o f  th e  

a p p r o p r i a t e  t h i o l  w ith  1 , 3 ,5 - t r i s (b ro m o m e th y l )b e n z e n e . The two 

m o lecu le s  w ith  th e  lo n g e s t  " l e g s ” ( 156) and (1 5 7 ) were i s o l a t e d  a s  

o i l s  and r e s i s t e d  a l l  a t te m p ts  a t  c r y s t a l l i s a t i o n  ( s e e  e x p e r im e n ta l ) .
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R
' - O

( 1 5 3 ) R - C H 2 C H 2 C H 2 ^ 3 ( 1 5 6 )

R =

R =

 M e
c h 2 ^ 0  11541 R = CH2 ~ C = /

C H 2 C H 2 ~ ©

M e
( 1 5 5 )

( 1 5 7 )

( 1 5 8 )

The rem a in in g  fo u r  t r i s - s u b s t i t u t e d  "benzenes were r e c r y s t a l l i s e d  

from a  number o f  s o lv e n t s  b u t  d id  no t form any a d d u c t s .  I n t e r e s t i n g l y ,  

r e l a t e d  m o lecu le s  p re p a re d  by V ogtle  f o r  io n - b in d in g  s t u d i e s  a l s o  

f a i l e d  to  d i s p l a y  any com plexing p r o p e r t i e s  i n  c o n t r a s t  to  th e  

b e h a v io u r  o f  t h e i r  h e x a s u b s t i t u t e d  a n a lo g u e s .  ^20

A. second s e r i e s  o f  t r i g o n a l  m o lecu les  was p ro p o sed  b a se d  on a 

sy m m e tr ic a l ly  s u b s t i t u t e d  tw elve—membered c a r b o c y c l ic  r i n g .  T h is  

p a r t i c u l a r  r i n g  s iz e  i s  found in  t r i - o - t h y m o t id e  ( 3 ) and  i n  th e  

n a t u r a l l y  o c c u r r in g  m e ta l - io n  com plexing a g e n t  e n t e r o c h e l i n  (17)»

The t a r g e t  compound, 1 . 3 , 9 - t r i s ( p h e n y l t h i o ) - c i s , c i s , c i s -c y c lo d o d e c a -  

1>5, 9 - t r i e n e  (16 4 ) was s y n th e s is e d  by th e  r o u te  shown (F ig u re  4 5 ) .
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F ig u re  45 S y n th e s is  o f  two n o v e l

t  we lve-memb e r  e d.

c a rb o c y c l ic  i n c l u s i o n

h o s t s .

(160)

* (161 ) „

(162) (163)

R
(164) H

(165)  Me
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B rom ina tion  o f  t r a n s , t r a n s , t r a n s —cyclododeca—1 ,5 .9 —t r i e n e

(159) gave a  m ix tu re  o f  two hexabrom ocyclododecanes (160) and

( 1 6 1 ) .  Three—f o ld  dehydrobrom ination  o f  th e  iso m e r ic  m ix tu re  o f

hexabrom ides  gave th e  two a l l - c i s  t r i v in y lb r o m id e s  (162) and

( 1 6 3 ) ,  on t r e a tm e n t  w ith  sodium e th o x id e  in  e t h a n o l .  The d e s i r e d

c r y s t a l l i n e  sym m etrica l isom er ( 162) ,  th e  minor p ro d u c t  on a

p u r e ly  s t a t i s t i c a l  b a s i s ,  was s e p a ra te d  c h ro m a to g ra p h ic a l ly  th e n

r e a c t e d  w ith  copper ( i )  th io p h e n o la te  under  s ta n d a rd  c o n d i t io n s  to

g ive  th e  t a r g e t  compound ( 164)1 s u b s t i t u t i o n  h a v in g  o c c u r re d  w ith

222com plete  r e t e n t i o n  o f  c o n f ig u r a t io n .

When th e  t r i s u l p h i d e  (1 6 4 ) was r e c r y s t a l l i s e d  from cy c lo p en ta n e  

an  ad d u c t  was o b ta in e d  w ith  a  h o s t :g u e s t  r a t i o  o f  2:1 . A 

p r e l i m i n a r y  i n d i c a t i o n  t h a t  i n c lu s io n  had ind eed  ta k e n  p la c e  was 

o b ta in e d  from th e  m e l t in g - p o in t  b eh av io u r  o f  th e  a d d u c t .

The n e e d le - s h a p e d  c r y s t a l s  m e lted  over a b ro a d  r a n g e ,  from 

47 - 6 0 ° ,  b u t  on m a in ta in in g  a te m p era tu re  o f  a round  60° r e c r y s t a l ­

l i s a t i o n  from th e  m elt began to  ta k e  p l a c e ,  th e  new c r y s t a l s  b e in g  

much t h i c k e r  th a n  th o se  o f  th e  o r i g i n a l  sam ple . T h is  m a t e r i a l  

th e n  m e lted  s h a rp ly  a t  99 -100° .  T h is  b e h a v io u r  i s  c h a r a c t e r i s t i c  

o f  i n c l u s i o n  compounds in  which gues t lo s s  o ccu rs  a t  th e  f i r s t  

m e l t i n g - p o in t  w ith  subsequent r e c r y s t a l l i s a t i o n  o f  u n s o lv a te d  

m a t e r i a l .  U n so lv a ted  c r y s t a l s  were o b ta in e d  from m e th an o l,  h av in g  

a  sharp  m e lt in g —p o in t  o f  100—101°.

A second twelve-membered r i n g  compound (1 6 5 ) was p re p a re d  

u s in g  th e  copper s a l t  o f  p a ra - t h i o c r e s o l  i n  th e  r e a c t i o n  w ith  th e  

t r ib ro m id e  (162) - T h is  m olecule p roved  to  be a  more g e n e ra l  h o s t  

th a n  ( 164 ) form ing a d d u c ts  w ith  b o th  c y c l i c  and a c y c l i c  g u e s t s .  

I n t e r e s t i n g l y ,  though cyc lopen tane  i s  in c lu d e d ,  (1 6 5 ) f a i l s  to  farm
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an  adduc t when r e c r y s t a l l i s e d  from th e  l i n e a r  n—p e n t a n e • The 

i n c l u s i o n  "behaviour o f  th e s e  two no v e l  h o s t s  i s  g iven  i n  T ab les  27 

and  2 8 .

I n  a  s e l e c t i v i t y  experim ent th e  p a r a -m e th y l  h o s t  (1 6 5 ) 

showed a  p r e f e r e n c e  f o r  cyclohexane when r e c r y s t a l l i s e d  from an  

eq u im o la r  m ix tu re  o f  th e  5—j6— and 7-niembered c y c l i c  p a r a f f i n s .

A. c lo se d —type  c a v i ty  o r  s e v e re ly  c o n s t r i c t e d  channe l i s  

su g g e s te d  by th e  s t a b i l i t y  a t  room te m p e ra tu re  o f  th e  ad d u c t  o f  

( 165 ) w i th  th e  v e ry  v o l a t i l e  g u es t  t e r t - b u t y l  a c e ty le n e  ( b . p .  38—9°) 

which showed no s i g n i f i c a n t  gues t l o s s  a f t e r  two h ou rs  und er  

vacuum•

An X -ray  c r y s t a l  s t r u c t u r e  a n a l y s i s  has  b een  i n i t i a t e d ,  some 

d a ta  h av in g  been  o b ta in e d  f o r  th e  cy c lo p en ta n e  i n c l u s i o n  compound 

o f  1 ,5 ,9 - 'k r is-(4 -Q i<3~ thy lpheny lth io )- c i s , c i s  , c i s - cy c lo d o d eca -  

1 ,5  »9—'tz'iene ( 165)* The c r y s t a l s  a r e  t r i c l i n i c  w ith  hexagona l 

c r o s s - s e c t i o n  w ith  space group P1 o r  P1 ; a  = 6 .2 6 ,  b = 17 *54»

0 = 1 4 .48 ! ,  <*= 9 5 -5 ° ,  p -  91 *2°, 1= 9 5 -7 ° .

U n f o r tu n a te ly ,  th e  p r e p a r a t i o n  o f  f u r t h e r  compounds o f  t h i s  

ty p e  was h in d e re d  by th e  d i f f i c u l t y  o f  o b ta in in g  th e  i n t e r m e d ia te  

t r ib r o m id e  (162) o f  s u f f i c i e n t  q u a n t i t y  and p u r i t y .

The hexabrom ocyclododecanes ( 160 ) and ( 16T ) ,  i n t e r m e d ia te s

i n  th e  s y n th e s i s  o f  th e  two t r i g o n a l  h o s t s ,  were th e m se lv es  o f

g r e a t  i n t e r e s t .  They had been  p re p a re d  p r e v io u s l y  by Untch and 
223

M a r t in  who had a s s ig n e d  iso m eric  s t r u c t u r e s  to  th e  s o l i d  and 

o i l  o b ta in e d .  The s o l i d  isom er was i n c o r r e c t l y  ( s e e  below) a s s ig n e d  

to  th e  more sym m etrica l s t r u c t u r e  w hile  th e  o i l  was th o u g h t  to  

co r re sp o n d  to  th e  l e s s  sym m etrica l s u b s t i t u t i o n  p a t t e r n .
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On r e p e a t i n g  th e  p ro ced u re  th e  r e a c t i o n  p ro d u c t  from th e  

"bromination was o b ta in e d  a s  a  sm all  amount o f  w h ite  s o l i d ,  w h ile  

th e  h u lk  o f  th e  m a te r i a l  rem ained  a s  a dark—brown g l a s s .  A d d i t io n  

o f  b o i l i n g  benzene to  th e  g la s s  and c o o l in g  y i e ld e d  a  w h ite  c r u s t  

which p ro v ed  to  be an  a d d u c t • The q u a n t i t y  o f  s o l i d ,  i s o l a t e d  by  

r e p e t i t i o n  o f  t h i s  p ro c e d u re ,  was g r e a t e r  th a n  th e  s t a t i s t i c a l l y  

a l lo w e d  v a lu e  f o r  th e  sym m etrica l iso m er ,  c o n t r a r y  to  th e  e a r l i e r  

r e p o r t  •

N.M.R. ev idence  and X -ray  a n a l y s i s  o f  an  ad d u c t  o f  th e  s o l i d  

isom er p roved  t h a t  th e  s t r u c t u r e s  o f  th e  s o l i d  and  o i l  a r e  (A.) 

and  ( b ) r e s p e c t i v e l y  (F ig u re  4 6 ) .

Br

Br
(A)

F ig u re  46 C o n f ig u ra t io n s  o f  th e  two hexabrom ocyclododecanes ( 16O)

and  ( 1 61 ) ;  ( A) ,  th e  s o l i d  isom er; and  ( B) ,  th e  l i q u i d  isom er,

The sym m etrica l l i q u i d  isomer was f i n a l l y  p u r i f i e d  by r e p e a te d  

p l a t e  and column chrom atography. The p ro to n  n o is e -d e c o u p le d  ^C. n .m .r .

spectrum  shows two in t e n s e  s i n g l e t s  a t  34*8 and 5^*1 S c ,  a t  60°* 

i n  d £ -a c e to n e ,  w ith  r e s p e c t  to  T.M.S. I n  c o n t r a s t , t h e  spectrum  

o f  th e  s o l i d  isom er i s  more complex, c o n s i s t e n t  w ith  th e  unsym m etrica l



-  156 -

c o n f i g u r a t i o n .  An X -ray  s t r u c t u r a l  a n a l y s i s  o f  th e  1:1 ad d u c t  o f

( 160 ) w i th  1 ,4-d io x a n  confirm ed  th e  new a s s ig n m e n ts ,  though  th e  

m olecu le  i s  s e v e r e ly  d i s o r d e r e d .  Break-up  o f  th e  s o lv a t e d  c r y s t a l  

a l s o  h in d e re d  d a ta  c o l l e c t i o n .  The. c r y s t a l s  a r e  m ono c lin ic  w ith  • 

a  = 9 .3 0 ,  b  = 18 .7 7 3 ,  c = 1 4 . 3O6A, p = 1 1 2 .5 2 ° ,  u. = 2307 .2S3 

w ith  fo u r  h o s t  and fo u r  g u es t  m o lecu les  i n  th e  u n i t  c e l l  and  space 

group 02/c o r  C c.

The in c l u s i o n  b eh a v io u r  o f  th e  s o l i d  hexabromide h o s t  i s

g iv e n  i n  Table  29 » "the a d d u c ts  b e in g  u n s ta b l e  i n  a i r .  As i n  th e

in c l u s i o n  compounds o f  th e  o th e r  tw e lv e—membered r i n g  h o s t s ,

v a r i a b l e  m e l t in g  b eh a v io u r  was found f o r  s o lv a t e d  and u n s o lv a t e d

m a t e r i a l .  U n so lv a te d  c r y s t a l s ,  from cyclohexane m e lted  s h a rp ly

a t  181- 182° ,  i n  c o n t r a s t  to  th e  1 ,4 -d io x a n  adduc t which m e lted

o ver  a  b ro a d  r a n g e , from 80- 94° •
224

A r e c e n t  rev iew  has  r e p o r te d  t h a t  i n c l u s i o n  b e h a v io u r  

was o b se rv ed  f o r  th e  hexabromocyclododecane i n  19 6 6 , a  2:1 h o s t :  

g u e s t  r a t i o  b e in g  found f o r  th e  benzene " c l a t h r a t e ” . A 1:1 r a t i o  has  

b een  e s t a b l i s h e d  however f o r  each o f  th e  a d d u c ts  o f  ( 160 ) 

s u g g e s t in g  s o lv e n t  l o s s  in  th e  above a n a l y s i s .

A lthough  th e  hexahost ana-logy has  a l r e a d y  e s t a b l i s h e d  t h a t  

m o lecu le s  w ith  no d i r e c t  r e l a t i o n s h i p  to  any known h o s t  can  be 

found o th e rw ise  th a n  by chance , th e  p r e s e n t  t r i g o n a l  i n d i r e c t  

an a lo g y  has  p e r m i t t e d  th e  s y n th e s i s  o f  new h o s t s  w i th  no s t r u c t u r a l  

r e l a t i o n s h i p  to  any known system , o th e r  th a n  t h r e e - f o l d  symmetry. 

Hence t h i s  approach  r e p r e s e n t s  an  im p o rtan t  new e x te n s io n  o f  

h o s t  d e s ig n .
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Table 27

I n c l u s i o n  b e h a v io u r  f o r  1 ,5 i 9 - t r i s ( p h e n y l t h i o ) - nis._CLLs . c i s — 

c y c lo d o d e c a -1 , 5 i 9 - t r i e n e  ( 164 )

Guest_____________________ Mole r a t i o  o f  h o s t : g u e s t a

c y c lo p e n ta n e  2:1

eye lohexane  2:1

f lu o ro c y c lo h e x a n e  2:1

1 ,4 -d io x a n  2:1

a .  D eterm ined  by  m u l t ip l e  i n t e g r a t i o n  o f  th e  TH n . m . r .

spec trum  and g iv en  to  n e a r e s t  i n t e g e r .

The ' f o l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

m e th an o l ,  m e th y lcy c lo h ex an e , cy c lo h ep ta n e  and  c y l c o o c ta n e .
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Table 28

I n c l u s i o n  b e h a v io u r  f o r  1 . 5 . 9 - t r i s ( 4 - m e t h y r p h e n y l t h i o ) - c i s . c i s . c i s — 

c y c l o d o d e c a - 1 ,5 i9 - t r i e n e  (165)

Guest Mole r a t i o  o f  h o s t : g u e s t a

cy c lo p e n ta n e  2:1

eyelohexane  2:1

f lu o ro c y c lo h e x a n e  2:1

m ethy lcyc lohexane  2:1

t e r t —b u t y l  a c e ty le n e  2:1

2 . 2 -d im e th y lb u tan e  2:1

2 . 3-d.iniethy lb u ta n e  2:1

d i e t h y l  e t h e r  4 s 1

e t h y l  a c e t a t e  4 s 1

a .  D eterm ined by m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n . m . r .

spec trum  and g iven  to  n e a r e s t  i n t e g e r .

The f o l lo w in g  s o lv e n t s  were n o t  in c lu d e d :  

e th a n o l  and n - p e n ta n e .

S e l e c t i v i t y  Experim ent

Guest R e sp ec t iv e  mole p e r c e n ta g e s 3. O v e ra l l  h o s t :
______________________________o f  g u es t  in c lu d e d  g u e s t  r a t i o

33s33s33 c y c lo - p e n ta n e /  35s40s25 1:1

-h e x a n e /a n d -h e p ta n e
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T able  29

I n c lu s i o n 'b e h a v io u r  o f  1 ,2 ,5 .6  ,9 .10-hexabrom ocyclododecane (160)

Guest________________________Mole r a t i o  o f  h o s t : g u e s t a

benzene 1:1

1 ,4 -d io x a n  1:1

th io p h e n e  1:1

a .  D eterm ined  by  m u l t ip l e  i n t e g r a t i o n  o f  th e  *H n . m . r .

spec trum  and  g iv e n  to  n e a r e s t  i n t e g e r .

The f o l lo w in g  s o lv e n t s  were n o t  in c lu d e d :

cy c lo h ex an e ,  p y r i d i n e ,  f lu o ro b en z en e  and  t o l u e n e .
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C h ap te r  7 • S y n th e s is  o f  a C h ir a l  Hexahost M olecule

As p r e v io u s l y  d e s c r ib e d  th e  h e x a s u b s t i t u t e d  benzene s k e le to n

h as  p ro v ed  to  be u n iq u e ly  s u i t a b l e  f o r  th e  p ro d u c t io n  o f  new

i n c l u s i o n  h o s t s .  An e x te n s io n  o f  t h i s  id e a  has  l e d  to  th e  s y n th e s i s

o f  a  c h i r a l  h o s t .  An a l t e r n a t i v e  a p p ro ac h ,  em ploying th e  t r i g o n a l l y

s u b s t i t u t e d  twelve-membered r i n g  system , was i n v e s t i g a t e d :  t h i s

was n o t  f u l l y  deve loped  owing to  th e  d i f f i c u l t y  i n  p r e p a r i n g  th e

t r ib r o m id e  ( 162) .

The s i x - f o l d  s u b s t i t u t i o n  o f  hexak is(b rom om ethy l)benzene

u s i n g  a  c h i r a l  n u c le o p h i le  would produce th e  d e s i r e d  sy s tem s ,  b u t

two p o s s i b l e  draw -backs p r e s e n t  p ro b lem s .  F i r s t l y ,  th e  asym m etric

c e n t r e s  in  each c h a in  w i l l  p re v e n t  c r y s t a l l i s a t i o n  i n  th o s e  space—

groups  n o rm a l ly  fav o u red  by  h e x a h o s ts  due to  th e  breakdown o f  th e

symmetry c o n d i t i o n s .  Second ly , because  o f  th e  s i x - f o l d  n a t u r e  o f

th e  s u b s t i t u t i o n  p ro c e s s  any o p t i c a l  im p u r i ty  i n  th e  a t t a c k i n g

n u c le o p h i l e  may be ex p ec ted  to  have a s e r io u s  e f f e c t  on p ro d u c t

p u r i t y .  F o r  exam ple, a 95% o p t i c a l l y  p u re  r e a g e n t  would g ive  on ly

7 3 .5 ]o o f  th e  d e s i r e d  p ro d u c t  on a  p u r e ly  s t a t i s t i c a l  b a s i s ,  making

p ro d u c t  i s o l a t i o n  d i f f i c u l t .

To a v o id  t h i s  l a t t e r  d i f f i c u l t y ,  an  app roach  to  h e x a s u b s t i t u t e d

b en zen es  th ro u g h  c a t a l y t i c  t r i m e r i s a t i o n  o f  a c e ty l e n e s  was
225a t t e m p te d .  A lthough  s u c c e s s f u l  f o r  h y d ro c a rb o n s ,  some i n i t i a l

e x p e r im en ts  u s in g  oxygen and n i t r o g e n  c o n t a in in g  a c e ty l e n e s  were 

d i s c o n t in u e d  due to  th e  d i f f i c u l t y  i n  f i n d i n g  s u i t a b l e  c a t a l y s t s .

R e tu rn in g  to  th e  form er s u b s t i t u t i o n  ap p ro a c h ,  an  a t t r a c t i v e  

sou rce  o f  c h i r a l  m o lecu les  o f  h ig h  o p t i c a l  p u r i t y  i s  n a t u r a l  

p r o d u c ts  and  a  number o f  experim en ts  were t r i e d  u s in g  te rp e n o id s
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and s t e r o i d s  a s  p o t e n t i a l  s u b s t i t u e n t s .  C h o le s t—5—ene—3p—t h i o l

u s e d  i n  th e  p r e p a r a t i o n  o f  th e  t r i s - s u b s t i t u t e d  benzene  ( 15$)

was r e a c t e d  w ith  hexak is(b rom om ethy l)benzene  und er  s ta n d a rd

c o n d i t i o n s .  A f t e r  e x te n s iv e  ch rom atograph ic  p u r i f i c a t i o n  a  sm a l l

amount o f  p a l e  y e l lo w  s o l i d ,  s p e c t r o s c o p i c a l l y  co m p a tib le  w i th  a

hexa s u b s t i t u t e d  p ro d u c t ,w a s  o b ta in e d .  Low p u r i t y  and  v e ry  po o r

s o l u b i l i t y  p re v e n te d  ad eq u a te  exam ina t ion  o f  th e  compound’ s

p r o p e r t i e s .  M enthol and e s t ro n e  were a l s o  employed a s  p o t e n t i a l

l i g a n d s ,  b u t  d id  n o t  y i e l d  h e x a s u b s t i t u t e d  p r o d u c t s .  T h io e s t ro n e

226was p r e p a re d  from e s t ro n e  by th e  method o f  Newman and  K arnes ,  

b u t  fo rm a t io n  o f  th e  copper s a l t ,  f o r  r e a c t i o n  w ith  th e  tw e lv e -  

membered r i n g  t r ib ro m id e  ( 162 ) ,  co u ld  n o t  be a c c o m p lish e d .  S ince  

s y n t h e t i c  r e s u l t s  em ploying n a t u r a l  p ro d u c ts  were u n p ro d u c t iv e  a 

r o u te  th ro u g h  a  s y n t h e t i c a l l y  r e s o lv e d  n u c l e o p h i le  was d e v i s e d .

I n  C hap te r  5 "the g e n e r a l i t y  o f  in c lu s io n  b e h a v io u r  o f  h e x a h o s ts  

d e r iv e d  from b e n z y l  m ercap tans  was e s t a b l i s h e d .  A c c o rd in g ly ,  th e  

s im p le s t  c h i r a l  ana logue  cX -p h en y le th an e th io l  a p p e a re d  to  be a 

p ro m is in g  c a n d i d a te .

R eso lved  ( + ) - 1-p h e n y le th a n e  t h i o l  (170) wa-s p r e p a r e d  by th e

method o f  I  s o la  and  co -w orkers  (F ig u re  47) • T h is  e f f i c i e n t

method g iv e s  t h i o l  ( 170 ) i n  o p t i c a l l y  p u re  form , a s  a f t e r

p u r i f i c a t i o n  o f  th e  d ia s te re o m e r  ( 168 ) no f u r t h e r  r e a c t i o n  t a k e s

p la c e  a t  th e  asym m etric c a rb o n .  I n  c o n t r a s t ,  many r o u t e s  to  c h i r a l

su lp h u r  compounds r e l y  upon th e  degree  o f  SN2 c h a r a c t e r  p r e s e n t

in  th e  r e a c t i o n  o f  a su lp h u r  b e a r in g  n u c l e o p h i l e  w i th  a  r e s o lv e d

p r e c u r s o r .  The t h i o l  was a s s ig n e d  th e  R - ( + ) - c o n f i g u r a t i o n  from th e

th e  d e p o l a r i s e d  Raman c . i . d .  spectrum  (F ig u re  4 8 ) t h i s  ass ignm en t
220

b e in g  co nco rdan t w ith  chem ica l c o r r e l a t i o n .
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(170)

(169)

c h 3

F ig u re  47 S y n th e s is  o f  (R)—1—p h e n y l e t h a n e t h i o l .
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F ig u r e  48  P a r i  o f  th e  d e p o l a r i s e d  Raman c . i . d .  sp ec tru m  o f  R—( 170 ) .

T h is  R - (+ )—1—p h e n y le th a n e  t h i o l  (170) was r e a c t e d  w i th

t h e  t h i o l  "being k e p t  i n  e x c e ss  o v e r  "base t o  m in im ise  r a c e m i s a t i o n .  

The hexabrom ide had  a l s o  b een  v e ry  f i n e l y  powdered t o  re d u c e  th e

H e x a k is (R -1 -p h e n y le th y l th io m e th y l)b e n z e n e  (171)  was 

r e c r y s t a l l i s e d  from a  wide range  o f  s o l v e n t s ;  b e n z e n e ,  d io x a n ,  

t —"butyl am iiie, e t h y l  a c e t a t e ,  i s o p ro p a n o l  and  p i p e r i d i n e , g iv i n g  

e x c e l l e n t  c r y s t a l s ,  "but d i s a p p o i n t i n g l y  no i n c l u s i o n  "behaviour 

was o b s e rv e d .

h e x a k is (b ro m o m e th y l)b e n z e n e , Cg(CH^Br)g, i n  sodium e t h o x i d e / e t h a n o l ,

r e a c t i o n  t i m e .  The h e x a s u lp h id e  (171) was o f  h ig h  o p t i c a l  p u r i t y ,

1 3as  i n d i c a t e d  "by th e  p ro to n  n o is e -d e c o u p le d  -'C n .m . r .  spec trum , which

shows o n ly  e i g h t  s i n g l e t s  ( F ig u re  49) •
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O x id a t io n  o f  th e  h e x a su lp h id e  (171) u s in g  hydrogen  p e ro x id e  

i n  g l a c i a l  a c e t i c  a c i d  gave th e  hexasu lphone  (172) i n  h ig h  y i e l d .  

O th e r  h e x a s u lp h o n e s , p r e p a r e d  "by B acker over f o r t y  y e a r s  ag o ,  

had  "been v e ry  i n s o lu b l e  i n  most s o l v e n t s ,  though  some d id  in c lu d e  

a c e t i c  a c i d  d i r e c t  from th e  r e a c t i o n  m ix tu re .  I n t e r e s t i n g l y , 

th e  p re s e n c e  o f  th e  s ix  m ethy l g roups <X- to  th e  su lp h o n y l groups 

g r e a t l y  in c r e a s e s  th e  s o l u b i l i t y  o f  th e  compound ( 1 7 2 ) ,  compared 

to  th e  r e l a t e d  m olecu le  h e x a k is (4 -m e th y lp h e n y ls u lp h o n y lm e th y l ) -  

benzene  which i s  a lm o s t  c o m p le te ly  in s o lu b le  i n  c h lo ro fo rm .  The 

o p t i c a l  p u r i t y  o f  h e x a k is (R -1 -p h e n y le th y ls u lp h o n y lm e th y l)b e n z e n e
A ^

(172) was a g a in  e s t a b l i s h e d  by n . m . r ,  o n ly  seven s i n g l e t s  

b e in g  o b se rved  i n  th e  n o is e -d e c o u p le d  sp ec tru m , two o f  th e  

a ro m a t ic  s i g n a l s  b e in g  su perposed  (F ig u re  5 0 )•

On r e c r y s t a l l i s a t i o n  o f  (172) from a c e t i c  a c i d ,  an  in c lu s io n  

compound was form ed, i n d i c a t e d  by th e  c l e a r  c r y s t a l s  becoming 

opaque on s ta n d in g  in  a i r .  A h o s t : g u e s t  r a t i o  o f  1 :4  was e s t a b l i s h e d  

by m u l t ip l e  i n t e g r a t i o n  o f  th e  TH n . m . r .  sp ec tru m , em ploying CDCl-  ̂

a s  s o l v e n t .  S tudy o f  th e .c a r b o n y l  s t r e t c h i n g  band in  th e  i n f r a ­

r e d  spectrum  o f  th e  adduc t  showed t h a t  th e  a c e t i c  a c i d  was p r e s e n t  

m a in ly  i n  th e  form o f  th e  d im er (p rom inan t band 1709 cm )

(F ig u re  5 1 )•
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1 8 0 0  1 7 0 0
F ig u r e  51 P a r t  o f  -the i n f r a - r e d  sp ec tru m  o f  th e  a c e t i c  a c i d  ad d u c t  

o f  ( 1 7 2 ) showing th e  d im e r ic  n a t u r e  o f  th e  g u e s t*

The n a t u r e  o f  th e  i n c l u s i o n  compound was f i n a l l y  e l u c i d a t e d

b y  X—r a y  s t r u c t u r a l  a n a l y s i s  o f  th e  c r y s t a l l i n e  a d d u c t .

C r y s t a l  d a t a :  Cgo%6^6^12* 5 (CĤ CC>2H ) , m o n o c l in ic ,  space
o o

group P21 , Z = 2 ; a  = 16 *320, b = 1 3 . 8 7 0 , _c = 16 .731A , 106 *47 •

( F ig u r e  5 2) shows a  view  o f  t h e  m o le c u la r  s t r u c t u r e  o f  th e  

h o s t  ( 1 7 2 ) and  a l s o  i l l u s t r a t e s  th e  a c e t i c  a c i d  g u e s t  m o le c u le s .

I n  t h e  h o s t  m olecu le  th e  -SO2-  m o i e t i e s  i n  th e  c h a in s  l i n k i n g  th e  

c e n t r a l  r i n g  t o  th e  p h en y l  g roups  a r e  s i t u a t e d  a l t e r n a t e l y  above 

and  be low  t h e  mean p la n e  o f  th e  c e n t r a l  benzene  r i n g .  T h is  

d i s p o s i t i o n  o f  th e  " l e g s "  o f  ( 172 ) i s  an a lo g o u s  t o  t h a t  found  i n  

h e x a k i s (b e r z y l th io m e th y l )b e n z e n e  (7 6 ) ( s e e  c h a p te r  5 )»

The fo u r  a c e t i c  a c i d  g u e s t  m o le c u le s  ap p e a r  a s  hydrogen-bonded 

d im e r ic  p a i r s  which a r e  c r y s t a l l o g r a p h i c a l l y  in d e p e n d e n t . These 

d i s c r e t e  hydrogen-bonded  u n i t s  c o n t r a s t  w i th  th e  i n f i n i t e  c h a in s  

o f  hydrogen-bonded  m o lecu le s  found i n  th e  c r y s t a l  s t r u c t u r e  o f

a c e t i c  a c i d  2^° and i n  th e  1:1  complex o f  d eo x y ch o l ic  a c i d  and  

231a c e t i c  a c i d .  Each dim er c o n s i s t s  o f  two p l a n a r  a c e t i c  a c i d



F ig u re  52 A view  i l l u s t r a t i n g  th e  h ex a k is (R -o C -p h e n y le th y lsu lp h o n y l-  

m e thy l)henzene  ( 1 7 2 ) h o s t  m o lecu le  and th e  two 

c r y s t a l l o g r a p h i c a l l y  in d ep en d en t a c e t i c  a c i d  g u e s t  

d im e rs .  Hydrogen atoms have b een  o m i t te d  f o r  c l a r i t y .
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m o lecu le s  whose mean p la n e s  i n t e r s e c t  a t  an  a n g le  o f  a p p ro x im a te ly
o

18 d e g r e e s .  The mean G . . .  .0 d i s t a n c e  i s  2 .6 2A. T h is  a n a l y s i s  

c o n s t i t u t e s  th e  f i r s t  d i r e c t  o b s e r v a t io n  o f  d im er ic  a c e t i c  a c i d .

U n so lv a te d  ( 172 ) ,  n e c e s s a r y  f o r  o th e r  i n c l u s i o n  e x p e r im e n ts ,  

c o u ld  be o b ta in e d  by  r e c r y s t a l l i s a t i o n  from e t h a n o l .  From racem ic 

sec - b u ty lm e th y l  k e to n e  c r y s t a l l i n e  m a t e r i a l ^ o f  much p o o re r  

q u a l i t y  th a n  o b ta in e d  from a c e t i c  a c i d ,  was r e c o v e re d .  An 

i n c l u s i o n  compound w ith  h o s t : g u e s t  r a t i o  o f  a p p ro x im a te ly  1:1 

was o b ta in e d ,  b u t  no ev id en ce  o f  c h i r a l  d i s c r i m i n a t i o n  o f  th e  

h o s t  tow ards  th e  g u e s t  c o u ld  be fo u n d .  The hexasu lphone  (172) 

d id  n o t  c r y s t a l l i s e  w e l l  from o th e r  racem ic  s o l v e n t s ,  though  

o n ly  a  sm a ll  range  o f  s o lv e n t s  have been  i n v e s t i g a t e d  t o - d a t e .  

However, i n  th e  f u t u r e ,  i t  i s  l i k e l y  t h a t  s i g n i f i c a n t  o p t i c a l  

r e s o l u t i o n  w i l l  be found f o r  t h i s ,  o r  r e l a t e d  c h i r a l  h e x a h o s t s .
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EXPERIMENTAL

fH n . m . r .  s p e c t r a  were r e c o rd e d  on V ar ian  T -60 , HA-100- and  

P erk in -E lm er  R32 in s t ru m e n ts  w ith  CLCl^ a s  s o lv e n t  and TMS a s  

i n t e r n a l  s ta n d a r d  u n l e s s  i n d i c a t e d  o th e rw is e .  n . m . r .  s p e c t r a

were re c o rd e d  on a V a r ia n  XL—100 m achine . Mass s p e c t r a  were 

r e c o rd e d  u s i n g  A .E • I—G .E .C . MS1 2 and  MS902 in s t ru m e n ts  .

I n f r a - r e d  s p e c t r a  were r e c o rd e d  on P e rk in -E lm er  225 anh 5^0 

i n s t r u m e n t s .  O p t ic a l  r o t a t i o n s  were m easured on a  P e rk in -E lm er  141 

p o l a r i m e t e r .  M e l t i n g - p o in t s  were d e te rm in e d  on a  K o f le r  h o t— 

s ta g e  a p p a r a tu s  and  a r e  u n c o r r e c t e d .  A n a l y t i c a l  T .L .C .  was 

c a r r i e d  out u s in g  K ie s e lg e l  G(Merck) and  f o r  ch rom atog raph ic  

columns K ie s e lg e l  G^Q(Merck) was em ployed. P e t r o l  r e f e r s  to  t h a t  

f r a c t i o n  b o i l i n g  betw een 60 and  8d°C.c S o lv e n ts  were removed on 

a  r o t a r y  e v a p o ra to r  a t  re d u c e d  p r e s s u r e .  N i t ro g e n  and  a rg o n  

were p a s s e d  th ro u g h  a l k a l i n e  p y r o g a l l o l ,  t o  remove r e s i d u a l  

oxygen, and  d r i e d  u s in g  s i l i c a  g e l  t r a p s ,  when n e c e s s a r y .

A b b re v ia t  io n s

s s i n g l e t

d d o u b le t

t t r i p l e t

q q u a r t e t

m m ult ip  l e t

b r . b ro a d
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H exakis(brom om ethyl)benzene

T h is  was p r e p a re d  from hexam ethylbenzene by th e  method o f  
232

B a c k e r .  The h ig h ly  c r y s t a l l i n e  c rude  p r o d u c t ,  m .p . 295-296

( l i t . 309—10 ) was u se d  f o r  l a t e r  e x p e r im en ts  w ith o u t  f u r t h e r  

p u r i f i c a t i o n .

H exak is (b en zy l th io m eth .y l)b en zen e  ( 76)

P r e p a r a t i o n  o f  t h i s  compound was c a r r i e d  out by a  p r e v io u s l y

, 233
d e s c r ib e d  m ethod. R e s u l t s  o f  i n c l u s i o n  ex p e r im en ts  on

( 7 6 ) a r e  g iv e n  i n  T ab les  5 an h 1 8 .

H e x a k is (2-m e th y lb e n z y l th io m e th y l)b e n z e n e  ( 130)

To d ry  e th a n o l  (80 ml) was added  f i n e l y  c u t  m e t a l l i c  sodium 

( 1 .0 0  g ,  0-..043 mol) u n d e r  a  d ry ,  o x y g e n -f re e  n i t r o g e n  a tm o s p h e re . 

A f t e r  hydrogen  e v o l u t io n  had c e a s e d ,  2-m e th y lb e n z y l  m ercap tan  

( 5 .8 7  g ,  O.O4 2  mol) was added ,  fo rm ing  a  homogeneous s o l u t i o n ,  

fo l lo w e d  im m edia te ly  by f i n e l y  powdered h exak is(b rom om ethy l)— 

benzene ( 3 .0  g ,  0.0047 mol) w ith  v ig o ro u s  s t i r r i n g .  A f t e r  s t i r r i n g  

u n d e r  r e f l u x  f o r  s i x  h o u r s ,  t h e  r e a c t i o n  m ix tu re  was a l lo w ed  to  

c o o l  th e n  added  w i th  s t i r r i n g  to  i c e /w a te r  (300 m l ) .  The w h ite  

p r e c i p i t a t e  was c o l l e c t e d  by f i l t r a t i o n ,  washed w ith  w a te r ,  

d i l u t e  aqueous sodium h y d ro x id e ,  and  more w a te r  t i l l  n e u t r a l i t y ,  

th e n  d r i e d  in  v a c u o . R e c r y s t a l l i s t a t i o n  from to lu e n e  gave (130) 

(3 -96  g ,  8 5 .4$ ) m .p . 171-175° (Found: C, 73 -70 ; H, 6 .7 3 .

C60H66S6 Te^ ±Tes c » 73*57; H, 6 .7 9 ^ ) >^ ma:sc (KBr) 3015, 2 9 2 9 ,

1492, 1 4 8 5 , 1238 , 76 5 , 7 27 and 681 cm" 1 ,15 (CBCI3 ) 7-71 ( 18H, s ) ,

6 .6 5  ( 1 2H, s ,  b r ) ,  6 .45  ( 12H, s ,  b r . )  and  2.87  (24H, m) . R e s u l t s  

o f  i n c l u s i o n  ex p er im en ts  a r e  g iv en  in  Table  6 .
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H exak is-(  3—m eth y rb en zy l th io m e th y l)b e n zen e  (1 31 )

( 131 ) was p r e p a re d  by a  s i m i l a r  method to  ( 130 ) ,  th e  r e a g e n t s

b e in g :  d ry  e th a n o l  (100 m l ) ,  sodium ( 2 .2 8  g , O.O99 m o l) ,  3-

m e th y lb en zy l m ercap tan  ( 1 2 .8  g , O.O93 mol) and  h e x ak is (b ro m o m eth y l) -

benzene ( 6 .3 6  g ,  0.01 m o l) .  A f t e r  th e  work-up d e s c r ib e d ,  d ry in g

i n  vacuo gave c rude  (1 31) (9-01 g, 9 1 *9$) » m .p . 130-133° ( e x  ace to n e

1 :2 )  t h i c k  n e e d l e s .  (Found: C, 73 -50 ; H, 6 .57 -  ^60^66^6 recIu ^r e s

C, 73 -56 ; H, 6 .7 9 /° ) ,  *0> (KBr) 3020, 2920, 1610, 1 4 8 7 , 1227, 788
max

and 712 cm" 1 , ^ (C D C l^) 7-65  ( 18H, s) , 6 .6 9  ( 12H, s ,  b r )  , 6 .4 8  (12H, 

s ,  b r . )  and c a . 2.'7-3-1 ( 24H, m) . R e s u l t s  o f  i n c l u s i o n  experim en ts  

a r e  g iv e n  in  T ab les  8 and 1 8 .

H exakis( 4 -m e th y lb e n z y lth io m e th y l)b e n z e n e  (132)

The same p ro c e d u re  was u sed  a s  i n  th e  p r e p a r a t i o n  o f  ( 1 3 0 ) ,  the  

r e a g e n t s  u se d  b e in g ;  d ry  e th a n o l  (1 0 0  m l ) ,  sodium ( 2.27  g» 0 .0 9 9  m o l) ,  

4 -m e th y lb en z y l  m ercap tan  ( 12 .5  gj 0 .0 9  mol) and  h ex ak is (b ro m o m eth y l) -  

benzene ( 6 .3 6  g ,  0.01 m o l) .  The s ta n d a r d  w ork-up, fo l lo w e d  by 

d ry in g  in  vacuo . gave (1 32) , (9 -1 3  gj 93^) m .p .  181 —1860 ( e x  d ioxan  

1 :1 )  • (Found: C, 73 -3 ;  H, 6 . 9 4 . r e q u i r e s  C, 73 -58 ; H,

6 .7 9 $ )  KBr) 3017, 29 0 9 , 15 1 2 , 1242 , 824 , 803, and  731 cm “ ]

t (C D C l , ) ,7 -7 4  ( 18H, s ) ,  6 .71  (12H, s ,  b r . ) ,  6.51 (12H, s ,  b r . ) ,  

and  2 .88 ( 24H, s )  . R e s u l t s  o f  i n c l u s i o n  ex p er im en ts  a r e  g iven  

in  Tab le  7•

Hexakis( 2—c h lo ro b e n z y l th io m e th y l)b e n z e n e  (1 33)

(133) was p r e p a re d  in  a  s i m i l a r  manner to  ( 1 3 0 ) ,  th e  r e a g e n t s  

b e in g :  d ry  e th a n o l  (100 m l) ,  sodium ( 2 .3 0  g , 0.1 m o l) ,  2 -c h lo ro b e n z y l  

m ercap tan  (1 4 -2 8  g ,  0.091  mol) and hexak is(b rom om ethy l)benzene  

( 6 .3 6  g ,  0.01 m o l) .  The crude p ro d u c t  c o n ta in e d  some u n r e a c te d



h ex ak is (b ro m o m eth y l)b en zen e . Two r e c r y s t a l l i s a t i o n s  from 1 ,4-d.ioxan

gave (133) ( 6 .0  g ,  5 4 . 1%) m .p .  148-149° (Found: C, 5 8 . 5 8 ; H,

4 -5 5 ;  Cl 1 9 .4 O. C54H4 8 C16 S6 r e q u i r e s  C, 5 8 . 8 5 ; H, 4 -3 9 ;  C l ,  1 9 - 3 $ ) ,

-0 (KBr) 1 4 8 3 , 1474, 1444, 1234, 1053, 1040 , 758 and 732 cm “ ] max

1j(CDC18) 6 .47  (12H, s ,  " b r . ) ,  6 .3 4  (12H, s ,  b r . )  and c a .  2 .6 -2 .9  

(24H, m) . R e s u l t s  o f  i n c l u s i o n  ex p er im en ts  a r e  g iven  in  Tab le  9 .

3—C h lo robenzy l m ercap tan

234T h is  was p r e p a re d  by th e  method o f  U r q u h a r t , jat a l  

from 3—c h lo ro b e n z y l  brom ide v i a  th e  is o th io u ro n iu m  s a l t .

D i s t i l l a t i o n  to o k  p la c e  be tw een  113 and 116°C a t  a  p r e s s u r e  o f  c a .
23515mm Hg- ( l i i : . - 118 a t  19 mm Hg) *

H exakis( 3—c h lo ro b e n Z y lth io n ie th y l)b e n z e n e  (1 34)

(134) was p r e p a re d  in  a  s i m i l a r  manner to  ( 1 3 0 ) ,  a rg o n  b e in g  

u s e d  i n  p la c e  o f  n i t r o g e n  and  th e  r e a g e n t s  b e i n g :  d ry  e th a n o l  (60 m l) ,  

sodium (O .78  g ,  0 .0 3  m o l) ,  3—c h lo ro b e n z y l  m ercap tan  (5-01 g,

0 .0 3  mol) and hexak is(b rom om ethy l)benzene  (2 .3 5  g , 0 .0037  m o l) .

The norm al work-up p ro ced u re  fo l lo w ed  by  d ry in g  jln vacuo gave 

crude  (134) (3 -8  g , 9 2 . 8^ ) ,  m .p . 163- 165° ( e x .  1 , 1 , 1 - t r i c h l o r o e -  

th a n e ,  1 :1 )  (Found: C, 58-97; H, 4 -3 6 ;  C l ,  19-33- C ^ H ^ C lg S g  

r e q u i r e s  C, 5 8 . 8 5 ; H, 4 -3 9 ;  C l,  1 9 -30/o), ^ max(KBr) 1598, 1574,

1479, 1433, 1200, 10 7 7 , 791 , 781 and  692  cm” 1 ,T(CD C 13) 6 .66

(12H, s ,  b r . ) ,  6 .5 2  (12H, s ,  b r . )  and c a .  2 .6 -3*0  (24H, m) .

R e s u l t s  o f  i n c l u s i o n  ex p er im en ts  on (134) a r e  g iv en  in  

T a b le s  11 and 1 8 .
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H exakis  ( 4 -ch lo ro b e n z y l th io m e th ,y l )b e n z e n e  (135)

( 135 ) was p r e p a re d  i n  a s i m i l a r  manner to  ( 130 ) ,  th e  r e a g e n t s  

b e in g :  d ry  e th a n o l  (100  m l ) ,  sodium ( 2 .3 0  g ,  0 .1  m o l) ,  4 -  

c h lo ro b e n z y l  m ercap tan  ( 14*28  g ,  0.091  mol) and  hex ak is(b ro m o - 

m e thy l)benzene  ( 6 .3 6  g ,  0.01 m o l) .  R e c r y s t a l l i s a t i o n  from

1 ,4 -cLioxan gave s o lv a t e d  ( 135 ) ( 9*83  g ,  8 8 .7%, d e s o lv a t e d ) ,

m .p . 207-211° ( e x  benzene) (Found: C, 5 8 .9 7 ; H, 4 -3 8 ;  C l ,  19-57- 

C54H48C16S6 c > 5 8 .8 5 ; H, 4 -3 9 ;  C l ,  19-30%) l ^ ?ina3;(KBr) 1492,

1094, 1023, 1018, 8 3 8 , 812 and  728  cm" 1 , T  (CDCl ) 8 .6 8  ( 12H, s ,  b r . ) ,  

6 .5 9  (12H, s ,  b r . )  and c a ,  2 .6 - 2 .9  (24H, m) . R e s u l t s  o f  

i n c l u s i o n  ex p e r im en ts  on (135) a r e g iv en  in  T ab le  10 .

H e x a k is (3—tr i f lu o ro m e th y lb e n z y l th io m e th y l )b e n z e n e  (136)

(136) was p r e p a r e d  by a s i m i l a r  method to  ( 130 ) w ith  a rg o n  

u s e d  i n  p la c e  o f  n i t r o g e n  and th e  r e a g e n t s  u s e d  were: d ry  

e th a n o l  (1 0 0  m l ) ,  sodium (1 .17 g , 0.051  m o l) ,  3- t r i f l u o r o m e t h y l -  

b e n z y l  m ercap tan  ( 9-81  g ,  0.051  mol) and h ex ak is(b rom om ethy l)— 

benzene (3 -6 0  g ,  0 .0057 m o l) .  The normal work-up p ro c e d u re  

fo l lo w e d  by d ry in g  in  vacuo gave c rude  ( 136 ) ( 6 .8 9  g , 93.3/o) 

m .p .  166—168 ( e x  b e n z e n e ) ,  (Found: C, 55 - 26; H, 3-80; S , 14-58-

c60h48s 6f i8  Tec^ iTes c > 55-29; H, 3-71; S, 1 4 -7 6 /)  , V max(KBr)

1451 , 1331 , 1239, 1161, 1 1 2 8 , 1072, 810, and  701 cm" 1 , T  (CDCL3 )

6 .6 6  ( 12H, s ,  b r . ) ,  6 .5 2  ( 12H, s ,  b r . )  and  c a .  2 .4 -2 .7  ( 24H, m ). 

A dducts  o f  (136) a r e  g iven  in  Table 12.

3 15—d im e th y lb en zy l  m ercap tan
238 . . . •T h is  was p r e p a re d  by a  l i t e r a t u r e  r o u t e ,  wnicn i s

234
e s s e n t i a l l y  th e  method o f  U rq u h ar t  _et a l .  p ro d u c t

gave - c o n s i s t e n t  p h y s i c a l  and s p e c t ro s c o p ic  d a t a .
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H exakis( 3 »5—d im e th y rb e n z y l th io m e th y l)b e n z e n e  (137)

(137)  was p r e p a r e d  by  a  s i m i l a r  method a s  u se d  f o r  ( 130 ) ,  

ex ce p t  t h a t  a rg o n  was u s e d  in  p la c e  o f  n i t r o g e n  and th e  r e a g e n t s  

w ere: d ry  e th a n o l  (8 0  m l ) ,  sodium (1 .14 g , 0 .0 5  m o l) ,

3 ,5 —<iim ethylbenzyl m ercap tan  (7 -5 4  g , 0 .0 5  mol) and  h e x a k i s -  

(brom om ethyl)benzene (3 -5  g ,  0 .0055 m o l) .  R e c r y s t a l l i s a t i o n  o f  

th e  c rude  p ro d u c t  from to lu e n e  gave (137) (5*01 g , 8 5 . 5/ )  

m .p .  165—170° (Found: C, 74-52? H, 7 -6 0 .  C55HYQS5 r e q u i r e s 'C ,  

7 4 .5 3 ; H, 7 .3 9 $ )  .^m axC 2811) 3 0 2 0 , 2 9 2 0 , 1606, 1467, 1229, 8 5 0 ,

721 and  690  cm- 1 , X (CDCI3 ) 7*71 (36H, s ) , 6 .7 3  (12H, s ,  b r . ) ,  

6 .4 8  (12H, s ,  b r . )  and  3*15 ( 18H, s ,  b r . ) .  I n c l u s i o n  compounds 

o f  (137)  a r e  g iv e n  in  T ab le  13-

H e x a k is (3 ,4 -m e th y le n e d io x y b e n z y lth io n ie th y l)b e n z e n e  ( 1 38)

( 138 ) was p r e p a re d  in  a  s i m i l a r  manner to  ( 1 3 0 ) ,  a rg o n  b e in g  

u s e d  i n  p la c e  o f  'n i t r o g e n .  The r e a g e n t s  u s e d  were d ry  e th a n o l  

(100 m l ) ,  sodium (1 . 5 1 g , 0.061 m o l) ,  3 ,4 -m e th y len ed io x y b e n zy l

m ercap tan  (9-91 g? 0 .0 5 9  mol) and hexak is(b rom om ethy l)benzene  

( 4 .2 0  g ,  0 .0066 m o l ) .  Normal work-up p ro c e d u re  fo l lo w e d  by d ry in g  

i n  vacuo gave crude  ( 138 ) ( 7-61  g , 9 9 /)?  m .p . 169—180°

(e x  to lu e n e  1 :1 )  (Found: C, 6 1 -95» 4 -8 9 ;  S .  16 .3  • 850^ 54^6^12

r e q u i r e s  C, 6 2 .1 5 ;  H, 4 -6 9 ;  8 ,  1 6 . 59/ ) , l 9  (KBr) 2888 , 1501 ,max

1488, 1444, 1256, 1039 , 927 and 811 cm“ 1 T(CDCl^) 6 .6 2  (12H, s ,  b r . ) ,

6 .4 6  ( 1 2H, s ,  b r . ) ,  4 -1 3  (12H, s )  , and  c a .  3 -15-3 -25  ( 18H, arom, H) . 

T a b le s  14 and  18 g iv e  r e s u l t s  o f  i n c l u s i o n  ex p e r im en ts  f o r

( 138 )
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H exakis( 3 »4—dim ethoxybenzy I t  h i  ome th y  l )b e n z e n e  (139)

(139) was p r e p a re d  in  a  s i m i l a r  manner to  (130) , ex ce p t  th e  

u se  o f  a rg o n  i n  p la c e  o f  n i t r o g e n .  The r e a g e n t s  u s e d  were: d ry  

e th a n o l  (100 m l) ,  sodium (1 .35 g» 0 .0 5 9  m o l) ,  3 ,4 -h im e th o x y b en zy l 

m ercap tan  (9*97 g ,  O.O54 mol) and  hexak is(b rom om ethy l)benzene  

( 3 .8 0  g , 0 .006 m o l ) .  A f t e r  th e  normal work-up p ro c e d u re ,  d ry in g  

i n  vacuo gave ( 1 39) ( 7 -2 8  g ,  9 7 / ) ,  m .p .  191-195° ( ex to lu e n e )

(Found: G, 63*29; H, 5*92; S , 1 5 -5 2 .  ^ q ^ 1,83 8 ,

6 3 -13 ; H, 6 . 2 6 ; S , 1 5 . 32/ )  , t /  ^ ( K B r )  1515, 1 4 6 6 , 1 2 6 2 , 12 2 8 , 1155, 

1134 and. 1028 cm" 1 , ' t(C D C l^) 6 .6 6  (12H, s ,  b r . ) ,  6 .47  (12H, s ,  b r . ) ,

6 .2 3  ( 18H, s )  , 6 .1 2  (12H, s )  and  c a .  3 -1 -3 -3  ( 18H, m) . R e s u l t s

o f  i n c l u s i o n  e x p e r im en ts  on ( 138 ) g iv en  i n  T ab les  15 and  1 8 .

Hexakis( 1-n a p h th y lm e th y l th io m e th y l)b e n z e n e  (140)

(140) was p r e p a re d  in  a  s i m i l a r  manner to  ( 130 ) ,  a rg o n  b e in g  

u s e d  i n  p la c e  o f  n i t r o g e n .  The r e a g e n t s  u s e d  were: d ry  e th a n o l  

(100 m l ) ,  sodium ( 1 .3 0  g , 0 .0 5 7  m o l) ,  1 -m erc ap to m eth y ln a p h th a len e  

(9 -8 2  g , O.O56 mol) and  hexak is(b rom om ethy l)benzene  (4-01 g ,  0 .0063 

m o l) .  A f t e r  th e  norm al work-up p ro c e d u re ,  d ry in g  in  vacuo gave 

crude  ( 140 ) ( 6 .81  g ,  9 0 -3 / )  m .p . 197-202° ( e x  to lu e n e  1 :1 )

(Found: C, 7 8 .5 8 ; H, 5.21 . r e q u i r e s  C, 7 8 .3 5 ;  H, 5 -56 / ) ,

l ^ a ^ K B r )  3050, 1598, 1513, 1 4 0 0 , 1 2 2 9 , 8 0 2 , 793 and 778 cm '1 , 

73( 0 1 013 ) 6 .9 1  ( 12H, s ,  b r . ) ,  6 . 7 2  (12H, s ,  b r . )  and  c a .  2 .0 -3*5  

(42H, m ) . R e s u l t s  o f  i n c l u s i o n  ex p e r im en ts  a r e  g iv en  in

T ab les  16 and  1 8 .
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2372-m erc ap to m e th y ln a p h th a len e

T h is  was p r e p a re d  by a  l i t e r a t u r e  ro u te  s t a r t i n g  from 

r e d i s t i l l e d  2 -m e th y ln a p h th a le n e . The bromomethyl n a p h th a le n e  

was o b ta in e d  a s  a  p u re  c r y s t a l l i n e  s o l i d ,  i n  c o n t r a s t  t o  th e  o i l  

p r e v io u s l y  o b ta in e d .  I s o th io u ro n iu m  s a l t  fo rm a t io n  i n  e th a n o l  

fo l lo w e d  by  h y d r o ly s i s  gave th e  t h i o l .

H ex ak is (2 -n a p h th y lm e th y l th io m e th y l)b e n z e n e  (141)

( 141 ) was p r e p a r e d  i n  a  s i m i l a r  manner to  ( 130 ) , a rg o n  b e in g  

u s e d  i n  p la c e  o f  n i t r o g e n .  The r e a g e n t s  u s e d  were d ry  e th a n o l  

(60  m l ) ,  sodium ( 0«4 g ,  0 .0 1 7  m o l) ,  2-m erc ap to m e th y ln a p h th a len e  

( 3 .0  g ,  0 .0 1 7  mol) and  hexak is(b rom om ethy l)benzene  (1 .21 g ,

0 .0019  m o l) .  A f t e r  th e  norm al work-up p ro c e d u re ,  d ry in g  in  vacuo 

gave c rude  ( 141 ) (2 .1  g ,  9 2 . 3/ )  m .p .  194-198° (e x  t o l u e n e ) ,  

Vmax(KBr) 3057, 1 6 0 0 , 1 5 1 0 , 1 2 3 2 , 819  and 751 cm" 1 ,T(CDC13)

7.11 (12H, s ,  b r . ) ,  6 .6 8  (12H, s ,  b r . )  and c a .  2 .1 - 2 .9  (42H, m).

A s a t i s f a c t o r y  m ic r o a n a ly s i s  was n o t  o b ta in e d  f o r  t h i s  compound. 

R e s u l t s  o f  i n c l u s i o n  ex p e r im en ts  a r e  g iven  in  T ab les  17 and  1 8 . 

Hexaki s ( 2-meth.ylpheny 11 hiometh.y 1 )b enz ene ( 142 )

To d ry  n-am yl a l c o h o l  (100 ml) was added sodium m e ta l  

( 2 .2  g ,  0 .1  mol) un d er  an  a tm osphere  o f  d ry  o x y g en -f ree  a rg o n .

The sodium r e a c t e d  s low ly  a t  room te m p e ra tu re  b u t  a t  100° i t  

r e a c t e d  c o m p le te ly .  2-m e th y l th io p h e n o l  ( 1 1 .2  g ,  0 .09  mol) and 

hexak is(b rom om ethy l)benzene  ( 6 .3 6  g , 0 .01 mol) were th e n  added in  

t u r n  th e  r e a c t i o n  m ix tu re  th e n  b e in g  s t i r r e d  u n d e r  r e f l u x  f o r  s i x  

h o u r s .  On c o o l in g  th e  m ix tu re  was added to  i c e /w a te r  (500 ml) . An 

e x tre m e ly  f i n e  p r e c i p i t a t e  was o b ta in e d  which was c o l l e c t e d  by 

f i l t r a t i o n ,  washed w ith  w a te r ,  d i l u t e  aqueous sodium hyd rox ide  and 

more w a te r  t i l l  n e u t r a l i t y .  D rying  in  vacuo gave crude  (142)
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( 8 .81  g ,  9 9 /)  m .p . 199-200° ( e x  1 ,4—d i o x a n ) , (Found: C, 72.37?

H, 5-91• C54H54S 6 r e q u i r e s  8 , 72 .43 ; H, 6 . 0 8 / ) ? l7 max(KBr) 3064 ,

1590, 1470, 1458, 1381, 1066, 1048 and 747 cm"1 , T(CDC13) 

c a . 2 .7—3-0 (24H, m ), 5 -81 (12H, s ,  b r . )  and 7 -72  ( 18H, s ) .

Hexakis( 3 -m eth .y lpheny lth iom ethy l)benzene  ( 143 )

(143) was p r e p a re d  by  a  s i m i l a r  method a s  u s e d  f o r  ( 142 ) ,  

ex ce p t  t h a t  a rg o n  was u s e d  i n  p la c e  o f  n i t r o g e n ,  and th e  r e a g e n t s  

u s e d  were: d ry  n-am yl a l c o h o l  (100 m l ) ,  sodium m e ta l  ( 2 .3  g , 0.1 m ol) ,

3 -m e th y l th io p h e n o l  (1 1 •2  g , 0 .0 9  mol) and h e x ak is (b ro m o m eth y l) -  

benzene  ( 6 .3 6  g , 0.01 m o le ) .  A f t e r  th e  normal work-up p ro c e d u re ,  

d r y in g  in  vacuo gave crude  (143) ( 8 .7  g , 9 7 / ) ,  m .p . 132-133°

( e x  t o l u e n e ) ,  (Found: C, 7 2 .6 0 ;  H, 6 .1 0 ;  S, 2 1 .31 -  8^4 H^4 Sg r e q u i r e s

G, 7 2 .4 3 ;  H, 6 .0 8 ,  S , 21 - 4 9 / ) , V ,ma x ( KBr) 2925, 1594, 1580, 1475,

772 , 695 and 686 cm"1 ,X  (CDCl^) 3-92 ( 24H, m) 5-70 (12H, s ,  b r . )  

and  7 -73  ( 18H, s) .

R e s u l t s  o f  i n c l u s i o n  experim en ts  a r e  g iv en  in  Tab le  21 .

Hexaki s( 4-me th y  lp h en y lth io m e  th y  l )b e n z  ene (144) U 0

( 1 4 4 ) ,  a known compound, was p r e p a re d  by th e  same method a s  

u sed  f o r  ( 1 4 2 ) .  The s ta n d a r d  work-up p ro c e d u re  fo l lo w e d  by  d ry in g  

in  vacuo gave crude  (142) i n  9 9 /  y i 8dd, m .p . 182- 184° ( e x  to lu e n e )

( l i t  .1 8 3 »5—184°)  T(0DC18) AA'BB* system  c e n t r e d  a t  2*92 (24H, J  9 ^ ) ,  

5 .8 3  (12H, s ,  b r . )  and 7-70 ( 18H, s)  .

Hexaki s ( 2—methyIphenoxyme t h y 1)b enz ene (145)

To d ry  r e d i s t i l l e d  diglyme (100 ml) was added sodium m e ta l  

( 2.07  g ,  0 .0 9  mol) and 2 -m ethy lpheno l (9 -7 3  g , 0 .0 9  mol) u n d e r  an  

a tm osphere  o f  o x y g e n -f re e  d ry  n i t r o g e n .  A f t e r  th e  sodium had r e a c t e d  

c o m p le te ly ,  a t  100°, hexak is(b rom om ethy l)benzene  (6 .3 9  g, 0.01 mol) 

was ad d ed .  The r e a c t i o n  m ix tu re  was s t i r r e d  un d er  r e f l u x  f o r
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24 h o u r s ,  th e n  on c o o l in g  was p o u red  in t o  i c e / w a t e r  (250  m l ) .

The v e ry  f i n e  p in k  p r e c i p i t a t e  was c o l l e c t e d  hy f i l t r a t i o n ,  washed 

w ith  w a te r ,  d i l u t e  aqueous sodium h y d ro x id e ,  and more w a te r .  D ry ing  

i n  vacuo gave ( 145 ) ( 7*99  g , 99/ ) ,  m .p . 172- 176° (e x  t o l u e n e ) ,

(Found: C, 81 .50; H, 6 .97 • ^54^ 54^6 r e q u i r e s  C, 8 1 . 1 2 ;

H, 6 . 8 1 / MW 798) m/e 7 9 8 , ^ max(KBr) 1606, 1493, 1240, 1191- 

1124, 1054, 1012 and 750 c n f 1 ,*t:(CDCl3) c a .  2 .8 - 3 .3  (24H, m) , 4-74  

(12H, s )  and 7-89 ( 18H, s)  . R e s u l t s  o f  i n c l u s i o n  ex p er im en ts  a r e  

g iv e n  i n  Table  23*

H exak is(3 -m ethy lphenoxym ethy l)benzene  (1 4 6 )

(146) was p r e p a re d  i n  an  a n a lo g o u s  manner to  ( 145 ) , r e a g e n ts

u s e d  b e in g :  d ry  diglyme (1 0 0  m l ) ,  sodium m e ta l  ( 2.07  g ,  0 .0 9  m o l) ,

3—m ethylpheno 1 ( 9*73  g , 0 .0 9  mol) and hexak is(b rom om ethy l)benzene  

( 6 .3 6  g ,  0.01 m o l) .  The normal work-up and  d ry in g  in  vacuo gave 

(146) ( 7 -8  g ,  98/ )  m .p . 198- 199 .50  ( ex to l u e n e ,  1 : 2 ) ,  (Found:

C, 8 0 .9 2 ;  H, 6 .74*  Cc^Hcj^Og r e q u i r e s  C, 81 .12; H, 6 . 81/ ) ,  No

m o le c u la r  i o n , l 9  (KBr) 1612, 1587, 1491 , 1290, 1269, 12 4 8 , 115 6 , max
1031 and 775 cm-1 , T? (CDC1 ) ca .  2 . 8 - 3 . 4  (24H, m),

4 -84  (12H, s )  and 7*79 ( 18H, s ) . R e s u l t s  o f  i n c l u s i o n  experim en ts  

a r e  g iven  in  Tab le  24*

Hexaki s( 4—m ethylphenoxym ethyl)benzene6',{ 147)

( 147 ) was p r e p a re d  by a  s i m i l a r  method a s  u s e d  f o r  (145) ,

t h e  r e a g e n t s  u s e d  b e in g :  d ry  diglyme (100 m l) ,  sodium m e ta l

( 1 .07  g ,  0 .0 9  m o l) ,  4-me th y  lp h e n o l  (9*73 g , 0 .0 9  m o l) ,  and

hexak is(b rom om ethy l)benzene  ( 6 .3 6  g ,  0.01 m o l ) .  The normal work—up 

p ro c e d u re  fo l lo w ed  by d ry in g  in  vacuo gave c rude  (147) ( 7 -4 2  g ,  9 3 /)
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m .p . 250- 255° ( e x  t o l u e n e ) ,  (Found: C, 81 .40 ; H ,6 .8 0 .  C ^ H ^ O g  

r e q u i r e s  C, 81.12; H, 6 .8 1 /  MW 798) m/e 7 9 8 ,V  (KBr) 1510,
IHclX

1292  , 1230, 1179, 1018, 820 and 800 cm”"1 , "E/CDCI3) oa* 2 .8 -3 -3  

(24H, m) 4 .8 3  ( 1 2H, s)  and  7-73  ( 18H, s)  .

H exakis( 2, 5-dime th y lp  he noxym ethyl)benz ene ( 148)

( 148 ) was p r e p a re d  by a  s i m i l a r  method a s  u se d  f o r  ( 145) ,  

t h e  r e a g e n t s  u s e d  b e in g :  d ry  diglym e (100 m l) ,  sodium m e ta l  

( 2 . 3  g ,  0.1 m o l) ,  2 ,5 -d im e th y lp h e n o l  (11 .0 g , 0 .0 9  mol) and 

hexak is(b rom om ethy l)benzene  ( 6 .3 6  g ,  0.01 m o l ) .  The norm al work­

up p ro c e d u re a n d  d ry in g  i n  vacuo gave c rude  ( 148 ) (7 -97  g , 9 ^ / )  

m .p .  195-1960 ( e x  t o l u e n e ) ,  (Found: C, 81 *75 5 H, 7*69* 050^66^6

r e q u i r e s  C, 81 .59; H. 7 . 5 /  MW 882) m/e 8820) (KBr) 1511, ----------  ------  m six

1417, 1261 , 1159, 1131 , 1023 and  809  cm” 1 ,T (C B C 13) c a .  2 .9 -3 -4  

( 18H, m), 4 -74  ( 1 2H, s ,  b r . ) ,  7 .81  ( i 8 h ,  s )  and 7-89  ( 18H, s )  . 

H exak is (3 i5 -d im eth y lp h en o x y m eth y l)b en zen e  ( 149)

( 149) was p r e p a re d  by a  s i m i l a r  method a s  u se d  f o r  ( 145) ,  

t h e  r e a g e n t s  u s e d  b e in g :  d ry  diglyme (100 m l) ,  sodium m e ta l  

( 2 . 3  g ,  0.1 m o l) ,  3 ,5 -h im e th y lp h e n o l  (11 .0 g , 0 .0 9  mol) and 

hexak is(b rom om ethy l)benzene  ( 6 .3 6  g , 0.01 m o l ) .  A f t e r  o n ly  

p a r t i a l  r e a c t i o n  o f  th e  sodium w ith  th e  x y le n o l ,  a  s o l i d  formed 

which p re v e n te d  e f f i c i e n t  s t i r r i n g .  A d d i t io n  o f  more diglyme d id  

n o t  d i s p e r s e  th e  s o l i d  which i s  p ro b a b ly  a sodium s a l t  o f  th e  

d im ethy lp iaeno l. The hexabrom ide was added g iv in g  an  immediate 

c lo u d in e s s  and slow d is a p p e a ra n c e  o f  th e  phenoxide  s a l t .  Normal 

work-up and  d ry in g  i n  vacuo gave c rude  (149) i n  q u a n t i t a t i v e  u i e l d  

m .p .  235-240° ( e x  t o l u e n e ) ,  (Found: C, 8 1 .7 3 ;  H, 7 -41-  C6oH66°6

r e q u ir e s  G, 81.59? H 7 -5 3 /  MW 882) m/e 8821^max(KBr) 1616,
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1598, 1324, 12 9 8 , 1171 , 1 1 5 6 , 1068, 734 , 729 and 688  cm"1 ,

T(CDC1 ) c a .  2 .3 -2 .5  ( l 8H, m ), 4 .81  ( 12H, s ,  b r . )  and  7 -78  ( 36H, s )  . 

R e s u l t s  o f  i n c l u s i o n  ex p er im en ts  a r e  g iven  i n  Table  25- 

H e x a k is (5 . 6 , 7 . 8 —( 4H )-2-nap  h th y lo x y m eth y l)b en z  ene (150)

(150) was p r e p a re d  by a  s i m i l a r  method a s  u se d  f o r  (145)»  

th e  r e a g e n t s  u s e d  b e in g :  -dry diglyme (100 m l ) ,  sodium m e ta l  

( 2 . 3  g ,  0*1 m o l ) ,  t e t r a l o l ( -2 —hydroxy-5  ,6 ,7 ,8 -(4H )—n a p h th a le n e )

C13• 34 g , 0 .0 9  mol) and  h e x a k is  (brom om ethyl)benzene ( 6 .3 6  g ,

0.01 m o l ) .  As i n  th e  p r e p a r a t i o n  o f  (149) , a  s a l t  p r e c i p i t a t e d  

d u r in g  th e  i n i t i a l  r e a c t i o n  betw een sodium and th e  p h e n o l .  The 

same p ro c e d u re  was a d o p te d  and  th e  r e a c t i o n  was a l lo w e d  to  c o n t in u e .  

A f t e r  th e  norm al work-up p r o c e d u r e , d ry in g  _in vacuo gave crude

( 150 ) (9--1 S, 87/0) m .p .  22 3 -  226° ( ex d io x a n /c h lo ro fo rm )  (Found:

C, 8 3 .30 ; H, 7*33- C72h78°6 r e q u i r e s  c ,  8 3 . 2 0 ; H, 7 .56/ )

Vmax(KBr) 2930, 1 6 1 6 , 1502, 1249, 1230, 1159, 1121 and  1013 cm"1 , 

T(CDC13) ca. 3 *1—3 *4 ( 18H, m) , 4*84  (12H, s ,  b r . ) ,  7 -34  (12H, m) 

and  8 .24  ( 24®, m) .

H exakis( 2 -p h e n y le th y l th io m e th y l)b e n z e n e  ( 151)

To d ry  IMF (5 0  m l ) ,  u n d e r  an  a tm osphere  o f  d r y ,  oxygen—f r e e  

a rg o n  was added sodium h y d r id e  ( 1 .2  g ,  50 mmol) and  2 -pheny l— 

e t h a n e t h i o l  (7*4 g , 50 mmol). A f t e r  hydrogen  e v o lu t io n  had  c e a se d ,  

f i n e l y  powdered hexak is(b rom om ethy l)benzene  (3 -5  g ,  5-5 mmol) was 

added  and  th e  r e a c t i o n  m ix tu re  s t i r r e d  a t  95—100° C f o r  2§- h .

On c o o l in g ,  th e  m ix tu re  was p ou red  in t o  i c e / w a t e r  (300 m l) ,  th e  

r e s u l t i n g  w h ite  p r e c i p i t a t e  b e in g  c o l l e c t e d  by f i l t r a t i o n .  Washing 

w ith  w a te r ,  d i l u t e  aqueous NaOH and more w a te r ,  th e n  d ry in g  in  

vacuo gave crude  (151) (5 -3  g , 98/ )  m .p . 87- 8 7 .5 ° (from  e t h y l
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a c e t a t e ,  u n s o l v a t e d ) .  (Found: C, 73*76; H, 6 .90*  060-^66^6

r e q u i r e s  C, 73*56; H, 6 .7 9 / )  , KBr) 3031 , 2932, 1498, 1454,

14 2 8 , 1230, 1224, 1214 , 756 , 736 , 711 and  699  cm" 1 ,T (CD C 13) 2 .79 

(30H, m ), 5*93 ( 12H, s ,  b r . )  and 7*11 (24H, m ) . R e s u l t s  o f  

i n c l u s i o n  ex p e r im en ts  a r e  g iv en  in  Table  26 .

H e x a k is (3 -p h e n y lp ro p y l th io m e th y l )b e n z e n e  (152)

(152) was p r e p a re d  in  an  an a logous  manner to  ( 151) ,  "the 

r e a g e n t s  u sed  b e in g :  d ry  IMF (5 0  ml), sodium h y d r id e  (1 .1  g , 45 mmol),

3 -p h e n y lp ro p a n e th io l  ( 6 .9  g ,  45 mmol) and h ex ak is (b ro m o m eth y l) -  

benzene (3*2  g , 5 mmol). The norm al work-up p ro c e d u re  gave crude

(152) ( 4 . 8  g ,  9 0 /)  m .p . 8O-810 ( from  e t h y l  a c e t a t e ) .  (Found:

C, 74*76; H, 7*63* C66H7 qS6 r e q u i r e s  C, 74*52; H, 7 * 3 9 / ) ,  

a? (KBr) 3029, 2954 , 2 9 3 1 , 1499, 1480, 1455, 751 and  700 cm"1 ,
U ld s jC

T(CDC13) c a .  2 .6 - 3 .0  (30H, m) , 5 .9 5  (12H, s ,  b r . ) ,  c a .  7*2-7 *6 

(14H, m) and c a . 7 * 8 -8 .3  (12H, m) . (15 2) d id  n o t  form i n c l u s i o n

compounds w ith  c y c lo h ex an e ,  a ce to n e  and  n i t r o m e t h a n e .
2 t c

1 , 3 i5 -T ris (b rom om ethy l)benzene

T h is  was p r e p a re d  by  th e  method o f  V o g t le ,  from m e s i ty le n e  

and N -b rom osucc in im ide . S e v e ra l  r e c r y s t a l l i s a t i o n s  were r e q u i r e d  

to  g iv e  m a t e r i a l  o f  s u f f i c i e n t  p u r i t y  m .p . 93-94° from CHC13 

( l i t  94°C),X(CDC13) j 2 .68  ( 3H, s) and  5 .57 (6H, s ) .
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1 13 .5—1T r is (  p h e n y l th io m e th y l)b e n z e n e  (153)

To d ry  e th a n o l  (25 m l) ,  u n d e r  an  a tm osphere  o f  d ry ,  ®xygen— 

f r e e  n i t r o g e n  was added sodium m e ta l  (0 .2 5  g, 11 mmol). A f t e r  

hydrogen  e v o lu t io n  had cea se d  th io p h e n o l  ( 1 .2  g ,  11 mmol) was 

a dded ,  fo l lo w e d  im m ed ia te ly  hy 1 , 3 , 5—tris (b ro m o m e th y l)b e n z e n e  

(1 .0 g ,  2 .8  mmol). S t i r r i n g  un d er  r e f l u x  f o r  4 h o u rs  g ave ,  on 

c o o l in g ,  a  w h ite  p r e c i p i t a t e  and a  y e l lo w  o i l .  The p r e c i p i t a t e  

(NaBr) was removed hy f i l t r a t i o n  and th e  s o lv e n t  removed from th e  

f i l t r a t e  u n d e r  vacuum. The r e s u l t i n g  o i l .w a s  d i s s o lv e d  in  ch lo ro fo rm , 

th e  s o l u t i o n  th e n  b e in g  washed w ith  w a te r ,  d i l u t e  aqueous NaOH 

and  more w a te r  t i l l  n e u t r a l i t y ,  th e n  d r i e d  o v er  anhydrous  MgSO^.. 

Removal o f  th e  ch lo ro fo rm  gave an o i l  which was f u r t h e r  p u r i f i e d  

by column chrom atography o ver  s i l i c a .  E l u t i o n  w ith  c y c lo h e x a n e /  

.ch lo ro fo rm  ( 5 0 : 50 ) gave p u re  ( 153 )» ( 0*93  g , 75/ ) ,  m .p .  55- 56°

(from  c y c lo p e n ta n e )  . (Found: C, 7 2 .7 3 ;  H, 5 .46  ; S , 21 .81 . 

c 27h 24s 3 r e q u i r e s  C, 7 2 .8 3 ;  H, 5 .4 4 ; S 2 1 .63/ )  m/e 444 (M+)

^ m ax(KBl') 3 0 5 0 , 1596, 1583, 1481 , 1439, 8 9 3 , 733  and  691 cm-1 ,

T(CDC1,) 2.81 ( 15H, m), 2 .96  ( 3H s )  and  6 .0 4  (6H, s ) .

(153) h id  n o t  form i n c l u s i o n  compounds w ith  cy c lo h ex an e ,  

b en z e n e ,  1 ,4 -h io x a n ,  n -decane  o r  m e th a n o l .

1 , 3 15 -T r is (b e n z y l th io m e th y l )b e n z e n e  (154)

To d ry  e th a n o l  (20 m l) ,  un d er  an  atm osphere  o f  d ry ,  oxygen- 

f r e e  a rg o n ,  was added sodium m e ta l  ( 0 .2 3  g , 10 mmol). A f t e r  th e  

hydrogen  e v o lu t io n  had c e a se d ,  b e n z y l  m ercap tan  ( l  .2 g ,  10 mmol) 

and  1 ,3 ,5 —'tr is (b ro m o m e th y l)b e n z e n e  (1 .0 g ,  2 .8  mmol) were added in  

t u r n .  S t i r r i n g  un d er  r e f l u x  f o r  15 m in u te s ,  th e n  c o o l in g ,  gave a 

p r e c i p i t a t e  o f  NaBr and  a  p a l e  y e l lo w  o i l ,  a s  i n  th e  p r e p a r a t i o n  o f

(1 5 3 ) .  A d d i t io n  o f  th e  r e a c t i o n  m ix tu re  to  i c e /w a te r  (100 ml)
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gave an  o i l  which s o l i d i f i e d  on s t a n d i n g .  The o f f - w h i te  m a t e r i a l  

was c o l l e c t e d  hy f i l t r a t i o n ,  washed w ith  w a te r ,  d i l u t e  aqueous 

NaOH and more w a te r ,  th e n  d r i e d  _in v a c u o . R e c r y s t a l l i s a t i o n ,  

tw ic e ,  from cyclohexane  gave (154") (O .85  g ,  6 2 / ) ,  m .p .  6 1 -6 2 ° ,  

(Found: C, 73*96; H, 6 .19*  O^qH^qS^ r e q u i r e s  C, 74*03; H, 6 .2 1 /)  

m/e 486 ,77max(KBr) 3066 , 3033, 1603, 1496, 1454, 1074 , 728, and  

698  cm-1 , T ( c r c i , )  2 .73  (15H, s ) ,  2.95 (3H, s ) ,  6 .4 2  (6H, s )  and

6 .4 7  (6H s)  . U n so lv a te d  m a t e r i a l  was o b ta in e d  from ben zen e ,

1 ,4 -h io x a n ,  cyc lohexane  o r  n - d e c a n e .

1 j3 ,5 —T r i s (2 -p h e n y le th y l th io m e th y l )b e n z e n e  (155)

A s i m i l a r  p ro c e d u re  to  t h a t  u s e d  f o r  (154) was a d o p te d ,  th e  

r e a g e n t s  b e in g  d ry  e th a n o l  (20  m l) ,  sodium m e ta l  ( 0 .2 3  g , 10 mmol), 

2 -p h e n y le th a n e th io l  (1 .38  g , 10 mmol) and 1 ,3 ,5 “ 'b r is (b rom om ethy l)— 

benzene (1 .0 g ,  2 .8  mmol). The c o l o u r l e s s  o i l ,  p roduced  on a d d i t i o n  

to  i c e / w a t e r  (100 m l) ,  d id  n o t  s o l i d i f y .  I t  was d i s s o lv e d  in  

ch lo ro fo rm  and th e  s o l u t i o n  washed w ith  w a te r ,  d i l u t e  aqueous NaOH 

an d  more w a te r  and d r i e d  o ve r  anhydrous MgSO^. Removal o f  th e  

ch lo ro fo rm  gave an  o i l  which was f u r t h e r  p u r i f i e d  by column 

chrom atography ( S i0 2 ,  c h lo r o f o r m /p e t r o l  (3 3 :6 7 ) )  and by p r e p .

T .L .C .  ( S i0 2 ,  c h l o r o f o r m /p e t r o l  (5 0 :5 0 )  "to g ive  (155)» a  v i s c o u s  

o i l ,  i n  good y ie ld . .  (Found: m/e 528.1973* ^ 33^ 36^3  re(lu i ^ e 3

5 2 8 . 1 9 7 9 ) t h i n  f i lm )  3030, 2919, 1604, 1498, 736 and  700 cm” 1 , 

T(CDC13) c a .  2 .6 - 3 .0  ( 18H, m ), 6 .3 6  (6H, s)  and  c a .  7*0-7 *6 

( 1 2H, m) .
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1 . 3 ,5 —'T r i s (  3 -p h en y lp ro p y lth io m eth y l) 'b en zen e  ( 156 )

An i d e n t i c a l  p ro c e d u re  to  t h a t  u se d  f o r  (154) was employed, 

ex ce p t  t h a t  th e  r e a g e n ts  u s e d  were: d ry  e th a n o l  (2 0  m l ) ,  sodium 

m e ta l  ( 0 .2 3  g ,  10 mmol), 3- p h e n y lp r o p a n e th io l  ( 1*52  g , 10 mmol) 

and  1 , 3 ,5 - t r is (b ro m o m e th y l)b e n z e n e  ( 1 .0 g ,  2 .8  mmol). Work-up 

and  ch rom a tog rahp ic  p u r i f i c a t i o n  gave ( 156) a s  a c o l o u r l e s s  o i l ,  

i n  good y i e l d .  (Found: m/e 570.24484* ^ 36^42^3  recTu i r e s

5 7 0 . 2 4 4 8 4 ) 1 / ^  ( t h i n  f i lm )  3029, 2926 , 2860 , 16 0 4 , 1498, 1455,

1236 , 747 and  700 cm"1 T(CDCl3 ) c a .  2 .6 - 3 .0  ( 18H, m) , 6 .3 8  (6H, s )  , 

7 .35 (6H, t )  , 7 *61 (6H, t ) and  8 .1 4  (6H, m) .

1 , 3 , 5 - T r i s (  3 i5 -d .im e thy lhenzy lth iom ethy l) 'benzene  ( 157)

. (1 5 7 )  was p r e p a re d  hy a s im i la r  method a s  u s e d  f o r  (154) , 

th e  r e a g e n t s  u s e d  b e in g :  d ry  e th a n o l  (20  m l) ,  sodium m e ta l  

( 0 .2 5  g , 0.01 m o l) ,  3 ,5 -d-im ethy lbenzy l m ercap tan  (1 .7 g ,  0.01 mol) 

and  1 ,3 ,5 - t r i s (b ro m o m e th y l )b e n z e n e  (1 .0 g ,  0 .003  m o l ) .  Aqueous 

work-up and r e c r y s t a l l i s a t i o n  from e t h y l  a c e t a t e  gave (157)

(1*1 -g, 7 7 / ) ,  m .p . 6 5 -6 6 ° ,  (Found: m/e 570 . 2448 2.

r e q u i r e s  5 7 0 .24484 ) V  ^ K B r )  3 0 2 0 , 291 2, 1 6 0 3 , 1465, 1453,

1421, 871, 852, 832, 749, 704 and 6 89 cm"1 , T  (CDCI3) 2-92 ( 3H, s ) ,  

3«12 (9H, s ,  b r . ) ,  6.44  (6H, s ) , 6 .4 8  (6H, s )  and  7*75 ( 18H, s )  .

U n so lv a te d  m a t e r i a l  was o b ta in e d  from a c e to n e ,  t o l u e n e ,  

benzene and n - d e c a n e .

1 .3 .5 -T r i s ( C h o le s t - 5 - e n e - 3 p - th io m e th y l ) b e n z e n e  ( 158 )

T h is  was p r e p a re d  in  an  a n a la g o u s  manner t o  ( 154) , r e f l u x  

however b e in g  p ro lo n g e d  to  fo u r  h o u r s ,  and  th e  r e a g e n t s  u se d  b e in g :  

d ry  e th a n o l  (20  m l) ,  sodium m e ta l  ( 1 .1 2  g , 0 .005  m o l) ,  C h o le s t -5 — 

en e-3  - t h i o l  (1«97 g , 0 .0 0 5  mol) and 1 , 3 ,5 - t r i s ( b r o m o m e th y l ) -
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benzene ( 0 .5  Si 0 .0013  m o l ) .  Aqueous work-up and r e p e a te d  

r e c r y s t a l l i s a t i o n  from m ethylene c h lo r id e /c y c lo h e x a n e  gave ( 158 ) 

i n  good y i e l d  m .p .  189- 192° ( e x  m ethylene c h l o r i d e / n - d e c a n e ) ,

Found: C, 81 . 9 5 ; H, 11 . 1 6 ; S ,  7 -1 0 .  CqnH^/|/|S3 r e q u i r e s  C, 81 .755

H, 10.97; S , 7 .2 7 / )  V m x (KBr) 2927, 2 895 , 2864, 16 00 , 1460, 1433 

1382, 1375 and  1366 cm" 1 , r (C D C l3 ) 2 .86  ( 3H, s ) , 4*76 (3H, m ), 6 .2 9

( 6 H, s ,  b r )  and  c a . 7 *5—9 *5, complex spec trum  (132H ).

U n so lv a te d  m a t e r i a l  o b ta in e d  from, m ethy lene  c h l o r i d e ,  n -d e c a n e /  

m ethy lene c h l o r i d e  and  c y c lo h e x a n e /c h lo ro fo rm .
223

I . 2 , 5 . 6 , 9 . 1 0-H exabromocyclododecane ( 160 ) and  ( 161 )

To t r a n s , t r a n s . t r a n s - c y c lo d o d e c a - 1 , 5 , 9 - t r i e n e  (159) 1 

( 8 8 .5  g ,  0 .5 5  mmol) i n  g l a c i a l  a c e t i c  a c i d  (3 5 0  ml) was added  

bromine (312  g, 1 .74  mol) over a  p e r io d  o f  f o u r  h o u r s ,  w ith  

c o n t in u o u s  s t i r r i n g ,  and c o o l in g  u s i n g  an  ic e  b a t h .  Aqueous work­

up e x t r a c t i o n  u s i n g  e t h y l  a c e t a t e  gave a  h ig h  y i e l d  o f  th e

hexabrom ide a s  a  d a rk  o i l .  By f r e e z i n g  a  to lu e n e  s o l u t i o n  

o f  th e  iso m e r ic  m ix tu re  a  p a l e  y e l lo w  s o l i d  (41 g) m .p .  170—178° 

was o b ta in e d ,  th e  rem a in d er  o f  th e  r e a c t i o n  p ro d u c t  re m a in in g  a s  

a  d a rk  g l a s s  ( s e e  C hap ter  5 )* R e c r y s t a l l i s a t i o n  o f  th e  s o l i d  

hexabrom ide from cyclohexane  gave p u re  ( 161) m .p .  181- 182°

( l i t .  178-179°) •

The i n c l u s i o n  b e h a v io u r  o f  ( 161 ) i s  g iv e n  i n  T ab le  29*
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The iso m e r ic  m ix tu re  o f  t r i b r o m id e s  (16  2) and (1 6 3) was o b ta in e d  

in  good y i e l d  by t r e a tm e n t  o f  th e  hexabrom oeyelododecanes ( 160 ) 

and  ( 161 ) w i th  sodium e th o x id e  i n  e t h a n o l ,  a s  d e s c r ib e d  i n  th e  

l i t e r a t u r e .  The p a l e  y e l lo w  o i l  was t r e a t e d  c h ro m a to g ra p h ic a l ly  

b u t  gave v e ry  p o o r  s e p a r a t i o n  o f  th e  two isom ers  u n d e r  a  v a r i e t y  

o f  c o n d i t i o n s .  Small amounts o f  v e ry  p u re  sy m m etr ica l t r ib ro m id e  

were o b ta in e d ,  m .p .  115- 117° from n-hexane  ( l i t .  116—117°)*

1 , 5 19 - T r i s ( p h e n y l th io ) - c i s , c i s , c i s - c y c lo d o d e c a —1 ,5 ,9 - ^ r i e n e  ( 16 4 )

Cuprous th i o p h e n o la t e  (2 .1 9  g» 0 .013  m o l) ,  p r e p a r e d  by th e  
239

method o f  Adams, r e d i s t i l l e d  q u in o l in e  (1 4  ml) AnalaR p y r id i n e  

( 1 .4  ml) and  1,5<9—tr ib ro m o —c i s , c i s , c i s - c y c lo d o d e c a - 1 ,5 ,9 —t r i e n e  

( 162 ) ,  ( 1 .1 2  g , 0 .0 0 3  mol) were p la c e d  in  a  g l a s s  tu b e  which was 

e v a c u a te d  th e n  s e a l e d .  The tu b e  was immersed i n  a  Wood! s m e ta l  b a th  

and  h e a t e d  a t  170- 184° f o r  s i x  h o u r s .  While th e  r e a c t i o n  m ix tu re  

was s t i l l  warm, th e  tu b e  was opened and th e  d a rk  brown m ix tu re

added to  5^ h y d r o c h lo r i c  a c i d  (4 0  ml) i n  i c e / w a t e r  (100 m l ) .

The m ix tu re  was b ro u g h t  t o  pH6 by a d d i t i o n  o f  d i l u t e  Ea^CO^ 

when th e  p a l e  y e l lo w  p r e c i p i t a t e  was c o l l e c t e d  by  f i l t r a t i o n .

Washing w ith  w ater ,  d i l u t e  NaOH and  more w a te r  t i l l  n e u t r a l i t y  

y i e l d e d  a  brown s o l i d .  - E x t r a c t i o n  o f  th e  s o l i d  u s i n g  ch lo ro fo rm , 

em ploying S o x h le t  a p p a ra tu s ,  fo l lo w e d  by column chrom atography o f  

th e  i s o l a t e d  m a t e r i a l  ( s i l i c a ,  4:1 p e t r o l / e t h y l  a c e t a t e )  gave a 

y e l lo w  o i l .  A d d i t io n  o f  cyc lohexane  p roduced  a  w h ite  f i b r o u s  

s o l i d  which was th e n  r e c r y s t a l l i s e d  from m ethanol to  g iv e  p u re

( 164 ) (0 .4 9  g» 3 6 /)  m .p .  100-101 °C, (Pound: C, 74*25; H, 6 .4 0 ;
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S , 1 9 .6 5 . C^qH^qS^ r e q u i r e s  C, 74*01; H, 6 .2 1 ;  S,19.75/-M W  4 8 6 ) ,  

m/e 486 ,  VmaX(KBr) 2976 , 1581 , 1478, 1466, 1438, 1022, 8 7 4 , 740 , 

734 and. 6 9 O cm"1 ,*£ (CDCI3) 2 .79  (15H, m) , 4*16 (3H, m) and  

c a . 7 *4-7 *8 (12H, m) • R e s u l t s  o f  i n c l u s i o n  e x p e r im en ts  a r e  

g iv e n  i n  Tab le  27•

1 , 5 ,9 -T r i s ( 4 m e th y lp h e n y l th io ) - c i s , c i s , c i s —cy c lo d o d eca -  

1 ,5.*9-~fcriene ( 165 )

( 165 ) . was p r e p a r e d  in  a  s i m i l a r  manner to  t h a t  u s e d  f o r  ( 164 ) 

th e  r e a g e n t s  b e in g :  cuprous  4 - m e th y l th ip p h e n o la te  (1 .93 g ,

0 .010  m o l) ,  r e d i s t i l l e d  q u in o l in e  (1 2  m l) ,  AnalaR p y r i d i n e (1 *2 ml) 

and  1<5 .9—'tr ib ro m o - c i s , c i s , c i s -cy c lo d o d eca -1  , 5 . 9 - t r i e n e  ( 162)

(O .9 2  g ,  0 .0 0 2  m o l ) .  U s in g  a s i m i l a r  work-up p ro c e d u re  and 

ch rom a tog raph ic  p u r i f i c a t i o n ,  r e c r y s t a l l i s a t i o n  from e th a n o l  

gave ( 1 6 5 ) ,  (0 .3 7  g ,  3 0 /)  m .p .  99 -1 0 0 ° ,  (Found: C, 75*15; H, 6 . 9 2 .

C33H36S3 r e q u i r e s  G, 74-95; H, 6 .8 6 /  MW 528), m/e 528, -

^max(KBr) 2951, 1614, 1492, 1 4 ° 9 , 1018 , 811 and 805 cm"1 ,

^ (C S ^ )  AA’BB1 q u a r t e t ;  2 .89  (6H, d, J  8Hz) and 3.01 

(6H, d, J  8Hz), 4 .32 (3H, m) and ca .  7 .6 - 7 .8  (21H, m).

R e s u l t s  o f  i n c l u s i o n  ex p e r im en ts  a r e  g iven  i n  Table  28

R—( + •)—1 - p h e n y le th a n e t h io l  ( 170) 227
240

T h is  was p r e p a re d  from 1 -p h e n y le th y l  brom ide ( 166 ) and
241

( - ) —sodium 0 -m en thy l d i t h io c a r b o n a te  (167) v i a

( _ ) —0_m ethyl S—1 - p h e n y le th y l  d i t h io c a r b o n a te  ( 168 ) and

( + ) —'1—p h e n y le th y l th io m e rc u ry  c h l o r i d e ,  f o l lo w in g  th e  method o f

I s o l a .  The r e s u l t i n g  t h i o l  had p h y s i c a l  and  s p e c t r o s c o p ic

p r o p e r t i e s  c o n s i s t e n t  w i th  l i t e r a t u r e  d a t a ,  [ c < ] ^  =+ 8 7 .8

( c  = 1 .3 3 ,  e t h a n o l ) ,  ( l i t  .[oc] ^  = +91 .7 ( c  = 6 . 1 7 ,  a b s .  e t h a n o l ) .
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H exakis( R—1- p h e n y le th y l th io m e th y l )b e n z e n e  (171)

To d ry  e th a n o l  (30 m l ) ,  u n d e r  an  atm osphere  o f  d r y ,  oxygen- 

f r e e  a rg o n ,  was added  sodium m e ta l  (0 .2 0  g , 0 .009  m o l ) .  A f t e r  

hydrogen , e v o lu t io n  had  c e a s e d ,  R - ( + ) - 1- p h e n y le th a n e t h io l  ( 170 ) ,  

( 1 .3  g ,  0 .0 0 9  mol) was ad d ed ,  fo l lo w e d  im m edia te ly  hy  f i n e l y  

powdered hexak is(h rom om ethy l)henzene  (0 .6 6  g ,  0.001 m o l ) .  A f t e r  

s t i r r i n g  u n d e r  r e f l u x  f o r  10 m inu tes  th e  r e a c t i o n  m ix tu re  became 

homogeneous.. A f t e r  1 hour r e f l u x ,  th e  m ix tu re  was co o le d  th e n  

added  t o  i c e / w a t e r  (150 m l ) .  The w h ite  p r e c i p i t a t e  was c o l l e c t e d  

by f i l t r a t i o n ,  washed w i th  w a te r ,  d i l u t e  aqueous NaOH, and  more 

w a te r ,  th e n  d r i e d  i n  vacuo to  g ive  c rude  (171) ( O.89  g ,  88/ ) ,  

m .p .  137-138° ( from benzene) . Found: C, 73*70? H, 6 .6 5 ;

S , 19*62. CgQH^Sg r e q u i r e s  C, 73*57; H, 6 .7 9 ;  S , 1 9 .64 /  

- l W ( K B r )  3 0 3 0 , 2 9 6 7 , 29 2 5 , 1492, 1453: 1030, 766 and  699  cm- 1 , 

<£(CDC13 ) 2 .70  (30H, m), 6 .37  (6H, q , j 7Hz), AB q u a r t e t ;

6 .33  (6H, d, 11Hz) and 6 .5 2  (6H, d, 11Hz)and 8 .4 9
^  3 —     ----------------------------------

( 18H, d ,  J7H z),  C n . m . r .  ( p r o to n  n o i s e —d ec o u p le d ,  106 K

t r a n s i e n t s )  showed o n ly  8 s i n g l e t s  S ' c ( CDCI3) 21 . 8 , 29*7 , 45*1 ,

127.1 , 127 . 2 , 1 2 8 .4 , 135 * 2 and  143*9, t ^ g 5 =+135*6°(c = 0 .1 9 ,

GHCI3) .

Hexakis(R—1 -p h e n y le th y ls u lp h o n y lm e th y l)b e n z e n e  (172)

H e x a k is (R -1-phenyle th y l th io m e th y l ) b e n z e n e  (171) ( 0 .2 2  g ,

0 .2  mmol) was added  to  a  s o l u t i o n  o f  hydrogen  p e ro x id e  ( 2 . 2  ml) 

i n  g l a c i a l  a c e t i c  a c i d  (22  m l ) .  The m ix tu re  was s t i r r e d  u n d e r  

r e f l u x  f o r  2 h o u rs  th e n  c o o le d ,  and added  to  i c e / w a t e r  (2 5 0  m l ) .
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No p r e c i p i t a t e  was o b ta in e d * ,  th e  m ix tu re  th e n  u n d e rg o in g  

f r e e z e - d r y i n g  to  g ive  crude  (172) a s  a  w h ite  powder ( 0 .2 4  g ,  9 1 $ ) ,  

m .p . 255-260, decom p., ( f rom  a c e t i c  a c i d ,  d e s o lv a te d  i n  vacuo ) , 

^ may(KBr) 3008, 2985 , 1497, 1458, 1314, 1236, 1137, 1123 , 786 

and 777 cm“ 1 (CDClg) 2.61 (30H, s ) ,  AB q u a r t e t ;  5 .31 (6H, d,

16Hz) and 5*40 (6H, d, J^g l6 H z) ,  6 .49  (6H, q, 7Hz) and

8 .4 8  (1 2H, d ,  7H z), 13c n . m . r .  5 c (CBC13) 13 .6 ( q ) ,  4 8 .O ( t ) ,

6 5 .4  ( d ) ,  129*0 ( s u p e rp o s e d  d ) , 129 .7 ( d ) ,  133*6 ( s ) ,  133*8 ( s ) .

A s a t i s f a c t o r y  m ic r o a n a ly s i s  was n o t  o b ta in e d  f o r  t h i s  compound.

* I n  one ru n  a  p r e c i p i t a t e  was o b ta in e d ,  which was c o l l e c t e d  

by  f i l t r a t i o n ,  washed w ith  w a te r ,  th e n  d r i e d  i n  vacuo to  g iv e  ( 1 7 2 ) .
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SYNTHESIS AND INCLUSION PROPERTIES OF TWELVE-MEMBERED 

CARBOCYCLIC HOSTS

f

I • • *i By David D. M acNicol and Stephen Swanson

] (Department o f C hem istry , U n iv e r s ity  o f  G lasgow, Glasgow G12 8QQ)

(R ece iv ed  in  UK 27 May 1 9 7 7 , a c ce p te d  fo r  p u b lic a t io n  29 June 1977)

iT rigonal symmetry i s  a fe a tu r e  encountered  in  th e  s tr u c tu r e s  o f  c e r t a in  h o s ts  p o s s e s s in g  th e

j a b i l i t y  to  form c r y s t a l l i n e  in c lu s io n  compounds in  which th e  e n c lo s in g  s tr u c tu r e  i s

j co n so lid a te d  by van der Waals fo r c e s  alone.'*' Im portant h o s ts  o f  t h i s  typ e  are t r i - o -

jthym otide,^  p er h y d r o tr ip h e n y len e ,^  c y c lo v e r a t r i l ,^  tr ip h en y lm eth a n e ,^  c y c lo tr ip h o sp h a z e n e s ,^
I • 7land members o f  th e  h e x a -h o s t fa m ily . In co r p o r a tin g  tr ig o n a l  symmetry as a u s e fu l  d es ig n

I fe a tu r e , we have s y n th e s is e d  th e  twelve-m em bered c a r b o c y c le s  ( I la )  and ( l ib ) ,  and th e se
I
im olecu les prove to  be n o v e l h o s ts  capab le  o f  form ing s t a b le  m o lecu la r  in c lu s io n  compounds w ith  

j v o la t i l e  g u est s p e c ie s .

jQ"

Br

(i)

Ra
( H a ) ; R=H 

( l i b ) ; R=Me
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HEXAKIS(BENZYLTHIOMETHYL)BENZENE: STRUCTURE OF THE
1,4-DIOXAN CLATHRATE AND PROPERTIES OF RELATED HOSTS

*Andrew D.U. Hardy, David D. MacNicol , Stephen Swanson, and Derek R. Wilson, 
Department of Chemistry, University of Glasgow, Glasgow, G12 8QQ

1- 3The use of analogy has led to the discovery of a series of inclusion 
4hosts based on a hexa-substituted benzene skeleton. We now report the results 

of an X-ray study of the 1,4-dioxan clathrate of hexakis(benzylthiomethyl)- 
benzene1 (I) which has a three atom CH 2 SCH 2  linkage between each side-chain 
aromatic ring and the central core of the molecule. Also briefly described are 
the varying inclusion properties of the related molecules (II), (III), and (IV), 
which were prepared^ by reaction of hexakis (bromomethy 1) benzene, C ^ C ^ B r ) ^ ,  
with the appropriate aralkyl mercaptan in NaOEt/EtOH.

(I) C 6 (CH2SCH2 ^  ^  )g (III) C c (CH^SCH

(II) C6 (CH2SCH2 ^  ^ C H 3 )6 (IV) Cc (CH^SCH

The dioxan adduct of (I) crystallises in the monoclinic space group P23/c 
with two host and two guest molecules in the unit cell (Table). The structure 
was solved by direct methods employing 2495 independent diffractometer data 
(using a Lindemann capillary to inhibit solvent loss)., and refined to a final 
R value of 0.045. All the hydrogen atoms have been located and allowed for; 
full details of the structural analysis will be published elsewhere.

Figure 1 shows a view looking directly onto the central benzene ring of the
host molecule. The molecule is located on a crystallographic centre of
inversion and is thus constrained to be centrosymmetric. Although (I) lacks

3the exact three-fold symmetry found for a clathrate of hexaphenylthiobenzene, 
Cg(SPh)6 , the 'legs' of this molecule still point alternately above and below 
the plane of the central benzene ring. Figure 2 illustrates the host to guest 
packing in the crystal, the host and guest molecules above and below those 
shown being directly superposed in this view. All the host and guest molecules 
are situated at crystallographic centres of symmetry on the b e  plane. The 
chair-shaped dioxan guest molecule is accommodated in a closed cage and no short 
host-guest contacts have been found.
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percentages included by (III), 85%:15%, may be compared with the corresponding
2values of 75%:25% found for the parent (I). Work on related hosts is 

underway.

We thank the S.R.C. for support.

Table Some Selected Crystal Data for Hexakis(benzylthiomethyl)- 
benzene (I) and Related Molecules

Host Guest (host:guest 
ratio^)

Space Group Lattice Parameters

(I) l>4-dioxan (1:1) ^ / c a = 10.542, b = 20.863,
monoclinic c = 12.496&, 6 = 95.48°,

_Z = 2 (host) .

(II) 1,4-dioxan (1:1) P c a b a = 18.67, b = 14.18,
orthorhombic c = 23.22^, % = 4 (host).

(III) §£/o-xylene (1:1) I 2 ̂ 2 a = 9.62, b = 15.45,
monoclinic c = 22.728, 8 = 111.0°,

Z = 2 (host) .

Ratio determined by 1H n.m.r. employing CDCl^ as solvent.

Crystals prepared by recrystallisation from an equimolar 
mixture of ortho and para-xylene; a marked selectivity 
for the para-isomer is found (see text).
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Figure 1 . An ORTEP drawing showing a 
view normal to the plane of the central 
benzene ring of host molecule hexakis- 
(benzylthiomethyl)benzene (I) in its 
dioxan clathrate. The hydrogen atoms 
have been omitted for clarity.

c smp

Figure 2 . Host to guest packing in the dioxan clathrate of 
(I), as viewed along the a-axis.

Among the compounds related to (I) which have been studied are the methyl 
derivatives (II), (III), and (IV). The para-derivative (II) forms ortho- 
rhombic crystals of an adduct with 1,4-dioxan (see Table). In contrast to the 
ortho-derivative (IV), for which inclusion behaviour has not been observed, the 
meta compound (III) behaves similarly to the parent (I) including a wide range 
of guest molecules. For example (III) forms inclusion compounds with cyclo- 
hexane (1:1), acetone (1:2), benzene (1:1), furan (1:2), 1,4-dioxan (1:1), 
ethyl acetate (1:1), anisole (1:1), ethyl benzene (1:1), and £-xylene (1:1), 
the host to guest ratio being indicated in each case. Interestingly, when 
(III) is recrystallised from an equimolar mixture of para and ortho-xylene a 
marked preference for the para-isomer is found; the relative isomer
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