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A b s t r a c t :  T h e  s t r u c t u r e  a n d  b in d in g  p r o p e r t ie s  o f  a  s e r ie s  o f  r e c e p t o r  m o l e c u l e s  b a s e d  o n  t h e  b u i ld in g  b lo c k  

d i p h e n y l g ly c o lu r i l  a r e  d e s c r ib e d .  T h e s e  r e c e p t o r s  b in d  d ih y d r o x y - s u b s t i t u t e d  a r o m a t i c  g u e s t s  in  c h lo r o f o r m  s o lu t io n  

b y  m e a n s  o f  h y d r o g e n  b o n d in g  a n d  t t- t t  s t a c k in g  in t e r a c t io n s .  I R  d i f f e r e n c e  s p e c t r o s c o p y  s h o w s  t h a t  t h e  h y d r o g e n  

b o n d s  a r e  f o r m e d  b e t w e e n  t h e  O H  g r o u p s  o f  t h e  g u e s t  m o l e c u l e  a n d  t h e  7 r -e le c tr o n s  o f  t h e  u r e a  c a r b o n y l  g r o u p s  p r e s e n t  

in  t h e  r e c e p t o r .  T h e  s t r u c t u r e  o f  t h e  c o m p l e x e s  w a s  f u r t h e r  i n v e s t ig a t e d  b y  c o m p a r in g  t h e  c o m p l e x a t i o n - i n d u c e d  s h i f t s  

in  t h e  'H  N M R  s p e c t r a  w i t h  t h e  c a l c u l a t e d  s h i f t s  fo r  a  n u m b e r  o f  g e o m e t r i e s  o f  t h e  h o s t - g u e s t  c o m p l e x e s .  T h e s e  d a t a  

d e m o n s t r a t e  t h a t  t h e  g u e s t  m o l e c u l e s  a r e  c la m p e d  w i t h in  t h e  c a v i t y  o f  t h e  r e c e p t o r .

I n t r o d u c t io n

H y d r o g e n  b o n d in g  a n d  t t- t t  i n t e r a c t io n s  a r e  d o m in a n t  f o r c e s  

in t h e  a g g r e g a t i o n  o f  n e u t r a l  m o l e c u l e s  in  n o n a q u e o u s  s o lv e n t s .  

In t h is  r e g a r d  t h e y  a r e  v a l u a b l e  t o o l s  in  t h e  e n g in e e r in g  o f  

s u p r a m o le c u la r  a s s e m b l i e s .  E x p lo r in g  t h e  p o t e n t ia l i t i e s  o f  t h e s e  

in t e r a c t io n s  in  o r d e r  t o  a t t a in  s t r o n g  a n d  s e l e c t i v e  b in d in g  is  

c u r r e n t ly  a n  a r e a  o f  in t e n s e  in t e r e s t  in  h o s t - g u e s t  c h e m is t r y .  

R e b e k 1 a n d  H a m i l t o n 2 h a v e  s h o w n  t h a t  a  s i n g l e  a r o m a t i c  s u r f a c e  

c a n  s i g n i f i c a n t l y  im p r o v e  t h e  c o m p l e x a t i o n  o f  a  g u e s t  in  a  

h y d r o g e n - b o n d in g  r e c e p to r .  W h i t lo c k ,3 Z im m e r m a n ,4 a n d  o t h e r s 5 

h a v e  s y n t h e s iz e d  h o s t  m o le c u le s  t h a t  a r e  c a p a b le  o f  b in d in g  n e u tr a l  

a r o m a t ic  g u e s t s  b e t w e e n  t w o  a r o m a t i c  s u r f a c e s  w it h  o r  w i t h o u t  

th e  a id  o f  h y d r o g e n  b o n d in g .

In  o u r  r e s e a r c h  g r o u p  w e  a r e  d e s i g n i n g  h o s t s  w i t h  t h e  s p e c i f i c  

p u r p o s e  o f  u s in g  t h e m  in  t h e  d e v e lo p m e n t  o f  s y n z y m e s .  T h e s e  

a r e  s u p r a m o le c u la r  d e v i c e s  t h a t  c o m b i n e  t h e  f u n c t io n s  o f  

r e c o g n i t io n  a n d  c a t a l y s i s .  A s  p a r t  o f  t h is  p r o g r a m  w e  h a v e  

d e v e lo p e d  m o le c u la r  c l ip  1 , b a s e d  o n  t h e  c o n c a v e  m o le c u le

d i p h e n y l g ly c o lu r i l .6 C o m p o u n d  1 h a s  a  w e l l - d e f in e d  g e o m e t r y  

d u e  t o  t h e  r ig id i t y  t h e  f u s e d  r in g s  c o n f e r  o n  t h e  m o le c u le .  It 

c o n t a in s  a  c l e f t  o f  t h e  p r o p e r  d i m e n s i o n s  t o  a c c o m m o d a t e  a n  

a r o m a t i c  m o le c u le .  T h e  a r o m a t i c  w a l l s  o f  t h e  c l e f t  a n d  t h e  t w o

f D e p a r tm e n t  o f  O rg a n ic  C h em is t r y ,  N S R  C e n te r ,  U n iv e rs i ty  o f  N i jm eg en .

* S O N /N W O  H F -N M R  F ac i l i ty ,  U n iv e r s i ty  o f  N i jm eg en .

5 U n iv e rs i ty  o f  U t r e c h t .

•  A b s t r a c t  p u b l ish ed  in A d v a n c e  A C S  A b s tr a c ts ,  S e p tem b e r  1, 1993.
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urea carbonyl groups at  its base are expected to endow the cl ip 

with a high degree of speci fici ty for guests that  bind by 7r - 7r 

stacking and which are able to form two simultaneous hydrogen 

bonds.

W e  r e p o r t  h e r e  in  d e t a i l  o n  t h e  b in d in g  p r o p e r t ie s  o f  1 a n d  

p r e s e n t  a n  a n a ly s i s  o f  f a c t o r s  t h a t  d e t e r m in e  t h e  s p e c i f i c i t y  o f  

h o s t s  o f  t y p e  1 fo r  d ih y d r o x y - s u b s t i t u t e d  a r o m a t i c  g u e s t s .

R esu lts

S y n t h e s i s .  In  o r d e r  to  e v a lu a t e  t h e  b in d in g  p r o p e r t ie s  o f  1 , w e  

s y n t h e s i z e d  a  n u m b e r  o f  d e r iv a t iv e s ,  s t a r t in g  f r o m  2 a  o r  3  ( s e e  

C h a r t  I fo r  s t r u c t u r e s  2 - 9 )  a n d  t h e  a p p r o p r ia t e  a r o m a t i c  

c o m p o u n d .  M o s t  o f  t h e s e  s y n t h e s e s  h a v e  a lr e a d y  b e e n  d e s c r ib e d  

e l s e w h e r e .7 In  t h is  s e c t io n  t h e  s y n t h e s e s  o f  4 ,  5 ,  7 ,  a n d  8  a r e  

p r e s e n t e d .

C o m p o u n d  4 ,  w h ic h  h a s  t w o  m e t h o x y  g r o u p s  o n  o n e  c a v i t y  

w a l l  a n d  n o n e  o n  t h e  o t h e r ,  w a s  s y n t h e s i z e d  b y  p a r t ia l  r e a c t io n  

o f  t h e  t e t r a c h lo r o  c o m p o u n d  3  w i t h  b e n z e n e ,  u s in g  A 1C 13 a s  a  

c a t a l y s t .  T h e  r e m a in in g  c h lo r o m e t h y l  g r o u p s  o f  3  w e r e  c o n v e r t e d  

in t o  c y c l i c  e t h e r  g r o u p s  b y  r e f lu x in g  w it h  6  N  a q u e o u s  H C 1 . T h e  

r e s u l t in g  m ix t u r e  w a s  t h e n  t r e a t e d  w i t h  d i m e t h o x y b e n z e n e  in  

A C 2O / T F A  t o  y ie ld  4 ,  a n d  t h e  s id e  p r o d u c t s  6 a  a n d  6 c ,  f r o m  

w h ic h  4  c o u ld  b e  i s o la t e d  in  17%  y ie ld  b y  c o lu m n  c h r o m a t o g r a p h y .

H a v in g  fo u r  e l e c t r o n - d o n a t in g  s u b s t i t u e n t s  o n  e a c h  c a v i t y  w a l l ,  

6 c  is  v e r y  s u s c e p t i b l e  t o  a t t a c k  b y  e l e c t r o p h i l e s ,  w h ic h  m a k e s  t h is  

c o m p o u n d  a  v e r y  c o n v e n ie n t  s t a r t in g  c o m p o u n d  fo r  t h e  s y n t h e s i s  

o f  f u r t h e r  d e r iv a t iv e s  o f  1 .

C o m p o u n d s  7  w e r e  s y n t h e s i z e d  b y  r e a c t io n  o f  6 c  w i t h  2  e q u iv  

o f  B r 2 in  C H 2C 12 w i t h  A 1C 13 a s  a  c a t a l y s t .  A f t e r  p u r i f i c a t io n  b y  

c o lu m n  c h r o m a t o g r a p h y  t h e  p r o d u c t  w a s  o b t a in e d  a s  a  m ix t u r e  

o f  t h e  d ia s t e r e o m e r s  7 a  a n d  7 b , w h ic h  c o u ld  b e  s e p a r a t e d  in t o  t h e  

r a c e m a t e  a n d  t h e  m e s o  c o m p o u n d ,  b y  c o lu m n  c h r o m a t o g r a p h y  

u s in g  e t h y l  a c e t a t e / h e x a n e  a s  t h e  e lu e n t .  A s s i g n m e n t  o f  t h e  

d ia s t e r e o m e r s  w a s  p o s s ib le  w i t h  t h e  h e lp  o f 13C - N M R .  T h e  m e s o  

d ia s t e r e o m e r  s h o w e d  t w o  p e a k s  in  t h e  c a r b o n y l  r e g io n ,  a t  1 5 7 .4 9  

a n d  1 5 7 .2 5  p p m , a n d  t h e  r a c e m a t e  o n ly  o n e  a t  1 5 7 .3 8  p p m . F o r  

t h e  c o m p l e x a t i o n  s t u d ie s  t h e  r a c e m a t e  w a s  u s e d .

T h e  d in i t r o  c o m p o u n d  8  w a s  s y n t h e s i z e d  b y  r e a c t io n  o f  6 c  w i t h  

2  e q u iv  o f  c o n c e n t r a t e d  n i t r ic  a c id  in  a c e t i c  a n h y d r id e .  In  t h is

(7 )  S i jb e sm a ,  R . P .; N o l te ,  R . J .  M . R e e l .  T ra v . C h im . P a y s -B a s ,  in  p ress .
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F ig u r e  1. X - r a y  s t r u c t u r e  o f  6 c .  H y d r o g e n  a t o m s  h a v e  b e e n  o m i t t e d  fo r  

c l a r i t y .
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c a s e  w e  w e r e  n o t  a b le  t o  s e p a r a t e  t h e  d ia s t e r e o m e r s  a n d  

c o n s e q u e n t ly  t h e  m ix t u r e  w a s  u s e d  in  t h e  c o m p l e x a t i o n  s t u d ie s .

T h e  b r ig h t - r e d  c o m p o u n d  5  w a s  p r e p a r e d  f r o m  6b b y  a e r ia l  

o x id a t io n  in  D M S O  s o lu t io n  u s in g  C u 2C l 2 a s  a  c a t a l y s t . 8

X -ray  S tru ctu res. T h e  p r e s e n c e  o f  t h e  b a s ic  s t r u c t u r a l  f e a t u r e s  

in  h o s t s  1 t h a t  a l lo w  t h e s e  m o l e c u le s  to  f u n c t io n  a s  m o le c u la r  

r e c e p t o r s  fo r  d i h y d r o x y b e n z e n e s  ( v iz .  t w o  c a r b o n y l  g r o u p s  a t  t h e  

b a s e  o f  a  c l e f t  w h ic h  is  f la n k e d  b y  t w o  o x y l y l e n e  m o i e t i e s )  h a d  

p r e v io u s ly  b e e n  e s t a b l i s h e d  b y  t h e  X - r a y  s t r u c t u r e  o f  6 b .9 T h e  

X - r a y  s t r u c t u r e s  o f  6 c 10 a n d  9 ,11 d e t e r m in e d  r e c e n t ly ,  p r o v id e  

m o r e  d e t a i l e d  in f o r m a t io n  o n  t h e  g e o m e t r i e s  o f  t h e s e  c o m p o u n d s ,  

in  p a r t ic u la r  w i t h  r e g a r d  t o  t h e ir  r e m a r k a b le  d i f f e r e n c e  in  

c o m p l e x a t i o n  b e h a v io r  ( v i d e  i n f r a ) .

J u s t  a s  in  t h e  X - r a y  s t r u c t u r e  o f  6 b ,  t h e r e  is  a  n o t i c e a b l e  t w is t  

in  t h e  d ip h e n y l g ly c o l u r i l  p a r t  o f  6 c  ( F i g u r e  1 ) .  T h e  d ih e d r a l  

a n g l e  C 2 1 - C 9 - C 9 ' - C 2 r  is  2 2 ° ,  t h e  s a m e  v a lu e  a s  in  6 b .  T h e

(8 )  K a rp o v ,  V. V .; K h id ek e l ,  M . L . Z .  Org. K h im .  1 9 6 7 , 3, 1669.

(9 )  Sm e e ts ,  J .  W . H .;  S i jb e sm a ,  R . P .; v an  D a len ,  L .; S p ek ,  A . L .; Sm ee ts ,  

W . J .  J . ;  N o l te ,  R . J .  M . J . O rg . C h em .  1 9 8 9 , 5 4 , 3710 .

(1 0 )  S i jb e sm a ,  R . P .; B eu rsk en s ,  G .;  B eu rsk en s ,  P. T .;  N o l te ,  R . J .  M . 

M a n u s c r ip t  in p r e p a ra t io n .

(1 1 )  B o sm an , W . P.; B eu rsk en s ,  P. T .;  A dm ir a a l ,  G .;  S i jb e sm a ,  R . P.; 

N o l te ,  R . J .  M . Z .  K r is ta l lo g r .  1 9 9 1 , 797 , 305

F ig u r e  2 . X - r a y  s t r u c t u r e  o f  9 . H y d r o g e n  a t o m s  h a v e  b e e n  o m i t t e d  fo r  

c l a r i t y .

d ih e d r a l  a n g l e  N l - C 9 - C 9 ' - N 2 '  is  1 8 °  ( 1 7 °  in  6 b ). T h e  t w is t  

is  m o s t  s t r ik in g ly  v i s ib le  in  t h e  d i m e t h o x y b e n z e n e  w a l l s  o f  th e  

c a v i t y .  I t  is  m o s t  c o n v e n ie n t  t o  e x p r e s s  t h e  d i s t o r t io n  in  th e  

m o l e c u le  a s  t h e  r e la t iv e  d i s p l a c e m e n t  o f  t h e  c e n t e r s  o f  t h e  b e n z e n e  

r in g s  a lo n g  t h e  a x i s  t h r o u g h  t h e  c a r b o n y l  o x y g e n  a t o m s .  In  6 c  

t h i s  d i s p l a c e m e n t  is  1 .1 1  A, a s  c o m p a r e d  t o  1 .0 9  A in  6b. T h e  

t w o  d i m e t h o x y b e n z e n e  m o i e t i e s  d e f i n e  a  t a p e r in g  c a v i t y ,  t h e  b e s t  

p la n e s  t h r o u g h  t h e  c a v i t y  w a l l s  b e in g  a t  a  r e la t iv e  a n g l e  o f  3 9 . 5 ° ,  

w it h  t h e  c e n t e r s  o f  t h e  b e n z e n e  r in g s  6 .6 7  A a p a r t .

T h e  c a r b o n y l  g r o u p s  o f  t h e  g ly c o lu r i l  m o i e t y ,  w h ic h  a r e  t h e  

h y d r o g e n - b o n d in g  a c c e p t o r  s i t e s ,  a r e  a t  a n  a n g l e  o f  3 9 °  w i t h  th e  

a x i s  t h r o u g h  t h e  c a r b o n y l  o x y g e n  a t o m s .  T h e  la t t e r  a t o m s  a r e  

5 .5 2  A a p a r t ,  w h ic h  is  a l m o s t  t h e  s a m e  v a lu e  a s  in  6b. In  t h e  

c o m p l e x a t i o n  e x p e r im e n t s  w it h  a r o m a t i c  g u e s t s ,  w h ic h  a r e  

d e s c r ib e d  in  t h is  p a p e r ,  2a  is  u s e d  a s  a  r e f e r e n c e  r e c e p t o r .  

C o m p o u n d  2 h a s  h y d r o g e n -  b o n d in g  a c c e p t o r  s i t e s  b u t  n o  c a v i t y .  

In  2b, t h e  d i m e t h y l  a n a l o g  o f  2a  o f  w h ic h  t h e  c r y s t a l  s t r u c t u r e  

h a s  b e e n  p u b l i s h e d  r e c e n t l y , 12 t h e  d i s t a n c e  b e t w e e n  t h e  c a r b o n y l  

o x y g e n  a t o m s  is  s h o r t e r  ( 4 . 9 8  A ) t h a n  t h a t  in  6 c , a n d  t h e  c a r b o n y l  

g r o u p s  a r e  a t  a  la r g e r  a n g l e  w i t h  t h e  a x i s  t h r o u g h  t h e  c a r b o n y l  

o x y g e n  a t o m s  ( 5 7 . 2 ° ) .  T h e  o r ig in  o f  t h e  d i f f e r e n c e s  b e t w e e n  

t h e s e  r ig id  s t r u c t u r e s  l ie s  in  t h e  s i z e  o f  t h e  r in g s  f l a n k in g  t h e  

g ly c o lu r i l  u n i t s .  W h e r e a s  in  6c  a  C 4  f r a g m e n t  is  l in k in g  t h e  t w o  

u r e id o  n i t r o g e n  a t o m s ,  in  2b t h e s e  a t o m s  a r e  s p a n n e d  b y  a  s h o r t e r

b r id g e .  T h e  e f f e c t  is  a  f o ld in g  o f  t h e  g ly c o lu r i l  m o i e t y  

in  2b t o  b r in g  t h e  n i t r o g e n  a t o m s  c lo s e r  t o g e t h e r .

T h e  m e t h o x y  g r o u p s  in  6 c  s i g n i f i c a n t l y  d e v i a t e  f r o m  t h e  l e a s t -  

s q u a r e s  p la n e s  o f  t h e  b e n z e n e  c a r b o n  a t o m s  o f  t h e  c a v i t y  w a l l s .  

T h e y  a r e  r o t a t e d  2 9 . 3 °  a n d  9 . 5 °  o u t  o f  t h e s e  p la n e s  a n d  p o in t  

in w a r d .

T h e r e  a r e  s t r ik in g  s im i la r i t i e s  a s  w e l l  a s  d i f f e r e n c e s  b e t w e e n  

t h e  s t r u c t u r e s  o f  6 c  a n d  9  ( F i g u r e  2 ) .  T h e  r e la t iv e  p o s i t io n s  o f  

t h e  c a r b o n y l  g r o u p s  in  9  a r e  n e a r ly  id e n t i c a l  to  t h o s e  in  6 c .  T h e  

o x y g e n  a t o m s  a r e  a t  a  d i s t a n c e  o f  5 .5 2  A , a n d  t h e  C = 0  a n g l e  

w it h  t h e  a x i s  t h r o u g h  t h e  c a r b o n y l  o x y g e n  a t o m s  is  3 7 . 5 ° .  In  9  

h o w e v e r ,  m u c h  le s s  t w is t  in  t h e  m o le c u le  is  o b s e r v e d .  T h e  d ih e d r a l  

a n g le s  C 3 1 - C 1 2 - C 1 7 - C 3 7  a n d  N 1 3 - C 1 2 - C 1 7 - N 1 8  a r e  6 . 6 °  

a n d  4 .8  ° , r e s p e c t iv e ly ,  a n d  t h e  r e la t iv e  d i s p la c e m e n t  o f  t h e  c e n t e r s  

o f  t h e  b e n z e n e  r in g s  in  t h e  n a p h t h a le n e  m o ie t i e s  t h a t  a r e  c o n n e c t e d  

t o  t h e  g ly c o lu r i l  p a r t  o f  t h e  m o le c u le  is  j u s t  0 .2  A. T h e  n a p h t h a le n e  

w a l l s  in  t h is  m o l e c u l e  a r e  a t  a  m u c h  la r g e r  r e la t iv e  a n g l e  ( 5 3 ° )  

a n d  a r e  f a r t h e r  a p a r t  ( 6 . 9 5  A ) t h a n  t h e  w a l l s  in  6 c .  T h e  m e t h o x y  

g r o u p s  o f  9  a r e  a l m o s t  a t  p e r p e n d ic u la r  a n g l e s  ( 8 3 . 5 °  a n d  8 5 ° )  

t o  t h e  n a p h t h a le n e  r in g s ,  a n d  t h e r e  a r e  in t r a m o le c u la r  c o n t a c t s  

b e t w e e n  t h e  m e t h y l  g r o u p s  a n d  t h e  c a r b o n y l  o x y g e n  a t o m s ,  

( s h o r t e s t  m e t h y l  c a r b o n  to  c a r b o n y l  o x y g e n  d i s t a n c e  is  3 .2 1  A ) 

in d ic a t iv e  o f  C - H ‘» 0  b o n d i n g .13

C o m p lex a tio n  S tu d ies . A d d i t i o n  o f  a  d ih y d r o x y - s u b s t i t u t e d  

a r o m a t i c  g u e s t ,  s u c h  a s  r e s o r c in o l ,  to  a  s o lu t io n  o f  o n e  o f  t h e  

h o s t s  1 c a u s e d  t h e  N M R  s ig n a l s  o f  t h e  a r o m a t i c  p r o t o n s  o f  t h e  

g u e s t  a n d  t h e  s i g n a l s  o f  t h e  c a v i t y  w a l l  p r o t o n s  o f  t h e  h o s t  t o  s h i f t  

u p f ie ld ,  w h e r e a s  t h e  p r o to n  s ig n a l s  o f  t h e  O H  g r o u p s  m o v e d  

d o w n f ie ld .  T h e s e  s h i f t s  in d ic a t e  t h a t  c o m p l e x e s  a r e  f o r m e d ,

(1 2 )  S c h o u te n ,  A .; K an te r s ,  J . A . A c ta  C r y s ta l lo g r .  1 9 9 0 , C 46 , 2484 .

(1 3 )  T a y lo r ,  R .;  K en n a rd ,  O . J . A m .  C h em . S o c .  1 9 8 2 , 104 , 5063 .
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T a b l e  I .  C o m p l e x a t i o n  I n d u c e ^  S h i f t  ( C I S )  V a lu e s  ( in  p p m )  o f  

H o s t  a n d  G u e s t  in  t h e  C o m p le x e s  o f  H o s t s  w i th  C a t e c h o l ,  

R e so rc in o l ,  a n d  2 , 7 -D i h y d r o x y n a p h t h a l e n e

g u e s t

hos t c a t e c h o l r e s o r c in o l

2a c a t :  1 .63  ( O H ) res :  1 .59  ( O H )

4 h o s t :  0 .2 2  ( A rH ) ; °  0 .2 2  (M e ) h o s t :  0 .4 8  ( A r H )

5 h o s t :  0 .4 9  ( A r H )

6a c a t :  0 .1  (A rH ) ; *  2 .1 5  ( O H ) re s :  1 .6 ( O H ) ;  2 .2 7  ( H 2 ) ;  

0 .3  ( H 4 ,6 )

6 c h o s t :  0 .31  ( A r H ) ;  0 .2 8  (M e ) h o s t :  0 .4 7  ( A r H )  

re s :  2 .71  ( H 2 ) ;  0 .3 0  ( H 5 ) ;  

0 .4 2  ( H 4 , 6 )

6d h o s t :  0 .2 2  ( A r H ) ;  0 .0 7  (M e )  

c a t :  0 .2 5  (A rH ) ; *  1.61 ( O H )

h o s t :  0 .4 3  ( A r H )

7 a h o s t :  0 .4 5  ( A r H ) ;  0 .1 7  ( O M e )

8 a , b h o s t :  0 .3 2  ( A r H )  

re s :  1 .6  ( O H )

9 re s :  0  ( A r H ) :  > 0 . 7  ( O H )

h o s t  g u e s t :  2 , 7 - d i h y d r o x y n a p h t h a l e n e

6c  1 .59  ( H I , 8 ) ;  0 .1 6  ( H 3 , 6 ) ;  0 .2 4  (H 4 ,5 )

a T h e  p r o to n  s ig n a l s  o f  t h e  d im e t h o x y b e n z e n e  w a l l  w e r e  m o n i to r e d .

* S ig n a l s  o f  c a t e c h o l  p r o to n s  c o in c id e .

T a b le  I I .  A s s o c i a t i o n  C o n s t a n t s  o f  H o s t  6 c  w i th  A r o m a t i c  

C o m p o u n d s  in  C D C I 3 ( T  =  2 9 8  ±  2  K )

g u e s t  K a ( M _1)

c a t e c h o l  6 0

r e s o r c in o l  2 6 0 0 ;  3 000*

4 .6 - d i b r o m o r e s o r c i n o l  5 6 0 0 ;  4 2 5 0 ;°  5 600*

2 .7 - d i h y d r o x y n a p h t h a l e n e  7 1 00*

a D e t e rm in e d  in  a  l i q u i d - l i q u i d  e x t r a c t i o n  e x p e r im e n t .  * D e t e rm in e d  

in a  c o m p e t i t i o n  e x p e r im e n t  w i th  r e s o r c in o l .

in v o lv in g  h y d r o g e n  b o n d s  b e t w e e n  t h e  O H  g r o u p s  o f  t h e  g u e s t  

a n d  t h e  c a r b o n y l  g r o u p s  o f  t h e  h o s t .  F u r t h e r m o r e ,  t h e y  s u g g e s t  

t h a t  t h e  a r o m a t i c  m o i e t y  o f  t h e  g u e s t  is  w e d g e d  in  b e t w e e n  t h e  

w a l ls  o f  t h e  c a v i t y .  O n l y  o n e  s ig n a l  w a s  o b s e r v e d  fo r  t h e  f r e e  a n d  

b o u n d  f o r m s  o f  h o s t  a n d  g u e s t ,  im p ly in g  t h a t  t h e  e x c h a n g e  p r o c e s s  

is f a s t  o n  t h e  N M R  t i m e  s c a le .

A  t i t r a t io n  in  w h ic h  t h e  s h i f t  is  m o n i t o r e d  a s  a  f u n c t io n  o f  t h e  

c o n c e n t r a t io n s  o f  h o s t  a n d  g u e s t  a l lo w e d  t h e  c a l c u l a t i o n  o f  

a s s o c ia t io n  c o n s t a n t s  a n d  c o m p le x a t io n  in d u c e d  s h i f t  ( C I S )  v a lu e s .  

In s o m e  c a s e s  a  c o m p e t i t i v e  m e t h o d  w a s  u s e d  to  e v a lu a t e  r e la t iv e  

a s s o c ia t io n  c o n s t a n t s ,  o r  a  l i q u i d - l i q u i d  e x t r a c t i o n  w a s  u s e d .  T h e  

t h e o r y  a n d  m e t h o d o l o g y  fo r  t h e  d e t e r m i n a t i o n  o f  a s s o c ia t io n  

c o n s t a n t s  b y  ’H - N M R  h a v e  b e e n  d e a l t  w i t h  e l s e w h e r e . 14 T i 

t r a t io n s  w e r e  p e r f o r m e d  w i t h  a  v a r ie t y  o f  h o s t s  a n d  g u e s t s  to  

s t u d y  t h e  f a c t o r s  i n f lu e n c i n g  b in d in g  s t r e n g t h .  T h e  e x p e r im e n t a l  

C I S  v a lu e s  c a n  b e  u s e d  t o  o b t a in  d e t a i l e d  in f o r m a t io n  a b o u t  t h e  

p r e c i s e  g e o m e t r y  o f  t h e  h o s t - g u e s t  c o m p l e x e s .  T o  t h is  e n d  t h e s e  

v a lu e s  w e r e  c o m p a r e d  w it h  t h e  v a lu e s  c a l c u l a t e d  w ith  a  t h e o r e t ic a l  

m o d e l  fo r  t h e  s h i f t s  in d u c e d  b y  t h e  a r o m a t i c  m o i e t i e s  in  h o s t  a n d  

g u e s t  ( v id e  in f r a ) .  T h e  r e s u l t s  o f  t h e  N M R  t i t r a t io n s  a r e  

s u m m a r iz e d  in  T a b l e s  I—I I I .

I n fr a r e d  s p e c t r o s c o p y  w a s  u s e d  to  in v e s t ig a t e  h y d r o g e n  b o n d in g  

b e t w e e n  h o s t s  1 a n d  h y d r o x y - s u b s t i t u t e d  g u e s t s .  T h e  h o s t  

c a r b o n y l  s t r e t c h in g  v ib r a t io n  a s  w e l l  a s  t h e  O H  s t r e t c h in g  v ib r a t io n  

b a n d  o f  t h e  g u e s t  is  in f lu e n c e d  b y  h y d r o g e n  b o n d in g .  I t  is  w e l l -  

k n o w n  t h a t  t h e  s h a p e  a n d  p o s i t io n  o f  t h e s e  b a n d s  c a n  p r o v id e  

d e t a i l e d  in f o r m a t io n  o n  t h e  n a t u r e  o f  t h e  h y d r o g e n  b o n d s  in  t h e  

c o m p l e x e s .  P r o b le m s  c a u s e d  b y  in t e r f e r in g  b a n d s  c o u ld  fo r  t h e  

m o s t  p a r t  b e  s o lv e d  b y  a p p ly in g  d i f f e r e n c e  s p e c t r o s c o p y .  T h e  

s o lu b i l i t y  o f  s o m e  o f  t h e  h o s t  c o m p o u n d s  w a s  t o o  lo w  in  t h e  

n o n c o m p e t in g  s o lv e n t  CCI4. In  t h e s e  c a s e s  CHCI3 o r  CDCI3 w a s  

u s e d .  I R  s p e c t r a  o f  t h e  p u r e  h o s t s  a n d  s o m e  g ly c o l u r i l  d e r iv a t iv e s  

w e r e  r e c o r d e d  in  s o l id  K B r  a n d ,  i f  p o s s ib le ,  in  s o lu t io n .  T h e  p e a k  

m a x i m a  o f  t h e  h o s t  c o m p o u n d s  in  t h e  c a r b o n y l  s t r e t c h in g  r e g io n

(1 4 )  S i jb e sm a ,  R . P. P h .D .  T hes is .  U n iv e rs i ty  o f  N i jm eg e n ,  N i jm eg en ,  

T h e  N e th e r la n d s ,  1992.

T a b le  I I I .  A s s o c i a t i o n  C o n s t a n t s  ( M _1, E r r o r  in  P a r e n t h e s e s )  o f  

H o s t s  w i th  C a t e c h o l  a n d  R e s o r c in o l  in  C D C I 3 { T  =  2 9 8  ±  2 K )

g u e s t

h o s t c a t e c h o l r e s o r c in o l

2 a 1 4 (5 ) 2 5 ( 1 0 )

4 4 0 ( 1 2 ) 5 8 0 ( 8 0 )

5 3 0 ( 1 5 )

6 a 8 0 ( 6 ) 2 0 0 ( 2 0 )

6 c 6 0 ( 1 0 ) 2 6 0 0 ( 4 0 0 )

6 d 6 0 ( 1 0 ) 4 5 0 ( 5 0 )

7 a 2 8 0 ( 2 5 )

8 a ,b 2 3 0 ( 2 5 )

9 < 5 < 5

T a b le  I V . V a lu e s  o f  C a r b o n y l  S t r e t c h i n g  F r e q u e n c i e s  ( c m -1) in  

H o s t  C o m p o u n d s

v C = 0

h o s t  K B r  s o lu t io n

2 a  1 7 5 8 , 1 7 4 6 , 1 7 4 1 , 1 7 2 8  

2 b  1727  

6 c  1 7 3 2 ,1 7 1 2  

6 d  1 7 22 ,  1706  

1 0 a  1686  

1 0 b  1715 , 1 6 90 ,  1677  

11

1 7 6 5 ,1 7 4 3 °

1 7 2 0 ,1 7 0 3 *  

1 7 2 5 ,  1 708 ;°

1 7 0 4 ,  1688;*

1 7 1 5 ,1 7 0 1 *  

1 7 3 5 , 1 7 2 3 c

In  C C I4. * In  C H C I 3. c In

T a b le  V . D i f f e r e n c e s  in O H  

C o m p le x e s  a n d  F r e e  G u e s t s 0

h e x a n e .

S t r e t c h i n g F r e q u e n c i e s  ( c m -1) b e tw e e n

g u e s t h o s t s o lv e n t \ v  O H *

p h e n o l 2 a C H C I 3 148 , 192

6d C C U 2 1 0 , 2 6 0

1 2 C C I4 1 4 6 ,2 2 2

r e s o r c in o l 6 c C H C I 3 2 33

6d C D C I3 2 0 4

1 2 C C I4 132 , 2 2 8

c a t e c h o l 6d C C I4 2 3 ,f 2 8 0 *

2 ,7 - d i h y d r o x y n a p h t h a l e n e 2 a C C I4 1 2 8 ,2 2 8

6d C C I4 2 0 0

a T h e  C = 0  s t r e t c h i n g  f r e q u e n c i e s  o f  t h e  c a r b o n y l  g r o u p  in  t h e  h o s ts  

m o v e  1 8 - 2 5  c m -1 to  low e r  w a v e n u m b e r s  u p o n  c om p le x  f o rm a t io n .  * B a n d s  

m o v e  to  low e r  w a v e n u m b e r s  u p o n  h y d r o g e n  b o n d in g .  c I n t r a m o l e c u l a r  

h y d r o g e n  b o n d .  d I n t e rm o l e c u l a r  h y d r o g e n  b o n d .

a r e  l i s t e d  in  T a b l e  I V . T a b l e  V  a n d  F ig u r e s  3 a n d  4  s h o w  t h e  

e f f e c t s  o f  c o m p l e x a t io n  o n  t h e  O H  b a n d s  o f  t h e  g u e s t .

D iscu ss io n

Structure o f  H o st-G u e st  C om p lexes. A . Infrared sp ectroscop y .

F ir s t  w e  w i l l  d i s c u s s  t h e  e f f e c t  o f  c o m p l e x a t i o n  o n  t h e  p o s i t io n  

o f  t h e  c a r b o n y l  s t r e t c h in g  v ib r a t io n  o f  t h e  h o s t .  O n e  d i f f i c u l t y  

is  t h a t  in  s o m e  fr e e  h o s t s  v  C = 0  p r o v e s  to  b e  s p l i t  in t o  a t  l e a s t  

t w o  b a n d s  ( T a b l e  I V ) .  T h i s  s p l i t t in g  is  p r o b a b ly  c a u s e d  b y  

c o u p l in g  o f  t h e  C = 0  v ib r a t io n  v ia  t h e  C — N  s t r e t c h in g  v ib r a t io n .  

S u p p o r t  fo r  t h is  e x p la n a t io n  is  f o u n d  in  t h e  R a m a n  s p e c t r a  o f  o u r  

c o m p o u n d s ,  w h ic h  d i s p la y e d  r e v e r s e d  r e la t iv e  in t e n s i t i e s  a s  

c o m p a r e d  t o  t h e  I R  s p e c t r a .

I R  s p e c t r a  o f  c o m p o u n d s  2 a ,  6 c , a n d  6d m ix e d  w it h  p h e n o l ,  

c a t e c h o l ,  o r  r e s o r c in o l  in  C C I 4 o r  C H C I 3 a l l  s h o w  a  v  C = 0  a t  

1 8 - 2 5  c m -1 lo w e r  w a v e n u m b e r  t h a n  t h a t  fo r  t h e  m o s t  in t e n s e  v  

C = 0  in  t h e  f r e e  h o s t .  T h i s  in d ic a t e s  t h a t  t h e  c a r b o n y l  g r o u p s  

in  t h e  c o m p le x e s  a r e  in v o lv e d  in  h y d r o g e n  b o n d in g .  T h e  A v  v a lu e s  

a r e  in  g o o d  a g r e e m e n t  w it h  v a lu e s  r e p o r te d  in  t h e  l i t e r a t u r e  fo r  

h y d r o g e n -  b o n d e d  c o m p l e x e s  o f  o t h e r  u r e a  d e r iv a t iv e s  w i t h  

p h e n o l s . 15

A d d i t i o n a l  in f o r m a t io n  o n  t h e  s t r u c t u r e  o f  t h e  c o m p l e x e s  c a n  

b e  o b t a in e d  f r o m  t h e  c h a n g e  in  t h e  O H  s t r e t c h in g  v ib r a t io n  o f  

c o m p l e x e d  g u e s t s .  T h e  d i f f e r e n c e  I R  s p e c t r u m  o f  a  m ix t u r e  o f

(1 5 )  M u l le r ,  J .  P .; V e rc ru y sse ,  G .;  Z e e g e r -H u y sk e n s ,  T h .  J . C h im . P h y s .  

P h y s . -C h im .  B io l .  1 9 7 2 , 69 , 1439.
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F ig u r e  3 . D i f f e r e n c e  I R  s p e c t r u m  o f  ( a )  a  m i x t u r e  o f  p h e n o l  a n d  6d  in 

C C I 4 a n d  o f  ( b )  a  m i x t u r e  o f  r e s o r c in o l  a n d  6d  in  C C I 4.

F ig u r e  4 .  D if f e r e n c e  s p e c t r u m  o f  a  m i x t u r e  o f  c a t e c h o l  a n d  6d  in  C C I 4.

p h e n o l  a n d  6d s h o w s  t w o  o v e r la p p in g  h y d r o g e n - b o n d e d  O H  b a n d s  

a t  3 4 0 1  a n d  3 3 5 1  c m -1 ( F i g u r e  3 a ) .  N o n e  o f  t h e s e  b a n d s  a r e  d u e  

t o  s e l f - a s s o c i a t e d  p h e n o l , 16 a s  w e  c h e c k e d  s e p a r a t e ly .  B o t h  

r e s o r c in o l  a n d  p h e n o l  s h o w  t h e  s a m e  e f f e c t  in  t h e  c o m p l e x  w it h  

d i k e t o n e  12. V e r y  r e m a r k a b ly ,  t h e  c o m p l e x  o f  6d w it h  r e s o r c in o l
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s h o w s  a  s i n g l e  s y m m e t r i c a l  b a n d  in  t h e  h y d r o g e n - b o n d e d  O H  

r e g io n  ( F i g u r e  3 b ) .  I t  is  k n o w n  t h a t  p h e n o ls  f o r m  t w o  t y p e s  o f  

c o m p l e x e s  w i t h  t h e  c a r b o n y l  g r o u p s  o f  k e t o n e s  a n d  r e la t e d  

c o m p o u n d s .1718 In  o n e  t y p e  t h e  O H  g r o u p  is  in  t h e  d i r e c t io n  o f  

t h e  n - e le c t r o n s  o f  t h e  k e t o n e ,  w h e r e a s  in  t h e  o t h e r  t y p e  it  is  d ir e c t e d  

t o w a r d  t h e  ^ - e l e c t r o n s  ( F i g u r e  5 ) .  T h e  b a n d  w i t h  t h e  s m a l l e r

(1 6 )  P e te le n z ,  B. U .; S hu rv e l l ,  H .  F. Can . J . C h em .  1 9 8 0 , 5 8 , 353 .

(1 7 )  L a u r e n c e ,  C .; B e r th e lo t ,  M .; H i lb e r t ,  M . S p e c tr o c h im .  A c ta  1 9 8 5 ,  

41 A ,  883 .

(1 8 )  M a s s a t ,  A .;  G u i l la um e ,  P h .;  D ou ce t ,  J .  P .; D ubo is ,  J .  E . J . M o l .  S t r u c t .

1 9 9 1 , 2 4 4 , 6 9 .

F ig u r e  5 .  T h e  tw o  m o d e s  o f  h y d r o g e n  b o n d in g  w i th  a  c a r b o n y l  g ro u p :  

( a )  w i th  th e - j r - e le c t ro n s  o f  t h e  c a r b o n y l  g r o u p ;  ( b )  w i th  t h e  n - e l e c t r o n s  

o f  t h e  c a r b o n y l  g r o u p .

A v  O H  is  a s s ig n e d  t o  t h e  O H  g r o u p s  h y d r o g e n  b o n d e d  w it h  th e  

7 r -e le c tr o n s . P h e n o l ,  w h ic h  in t e r a c t s  w it h  o n ly  o n e  o f  t h e  c a r b o n y l  

g r o u p s  o f  6d o r  12, h a s  t h e  p o s s ib i l i t y  t o  f o r m  b o t h  k in d s  o f  

c o m p l e x e s .  R e s o r c in o l ,  o n  t h e  o t h e r  h a n d ,  f o r m s  h y d r o g e n  b o n d s  

w it h  b o t h  c a r b o n y l  g r o u p s .  In  t h e  c o m p l e x  w i t h  6d it  is  c o n f in e d  

t o  t h e  c l e f t  o f  t h e  h o s t .  T h e r e f o r e  i t s  O H  g r o u p s  f a v o r  in t e r a c t io n  

w it h  t h e  7 r -e le c tr o n s  o f  t h e  c a r b o n y l  g r o u p s  fo r  g e o m e t r i c  r e a s o n s .  

T h e  v a lu e  o f  At> O H  in  t h is  c o m p l e x  ( 2 0 4  c m -1 ) is  s im i la r  t o  th e  

s m a l l e r  v a lu e  o f  A v  O H  in  t h e  c o m p l e x  o f  p h e n o l  w i t h  6d ( 2 1 0  

c m -1) .  T h e  in f r a r e d  s p e c t r u m  o f  t h e  c o m p l e x  o f  2 ,7 - d i h y d r o x y 

n a p h t h a le n e  w i t h  6d a l s o  s h o w s  o n ly  o n e  b a n d  in  t h e  h y d r o g e n  

b o n d e d  O H  r e g io n ,  w i t h  a  A*> O H  o f  2 0 0  c m -1 , a l m o s t  t h e  s a m e  

v a lu e  a s  in  t h e  c o m p l e x  o f  r e s o r c in o l  w i t h  t h is  h o s t .  T h i s  v a lu e  

s u g g e s t s  t h a t  in  t h e  c o m p l e x  o f  6d w it h  2 ,7 - d ih y d r o x y n a p h t h a le n e  

h y d r o g e n  b o n d s  a r e  a l s o  f o r m e d  w it h  t h e  7 r -e le c tr o n s  o f  th e  

c a r b o n y l  g r o u p s .  In  t h e  c o m p l e x e s  o f  p h e n o l  a n d  2 ,7 - d i h y d r o x y 

n a p h t h a le n e  w i t h  2a , m o r e  t h a n  o n e  b a n d  is  p r e s e n t  in  t h e  O H  

s t r e t c h in g  r e g io n ,  b u t  in  t h e s e  c o m p l e x e s  a d d i t i o n a l  h y d r o g e n  

b o n d s  w i t h  t h e  e t h e r  o x y g e n  a t o m s  c o m p l i c a t e  a s s i g n m e n t  o f  th e  

b a n d s .

F r e e  c a t e c h o l  in  C C 1 4 s o lu t io n  h a s  o n e  o f  t h e  O H  g r o u p s  

i n t r a m o le c u la r ly  h y d r o g e n  b o n d e d  t o  t h e  o t h e r  O H  g r o u p .  T h is  

g iv e s  r is e  t o  t w o  O H  s t r e t c h in g  v ib r a t io n s  in  t h e  I R  s p e c t r u m .  

W e  o b s e r v e d  t h e s e  v ib r a t io n s  a t  3 6 1 5  a n d  3 5 7 0  c m -1 ( l i t e r a t u r e  

v a lu e s  a r e  3 6 1 1  a n d  3 5 5 8  c m -1 19) .  U p o n  a d d i t io n  o f  6d t o  a 

s o lu t io n  o f  c a t e c h o l ,  b o t h  b a n d s  d e c r e a s e  in  in t e n s i t y  to  a lm o s t  

t h e  s a m e  d e g r e e  ( F i g u r e  4 ) ,  a n d  n e w  b a n d s  a r is e  a t  3 5 4 7  a n d  

3 3 3 2  c m -1 . T h e  b a n d  a t  3 5 4 7  c m -1 is  p r o b a b ly  d u e  t o  t h e  in 

t r a m o le c u la r ly  h y d r o g e n - b o n d e d  O H  g r o u p  in  t h e  c o m p l e x  a n d  

t h e  b a n d  a t  3 3 3 2  c m -1 d u e  t o  t h e  in t e r m o le c u la r  h y d r o g e n  b o n d .  

T a b l e  V  s h o w s  t h a t  A v  O H  o f  t h e  in t e r m o le c u la r  h y d r o g e n  b o n d  

is  la r g e r  in  t h e  c o m p l e x  w i t h  c a t e c h o l  t h a n  in  t h e  c o m p l e x e s  w ith  

r e s o r c in o l  a n d  p h e n o l .  A  s im i la r  o b s e r v a t io n  h a s  b e e n  r e p o r te d  

fo r  1:1 h y d r o g e n - b o n d e d  c o m p l e x e s  o f  c a t e c h o l  w i t h  B u 2S ,  T H F ,  

a n d  D M S O . 20 I t  is  k n o w n  t h a t  a n  O H  g r o u p  a c t i n g  a s  a n  a c c e p t o r  

b e c o m e s  m o r e  a c id ic .  A s  a  r e s u l t  a  s t r e n g t h e n in g  o f  t h e  in t e r 

m o le c u la r  h y d r o g e n  b o n d  in  t h e  c o m p le x  m a y  o c c u r .21 A  c o m p le x  

in  w h ic h  t h e  in t r a m o le c u la r  h y d r o g e n  b o n d  in  c a t e c h o l  h a s  b e e n  

d is r u p t e d  in  f a v o r  o f  a  d o u b le  i n t e r m o le c u la r  h y d r o g e n  b o n d  w it h  

t h e  c a r b o n y l  g r o u p s  o f  t h e  h o s t  c a n n o t  b e  e x c l u d e d  b u t  s e e m s  

e n e r g e t i c a l l y  le s s  l ik e ly .

B. N M R .  C h em ica lly  Induced S h ift  V a lu es. W e  h a v e  

in v e s t ig a t e d  t h e  g e o m e t r y  o f  t h e  c o m p l e x e s  o f  r e s o r c in o l ,  c a t e c h o l ,  

a n d  2 ,7 - d i h y d r o x y n a p h t h a l e n e  b y  c o m p a r in g  t h e  e x p e r im e n t a l l y  

d e t e r m in e d  s h i f t  v a lu e s  w i t h  v a lu e s  t h a t  c a n  b e  c a l c u l a t e d  u s in g  

J o h n s o n  a n d  B o v e y ’s  q u a n t i t a t i v e  r in g  c u r r e n t  m o d e l .22-24 T o  

t h is  e n d  a  c o m p u t e r  p r o g r a m  w a s  d e v e lo p e d  t h a t  u s e s  t h e  p o s i t io n s  

o f  t h e  p r o t o n s  a n d  t h e  c e n t e r s  o f  t h e  a r o m a t i c  r in g s  in  a  h o s t -

(1 9 )  S p en ce r ,  J .  N .;  H e c km an ,  R . A .; H a rn e r ,  R . S . ;S h o o p ,S .  L .; R ob e r tso n , 

K . S . J . P h y s . C h em .  1 9 7 3 , 77, 3103 .

(2 0 )  S p en c e r ,  J .  N . ;  R o b e r t so n ,  K . S .; Q u ick ,  E. E. J . P h y s . C h em .  1 9 7 4 , 

75, 2236 .

(2 1 )  K lee  b e rg , H . J . M o l .  S t r u c t .  1 9 8 8 , 177 , 157.

(2 2 )  Jo h n so n ,  C . S ., J r . ;  Bovey, F . A . J . C h em . P h y s .  1 9 5 8 , 29, 1012.

(2 3 )  F o r  a d i f f e re n t  a p p ro a c h  b a sed  on  q u a n tu m  m ech an ic a l  sh if t  

c a lc u la t io n s ,  see: H a ig h ,  C . W .; M a ll io n ,  R . B. O rg ,. M a g n . R e so n .  1 9 7 2 , 4 , 

203 . F u k a z aw a ,  Y .;  O g a ta ,  K .; U su i ,  S . J . A m .  C h em . S o c .  1 9 8 8 ,110 , 8692 .

(2 4 )  T h e  B o v ey -Jo h n so n  r in g  c u r r e n t  m ode l h a s  been  u sed  b e fo re  to  exp la in  

N M R  sh if ts  in in c lu s ion  com p lexes ;  e .g . see: O d a s h im a ,  K .; I ta i ,  A .; L i ta k a ,  

Y .; A r a t a ,  Y .; K oga , K . T e tr a h e d r o n  L e t t .  1 9 8 0 , 21 , 4373 .
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F ig u re  6 . M o d e  o f  i n s e r t i o n  o f  r e s o r c in o l  in  t h e  c a v i ty  o f  6 c  a s  u s e d  fo r  

th e  'H  N M R  s h i f t  c a l c u l a t i o n s .

Deviation from Optimal Depth (A)
Distance between Walls (A)

F ig u r e  7 . ( a )  C a l c u l a t e d  C I S  v a lu e s  o f  t h e  p r o to n s  o f  r e s o r c in o l  a s  a  

f u n c t io n  o f  t h e  d e p t h  o f  i n s e r t i o n  in  t h e  c l e f t  o f  6 c  w i th  a  c a v i ty -w a l l  

d i s t a n c e  o f  6 .3  A . ( b )  C a l c u l a t e d  C I S  v a lu e s  o f  p r o to n  H 2  o f  r e s o r c in o l  

in t h e  c o m p le x  w i th  6 c  a s  a  f u n c t i o n  o f  t h e  d i s t a n c e  b e tw e e n  t h e  c a v i ty  

w a lls .

g u e s t  c o m p l e x  to  c a l c u l a t e  t h e  s h i e ld in g  e f f e c t  o f  t h e  a r o m a t ic  

r in g s  o n  t h e  p r o to n s .

T h e  C I S  v a lu e s  o f  t h e  a r o m a t i c  p r o t o n s  o f  r e s o r c in o l  a n d  o f  

th e  c a v i t y - w a l l  p r o t o n s  o f  t h e  r e c e p t o r s  w e r e  c a lc u la t e d  fo r  v a r io u s  

d e p t h s  o f  in s e r t io n  o f  t h e  r e s o r c in o l  m o l e c u l e  in t o  t h e  c l e f t  o f  th e  

r e c e p to r  a n d  fo r  a  n u m b e r  o f  c a v i t y - w a l l  d i s t a n c e s .  T h e  r e s o r c in o l  

m o le c u le  w a s  lo w e r e d  in t o  t h e  c a v i t y  w i t h  i t s  O H  g r o u p s  p o in t in g  

to w a r d  t h e  c a r b o n y l  g r o u p s  ( F i g u r e  6 )  a n d  w a s  m o v e d  in  a  p la n e  

d e f in e d  b y  t h e  C 2 a x i s  a n d  t h e  c a r b o n y l  o x y g e n  a t o m s  o f  t h e  h o s t .  

T h e  C I S  v a lu e s  a r e  p lo t t e d  a s  a  f u n c t io n  o f  t h e  d e p t h  o f  in s e r t io n  

o f  t h e  r e s o r c in o l  m o l e c u l e  in  F ig u r e  7 a  a n d  a s  a  f u n c t io n  o f  t h e  

d is t a n c e  b e t w e e n  t h e  w a l l s  in  F ig u r e  7 b .  I f  w e  a s s u m e  t h a t  t h e  

o p t im a l  in s e r t io n  d e p t h  is  t h e  o n e  c o r r e s p o n d in g  w it h  a n  O - H —O  

h y d r o g e n - b o n d in g  d i s t a n c e  o f  2 . 7 2  A ( t h e  a v e r a g e  d i s t a n c e  o f  

O - H —O  h y d r o g e n  b o n d s  in  a  n u m b e r  o f  c r y s t a l  s t r u c t u r e s 25) ,  

th e  m e a s u r e d  C I S  v a lu e  o f  H 2  ( 2 .7 1  p p m )  is  b e s t  r e p r o d u c e d  

w ith  a  w a l l  t o  w a l l  d i s t a n c e  o f  6 .3  A, a s  o p p o s e d  to  a  w a l l  to  w a l l  

d i s t a n c e  o f  6 .6 7  A in  t h e  c r y s t a l  s t r u c t u r e  o f  6c  ( F i g u r e  7 b  a n d  

T a b le  I ) .  T h e  c a r b o n  a t o m s  a t  t h e  r im  o f  t h e  c a v i t y  o f  6 c , w h ic h  

a re  t h e  c a r b o n  a t o m s  in  c lo s e s t  c o n t a c t  w ith  t h e  r e s o r c in o l  m o le c u le  

( F ig u r e  8 ) ,  a r e  6 .8  A a p a r t  i f  t h e  c a v i t y - w a l l  c e n t e r s  a r e  s e p a r a t e d  

b y  6 .3  A. In  a  c o m p l e x  w i t h  t h is  h o s t  g e o m e t r y ,  t h e  d i s t a n c e  

b e t w e e n  t h e  r e s o r c in o l  C 2  a t o m  a n d  e a c h  o f  t h e  c a v i t y  w a l l s  is  

3 .4  A. T h u s ,  a t  t h is  s i t e ,  t h e  c a v i t y  w a l l s  a r e  in  v a n  d e r  W a a l s  

c o n t a c t  w i t h  t h e  r e s o r c in o l  m o l e c u le .

F o r  t h e  h o s t - g u e s t  c o m p l e x e s  w i t h  c a t e c h o l ,  l e s s  in f o r m a t io n  

is a v a i la b le  t h a n  fo r  t h e  c o m p l e x e s  w it h  r e s o r c in o l  b e c a u s e  t h e r e  

a r e  n o  p r o to n  s i g n a l s  in  t h e  h o s t  o r  t h e  g u e s t  t h a t  s h i f t  s t r o n g ly .  

A n o t h e r  c o m p l i c a t i o n  is  t h a t  a l l  a r o m a t i c  p r o t o n s  o f  f r e e  c a t e c h o l  

h a v e  a p p r o x im a t e ly  t h e  s a m e  s h i f t .  C a l c u l a t i o n s  w e r e  p e r f o r m e d  

in w h ic h  t h e  c a t e c h o l  m o l e c u l e  w a s  lo w e r e d  v e r t i c a l ly  in t o  t h e  

h o s t ,  w i t h  i t s  O H  g r o u p s  p o in t in g  t o w a r d  t h e  c a r b o n y l  g r o u p s .  

T h e  o p t im a l  in s e r t io n  d e p t h  w a s  c o n s id e r e d  t o  b e  t h e  o n e  w it h  

th e  O H  g r o u p s  a t  t h e  h y d r o g e n - b o n d in g  d i s t a n c e  o f  t h e  c a r b o n y l  

g r o u p s .  T h e  c a l c u l a t e d  in d u c e d  s h i f t  o f  t h e  a r o m a t i c  p r o t o n s  o f  

c a t e c h o l  is  0 . 3 6  fo r  H 3 , 6  a n d  0 .1 5  fo r  H 4 , 5 ,  a s  c o m p a r e d  t o  a n

(2 5 )  W a l lw o rk ,  C . S . A c ta  C r y s ta l lo g r .  1962 , 15 , 758 .

F ig u r e  8 .  ( a ,  l e f t )  S id e  v iew  o f  t h e  c o m p le x  b e tw e e n  r e s o r c in o l  a n d  6 c  

b a s e d  o n  N M R  d a t a .  H y d r o g e n  a t o m s  o f  t h e  h o s t  h a v e  b e e n  o m i t t e d  fo r  

c l a r i t y ,  ( b ,  r i g h t )  F r o n t  v iew  o f  t h e  s a m e  c om p le x .  M e th o x y  g r o u p s  a n d  

h y d r o g e n  a t o m s  o f  t h e  h o s t  h a v e  b e e n  o m i t t e d  f o r  c l a r i t y .

e x p e r im e n t a l  C I S  v a lu e  o f  0 .2 5  p p m  in  t h e  c o m p l e x  w i t h  6 d . T h e  

c a l c u l a t e d  s h i f t  o n  t h e  c a v i t y - w a l l  p r o t o n s  is  0 . 4 9  p p m  w h e r e a s  

t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a lu e  is  0 .3 1  p p m  in  t h e  c o m p l e x  

w it h  6 c  a n d  0 .2 2  p m  in  t h e  c o m p l e x  w i t h  6 d  ( T a b l e  I ) .  

C o n s e q u e n t l y  t h e  c a l c u l a t i o n s  i n d ic a t e  t h a t  c a t e c h o l  is  b o u n d  

in s id e  t h e  c a v i t i e s  o f  h o s t s  1 , b u t  b e c a u s e  o f  t h e  s m a l l  C I S  v a lu e s  

n o  c o n c lu s io n s  c a n  b e  d r a w n  a s  t o  t h e  p r e c is e  m o d e  o f  c o m p le x a t io n  

o f  t h i s  g u e s t .

T h e  C I S  v a lu e s  o f  2 ,7 - d i h y d r o x y n a p h t h a l e n e  h a v e  b e e n  

c a l c u l a t e d  in  a  h o s t  s t r u c t u r e  w i t h  a  c a v i t y - w a l l  d i s t a n c e  o f  6 .3

A. E x c e l l e n t  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  a n d  e x p e r im e n t a l  

C I S  v a lu e s  is  o b t a in e d ,  w h e n  it  is  a s s u m e d  t h a t  t h e  g u e s t  is  

c o m p le x e d  s y m m e t r ic a l ly  a n d  s im u l t a n e o u s ly  f o r m s  t w o  h y d r o g e n  

b o n d s  w i t h  t h e  c a r b o n y l  g r o u p s  o f  t h e  h o s t .  T h e  c a l c u l a t e d  v a lu e s  

a r e  1 .5 3  p p m  fo r  H I , 8 ,  0 .1 8  p p m  fo r  H 3 , 6 ,  a n d  0 . 2 2  p p m  fo r  

H 4 , 5 .  T h e  e x p e r im e n t a l  v a lu e s  a r e  1 .5 9 ,  0 . 1 6 ,  a n d  0 . 2 4  p p m ,  

r e s p e c t iv e l y  ( T a b l e  I ) .

F a cto rs  D eterm in in g  C o m p lex  S ta b ility . A . E lectron ic  and  

G eom etric  F eatu res o f  the G uest. T a b l e  II  s h o w s  t h a t  t h e  b in d in g  

s t r e n g t h  o f  t h e  h o s t - g u e s t  c o m p l e x  is  s t r o n g ly  in f lu e n c e d  b y  t h e  

t y p e  o f  s u b s t i t u e n t  o n  t h e  g u e s t .  E le c t r o n - w i t h d r a w in g  s u b s t i t 

u e n t s  in c r e a s e  t h e  a c id i t y  o f  t h e  O H  g r o u p s  o f  t h e  g u e s t ,  c a u s in g  

t h e  a s s o c i a t i o n  c o n s t a n t s  t o  b e  h ig h e r .  W h e n  b r o m o  s u b s t i t u e n t s  

a r e  in t r o d u c e d  in  t h e  a r o m a t i c  n u c le u s ,  t h e  K a in c r e a s e s  f r o m  

2 6 0 0  M _I, fo r  t h e  c o m p le x  o f  6 c  w it h  r e s o r c in o l ,  to  5 6 0 0  M _1, fo r  

t h e  c o m p l e x  w it h  d ib r o m o r e s o r c in o l .

T h e  t h r e e  d ih y d r o x y - s u b s t i t u t e d  a r o m a t ic  c o m p o u n d s  c a t e c h o l ,  

r e s o r c in o l ,  a n d  2 ,7 - d i h y d r o x y n a p h t h a l e n e  s h o w  a  r e m a r k a b le  

d i f f e r e n c e  in  K ay v iz .  6 0  M _1 fo r  c a t e c h o l ,  2 6 0 0  M -1 fo r  r e s o r c in o l ,  

a n d  7 1 0 0  M _1 fo r  2 ,7 - d i h y d r o x y n a p h t h a l e n e .  A p a r t  f r o m  d i f 

f e r e n c e s  in  7r-7r s t a c k in g  in t e r a c t io n s ,  w h ic h  a r e  d i f f i c u l t  to  

q u a n t i f y ,  t h e  m a j o r  c a u s e  fo r  t h e s e  d i f f e r e n t  K a v a lu e s  r e s id e s  in  

t h e  r e la t iv e  g e o m e t r y  o f  t h e  p h e n o l i c  O H  g r o u p s  o f  t h e s e  g u e s t s .  

In  c a t e c h o l ,  t h e  O H  g r o u p s  a r e  2 .7 2  A a p a r t .  O n e  o f  t h e s e  g r o u p s  

f o r m s  a n  in t r a m o le c u la r  h y d r o g e n  b o n d  w i t h  t h e  o r t h o  o x y g e n  

a t o m .  T h i s  h y d r o g e n  b o n d  h a s  t o  b e  d i s r u p t e d  b e f o r e  t w o  

s im u l t a n e o u s  h y d r o g e n  b o n d s  w i t h  t h e  c a r b o n y l  g r o u p s  o f  t h e  

h o s t  c a n  b e  f o r m e d .  T h e  e v id e n c e  f r o m  I R  e x p e r im e n t s  o n  t h e  

c o m p l e x  b e t w e e n  6 d  a n d  c a t e c h o l  is  in  fa v o r  o f  t h e  p r e s e r v a t io n  

o f  t h e  in t r a m o le c u la r  h y d r o g e n  b o n d  in  t h is  c o m p le x .  I f  t h is  

in d e e d  is  t h e  c a s e ,  t h e  c o m p l e x  is  s t a b i l i z e d  b y  o n ly  o n e  h y d r o g e n  

b o n d ,  a n d  c o n s e q u e n t ly  t h e  a s s o c ia t io n  c o n s t a n t  is  lo w .  H o w e v e r ,  

i f  t h e r e  a r e  t w o  i n t e r m o le c u la r  h y d r o g e n  b o n d s  in  t h e  c o m p l e x e s  

w it h  c a t e c h o l ,  t h e  s h o r t  d i s t a n c e  b e t w e e n  t h e  t w o  O H  g r o u p s  w i l l  

f o r c e  t h e s e  h y d r o g e n  b o n d s  t o  h a v e  a n  u n f a v o r a b le  g e o m e t r y .  

A s s u m i n g  t h a t  t h e  h y d r o g e n  b o n d s  a r e  l in e a r 26 a n d  h a v e  a n  0 * « 0  

d i s t a n c e  o f  2 .7  A , t h e n  t h e  C O H  a n g le  in  t h e  c a t h e c h o l  c o m p l e x e s  

m u s t  b e  1 7 9 ° ,  in s t e a d  o f  t h e  n o r m a l  1 0 9 °  ( F i g u r e  9 a ) .  T h e  

d is r u p t io n  o f  t h e  in t r a m o le c u la r  h y d r o g e n  b o n d  a n d  t h e  n o n id e a l  

g e o m e t r y  o f  t h e  h y d r o g e n  b o n d s  w il l  c a u s e  t h e  ATa’s o f  t h e  c a t h e c h o l

(2 6 )  O lovsson , I.; Jo n sso n , P .-G . In  T h e  H y d r o g e n  B o n d ; S c h u s te r ,  P ., 

Z u n d e l ,  G . ,  S a n d o r fy ,  C .,  E ds .;  N o r th  H o l la n d  P u b l ish in g  C om p an y :  

A m s te rd am ,  N ew  Y o rk ,  O x fo rd ,  1976; Vol. I I ,  C h a p te r  8, pp  3 9 3 -4 5 6 .



9004  J . A m .  C h em . S o c . ,  Vol. 115, N o . 20, 1993 S i jb e sm a  e t a l

79

a b c
F ig u r e  9 .  G e o m e t r y  o f  h y d r o g e n  b o n d s  in  c o m p le x e s  o f  ( a )  c a t e c h o l ,  ( b )  r e s o r c in o l ,  a n d  ( c )  2 , 7 - d i h y d r o x y n a p h t h a l e n e  in  6 d . O n ly  t h e  g ly c o lu r i l  

f r a m ew o r k  o f  6 d  h a s  b e e n  d r a w n .

c o m p le x e s  t o  b e  lo w e r  th a n  t h o s e  o f  t h e  o t h e r  h o s t - g u e s t  c o m p le x e s  

( T a b le s  II  a n d  I I I ) .  F o r  c o m p le x a t io n  o f  r e s o r c in o l ,  n o  in t r a m o 

l e c u la r  h y d r o g e n  b o n d  n e e d s  to  b e  d i s r u p t e d  a n d  t h e  d i s t a n c e  

b e t w e e n  t h e  O H  g r o u p s  is  m o r e  f a v o r a b le .  T h e  C O H  a n g l e  in  

s y m m e t r i c a l l y  c o m p l e x e d  r e s o r c in o l  is  1 2 7 ° .  T h i s  is  c lo s e r  t o  t h e  

o p t im a l  a n g le  o f  1 0 9 °  t h a n  t h a t  in  t h e  c o m p l e x  o f  c a t e c h o l .

In  a s y m m e t r i c a l  c o m p l e x  w i t h  2 ,7 - d i h y d r o x y n a p h t h a l e n e ,  t h e  

C O H  a n g l e  is  1 0 2 ° .  In  t h is  c o m p l e x  t h e  h y d r o g e n  b o n d  is  3 4 °  

o u t  o f  t h e  p la n e  o f  t h e  u r e a  s e g m e n t s .  T h e  g e o m e t r i c  r e q u ir e m e n t s  

fo r  h y d r o g e n  b o n d in g  w i t h  t h e  7 r -e le c tr o n s  o f  a  c a r b o n y l  g r o u p  

a r e  n o t  k n o w n ,  s o  it  is  n o t  p o s s ib le  to  a n a l y z e  w h e t h e r  t h is  a n g le  

w it h  t h e  p la n e  o f  t h e  u r e a  s e g m e n t s  is  l e s s  f a v o r a b le  t h a n  t h a t  

in  t h e  c o m p le x e s  w it h  r e s o r c in o l  o r  c a t e c h o l ,  in  w h ic h  t h e s e  v a lu e s  

a r e  5 9 °  a n d  8 3 ° ,  r e s p e c t iv e ly .  T h e  s im i la r i t y  o f  t h e  v a lu e  o f  A*/ 

O H  in  t h e  c o m p l e x e s  o f  6d w it h  2 ,7 - d i h y d r o x y n a p h t h a l e n e  a n d  

r e s o r c in o l  in d ic a t e s  t h a t  t h e  s t r e n g t h  o f  t h e  h y d r o g e n  b o n d s  is  

a p p r o x im a t e ly  t h e  s a m e .  T h e  h ig h e r  o f  t h e  f o r m e r  c o m p l e x  

m u s t  t h e r e f o r e  b e  c a u s e d  b y  m o r e  f a v o r a b le  t t - t t  s t a c k in g  

in t e r a c t io n s .

B. E ffe c ts  o f  V a ria tio n s in the H o st. O n e  o f  t h e  o b j e c t iv e s  o f  

o u r  s t u d y  w a s  to  in v e s t ig a t e  t h e  c o n t r ib u t io n  o f  t t - t t  in t e r a c t io n s  

t o  b in d in g  in  o u r  h o s t - g u e s t  c o m p l e x e s .  T a b l e  I I I  s h o w s  s o m e  

r e m a r k a b le  d i f f e r e n c e s  in  Ka v a lu e s  o f  t h e  c o m p l e x e s  o f  r e s o r c in o l  

w it h  d i f f e r e n t  r e c e p t o r  m o le c u le s .  T h e  c o m p le x  o f  r e s o r c in o l  

w it h  2a c a n  o n ly  b e  s t a b i l i z e d  b y  h y d r o g e n  b o n d s .  I t  h a s  a  

r e la t iv e ly  lo w  a s s o c ia t i o n  c o n s t a n t  o f  2 5  M _I. P r o v id in g  t h e  

r e c e p t o r  w it h  t w o  p - q u i n o n e  w a l l s  a s  in  5 h a s  l i t t l e  e f f e c t  o n  t h e  

K a. A p p a r e n t ly ,  t h e r e  a r e  n o  s t r o n g  a t t r a c t iv e  in t e r a c t io n s  

b e t w e e n  t h e s e p - q u in o n e  m o ie t ie s  a n d  a  r e s o r c in o l  m o le c u le ,  w h ic h  

is  r e m a r k a b le .  T h e  c o m p l e x e s  o f  r e s o r c in o l  w ith  r e c e p t o r s  

c o n t a i n in g  b e n z e n e  r in g s  a s  c a v i t y  w a l l s ,  h o w e v e r ,  d i s p la y  m u c h  

h ig h e r  K & v a lu e s .  C h a n g in g  t h e  c a v i t y  w a l l s  f r o m  q u in o n e  m o ie t ie s  

in  5 t o  b e n z e n e  r in g s  in  6a  l e a d s  t o  a n  e ig h t f o l d  in c r e a s e  in  Ka. 

A  s im i la r  f e a t u r e  is  o b s e r v e d  fo r  c a t e c h o l  ( T a b l e  I I I ) .  T h e  

in c r e a s e d  b in d in g  o f  r e s o r c in o l  a n d  c a t e c h o l  in  t h e  h o s t s  w ith  

a r o m a t i c  c a v i t y  w a l l s  a s  c o m p a r e d  to  5 is  c o n t r a r y  t o  e x p e c t a t i o n .  

T h e  o b s e r v e d  o f f s e t  g e o m e t r y  o f  t h e  h o s t - g u e s t  c o m p le x e s  h o w e v e r  

is  in  a c c o r d a n c e  w it h  t h e o r y .27 C a l c u l a t i o n s  o f  t h e  f o r c e s  

s t a b i l i z i n g  t h e  c o m p l e x e s  o f  6  w i t h  r e s o r c in o l  a r e  c u r r e n t ly  in  

p r o g r e s s .28

G o in g  f r o m  6a  t o  6d a n d  6 c , t h e  K a fo r  r e s o r c in o l  in c r e a s e s  

f r o m  2 0 0  to  4 5 0  a n d  2 6 0 0  M _1, r e s p e c t iv e ly .  T h i s  t r e n d  is  n o t  

r e p e a t e d  in  t h e  c o m p l e x e s  o f  6 c  a n d  6d w it h  c a t e c h o l ,  fo r  w h ic h  

g u e s t  b in d in g  is  s o m e w h a t  w e a k e r  t h a n  t h a t  in  6a . W e  b e l ie v e  

t h a t  in  b o t h  6 c  a n d  6d t h e  m e t h o x y  a n d  m e t h y l  s u b s t i t u e n t s  

s t r e n g t h e n  t h e  h y d r o g e n  b o n d s  o f  r e s o r c in o l  w i t h  t h e  c a r b o n y l  

g r o u p s  b y  r e d u c in g  t h e  in t e r a c t io n  o f  t h e s e  g r o u p s  w i t h  s o lv e n t  

m o l e c u le s .  A n o t h e r  p o s s ib i l i t y  is  t h a t  t h e  o x y g e n  a t o m s  o f  t h e  

m e t h o x y  g r o u p s  in  6 c  a r e  in v o lv e d  in  h y d r o g e n  b o n d in g .  M e t h o x y  

g r o u p s  in  a r o m a t i c  m o l e c u le s  h a v e  a  p r e f e r e n c e  fo r  b e in g  in  t h e  

p la n e  o f  t h e  a r o m a t ic  r in g .29 In  6c  t h is  c o n f o r m a t io n  w o u ld  d ir e c t

(2 7 )  H u n te r ,  C . A .; S a n d e r s ,  J .  K . M . J . A m .  C h em . S o c .  1 9 9 0 ,1 1 2 , 5525 .

(2 8 )  H u n te r ,  C . A .; S i jb e sm a ,  R . P .; N o l te ,  R . J .  M . U n p u b l is h e d  re su lts .

one of the elect ron pairs on each of the methoxy oxygen atoms 

toward the cavi ty. In the complexes of 6 c  and 6d with catechol 

the methoxy groups are not l ikely to play an important  role, since 

the O H  groups of this guest  are not in the correct  posit ion to form 

hydrogen bonds with these groups. The value of the complex 

between 4  and resorcinol is intermediate between the Ka values 

for 6 a  and 6c  and this guest  (Table I I I ) . This is in l ine with the 

fact  that  4 has only two methoxy groups on its cavi t y walls. 

Subst i tut ion of the cavi ty wal ls of 6 c  with two bromo or two nitro 

groups, as in 7  and 8, also leads to a decrease in binding strength. 

These subst i tuents force two of the methoxy groups to rotate out 

of the plane of the cavi ty wal ls, causing them either to point 

inward, blocking the carbonyl  groups completely, or to point 

outward, in which case the elect ron pairs of the oxygen atoms are 

less favorably oriented for hydrogen bonding with resorcinol.

Compound 9  is a host with dimethoxynaphthalene cavi ty walls. 

It  shows quite di fferent  complexat ion behavior when compared 

to the other hosts. Al though the O H  proton signals of resorcinol 

shi ft  upon t i t rat ion with 9 , its aromat ic proton signals are not 

influenced at  al l . These results indicate that  hydrogen bonds are 

formed between host and guest  but the guest  is not bound inside 

the cavi ty of 9 . It  is interest ing to see in the X- ray st ructure of

9  that  al l  four methoxy groups are point ing into the cleft . From 

an examinat ion of C P K  models, it is clear that  i f  one of the 

methoxy groups is point ing into the cleft , the 7r-electrons of the 

carbonyl  group on that  side of the molecule wi l l  be blocked for 

hydrogen bonding with dihydroxybenzene. I f  the crystal  structure 

of 9  reflects the conformat ional preference of the methoxy groups 

in solut ion, the low K& of 9  with catechol and resorcinol (Table 

I I I )  is caused by the complete blocking of both carbonyl  groups 

for hydrogen bonding with a guest  in the cavi ty. Another factor 

that  may be responsible for the absence of binding is the di fferent  

7r-electron density at  the point where 9  makes contact  with the 

guest  molecule.

C on clu sion s

The expectat ion that  hosts of type 1 are good receptors for 

dihydroxybenzene derivat ives has turned out to be correct . The 

guests are bound in the cavi t y of al l  hosts except  9 , as could be 

shown by comparison of calculated and experimental  C IS  values.

Al though the carbonyl groups of the glycoluri l  moiet ies do not 

point into the cavi ty of the hosts, they nevertheless are quite 

efficient  binding sites, as they al low the format ion of hydrogen 

bonds via their 7r-electron system.

The stabi l izing effect  of t - t t  interact ions was establ ished by 

comparing the binding propert ies of the di fferent  host compounds 

and was confi rmed by the results of the C IS  calculat ions on the 

complexes with resorcinol. These calculat ions show that , upon 

binding, the cavi ty wal ls move closer together to within van der 

W aals distance of the guest . Our init ial assumpt ion that  binding

(2 9 )  S p e l lm ey e r ,  D . C .;  G ro o te n h u is ,  P . D . J .;  M il le r ,  M . D .; K u y p e r ,  L .F .;  

K o l lm an ,  P . A . J . P h y s . C h em .  1 9 9 0 , 94 , 4 4 83  a n d  re fe re n c e s  c i te d  th e re in .



s t r e n g t h  c a n  b e  in c r e a s e d  s im p l y  b y  e n la r g in g  t h e  s u r f a c e  o f  t h e  

c a v i t y  w a l l s  o r  b y  c h a n g i n g  i t s  e l e c t r o n - a c c e p t i n g  p r o p e r t ie s  h a s  

p r o v e n  to  b e  t o o  s i m p l i s t i c .  W e  h a v e  l e a r n e d  t h a t  t h e  c o n f o r 

m a t io n a l  f e a t u r e s  o f  m e t h o x y  g r o u p s  o n  t h e  c a v i t y  w a l l s  h a v e  a  

q u in t e s s e n t ia l  i n f l u e n c e  o n  t h e  c o m p l e x a t i o n  p r o p e r t ie s  o f  th e  

h o s t .  In c o m p o u n d s  in  w h ic h  t h e y  c a n  b e  c o p la n a r  w it h  t h e  c a v i t y  

w a lls ,  t h e y  s t r e n g t h e n  t h e  h y d r o g e n  b o n d s .  In c o m p o u n d s  in  

w h ic h  t h e s e  g r o u p s  a r e  n o t  c o p la n a r ,  t h e y  c o m p l e t e l y  in h ib i t  

b in d in g  in s id e  t h e  c a v i t y  p r o b a b ly  b y  b lo c k in g  t h e  7 r -e le c tr o n s  o f  

th e  c a r b o n y l  g r o u p s  fo r  h y d r o g e n  b o n d in g .  T h i s  f e a t u r e  is  

e s p e c ia l ly  im p o r t a n t ,  s in c e  m a n y  s y n t h e t i c  r o u t e s  to  d e r iv a t iv e s  

o f  h o s t s  b a s e d  o n  d ip h e n y lg ly c o lu r i l  s ta r t  f r o m  6 c  a n d  c o n s e q u e n t ly  

c o n t a in  m e t h o x y  o r  a lk o x y  g r o u p s  a s  s u b s t i t u e n t s .

E xp erim en ta l S ec tio n

C o m p o u n d s . T h e  s y n th e s e s  a n d  p r o p e r t i e s  o f  c o m p o u n d s  2 a ,  3 , 6 a ,  6 b , 

6c ,  6 d , 9 ,  a n d  1 0 b  a r e  d e s c r i b e d  e l s e w h e r e .7 C o m p o u n d  1 2  w a s  a  

c o m m e r c i a l  s am p le .

5 ,7 ,1 2 ,1 3 b , 13 c ,  1 4 - H e x a h y d r o - 1,4 ,-d im e t h o x y -13 b , 13 c -d ip h e n y  1 -6 / / ,  1 3  H- 

5 a ,6 a ,  12 a ,  1 3 a - t e t r a a z a b e n z [ 5 ,6 ] a z u le n o [ 2 ,1 ,8 - i /a ]b e n z {  Z ]a z u le n e -6 ,1 3 -d i-  

o n e  ( 4 ) .  C o m p o u n d  3  ( 1 .0 3  g , 2 .11  m m o l )  w a s  r e f l u x e d  u n d e r  N 2 in  10 

m L  o f  f r e s h ly  d i s t i l l e d  b e n z e n e  w i th  1 .23  g ( 9 .2 5  m m o l )  o f  A IC I3 a s  

c a t a ly s t .  A f t e r  1 .5  h , 10 m L  o f  6 N  a q u e o u s  HC1  w a s  a d d e d  a n d  th e  

m ix tu r e  w a s  r e f l u x e d  fo r  a n o t h e r  0 .5  h . C H C I 3 ( 5 0  m L )w a s  a d d e d ,  a n d  

th e  o r g a n i c  l a y e r  w a s  w a s h e d  w i th  6 N  a q u e o u s  H C 1 , a n d  w a t e r  a n d  d r i e d  

o v e r  M gSC>4. A f t e r  f i l t r a t i o n  t h e  s o lv e n t  w a s  r em o v e d  in v a c u o .  'H -  

N M R  s h o w e d  t h a t  3  h a d  p a r t l y  r e a c t e d  w i th  b e n z e n e .  T h e  u n r e a c t e d  

c h lo r om e th y l  g r o u p s  h a d  f o rm e d  c y c l ic  o x a p r o p y l  g r o u p s ,  g iv in g  a  m ix tu r e  

o f  c o m p o u n d s ,  w h ic h  c o u ld  n o t  b e  s e p a r a t e d  b y  c o l u m n  c h r o m a t o g r a p h y .  

A s am p le  ( 0 .4 4  g )  o f  t h i s  m ix t u r e  w a s  d is so lv e d  in  1 m L  o f  a c e t i c  a n h y d r i d e  

a n d  1.5 m L  o f  t r i f l u o r o a c e t i c  a c id .  p -D im e t h o x y b e n z e n e  ( 0 .3 3  g , 2 .3 9  

m m o l )  w a s  a d d e d ,  a n d  t h e  m ix t u r e  w a s  h e a t e d  a t  9 0  ° C  fo r  2 0  m in .  

H e r e a f t e r  4  m L  o f  m e th a n o l  w a s  a d d e d  to  d e c om p o s e  t h e  a c e t i c  a n h y d r id e ,  

fo l low ed  b y  25  m L  o f  C H C I 3. T h e  s o lu t io n  w a s  w a s h e d  tw ic e  w i th  1 N  

a q u e o u s  N a O H ,  a n d  t h e  s o lv e n t  w a s  r em o v e d  in  v a c u o .  By  c a r e f u l  

c h r o m a t o g r a p h y  ( C H C h /m e t h a n o l ,  199:1  v / v ) ,  0 .2 0 0  g  ( 1 5%  b a s e d  on  

p - d im e th o x y b e n z e n e )  o f  4  c o u ld  b e  s e p a r a t e d  f r o m  t h e  o t h e r  tw o  p r o d u c t s ,  

6 a  a n d  6 c .  'H  N M R  (C D C 1 3) b 7.1 (m ,  12  H ,  A r H ) ,  6 .66  (s ,  2 H ,  A r H ) ,  

5 .6 0 , 4 .8 5 ,  4 .2 2  a n d  3 .7 3  ( 4 d ,  8 H ,  N C T /H A r ,  J  =  15 .8  H z ) ,  3 .7 5  (s , 6

H , O C H 3); F A B -M S  (m - n i t r o b e n z y l  a l c o h o l )  m / z  5 5 9  (M  +  H ) + . A n a l .  

C a lc d  fo r  C 34H 3o N 4 0 4 -0 .5C H 2C l2: C ,  6 8 .9 4 ;  H ,  5 .2 0 ;  N ,  9 .3 2 .  F o u n d :  

C , 6 8 .4 9 ;  H ,  5 .0 5 ;  N ,  9 .1 .

5 ,7 ,1 2 ,1 3 b , 1 3 c , 14 - H e x a h y  d r o -1 3 b , 1 3 c - d ip b e n y l - 6 / / ,  13 / / - 5 a ,6 a ,  1 2 a , 13 a -  

t e t r a a z a b e n z ( 5 ,6 1 a z u le n o { 2 , l ,8 - i /a ] b e n z [ / ] a z u le n e .  ( 5 ) .  C o m p o u n d  6 b  

(0 .3 7  g , 0 .66  m m o l )  w a s  d is s o lv e d  in 10  m L  o f  D M S O .  C u 2C h  ( 5 0  m g )  

a n d  0 .5  m L  o f  p y r i d i n e  w e r e  a d d e d ,  a n d  a i r  w a s  b u b b l e d  t h r o u g h  t h e  

m ix tu r e  f o r  2 h . T h e  r e d  s o lu t io n  w a s  p o u r e d  in to  100  m L  o f  1 N  a q u e o u s  

HC1, a n d  t h e  r e s u l t i n g  s u s p e n s io n  w a s  e x t r a c t e d  w i th  5 0  m L  o f  C H C I 3. 

T h e  C H C I 3 l a y e r  w a s  w a s h e d  tw ic e  w i th  5%  a q u e o u s  N H 3, d r i e d ,  a n d  

c o n c e n t r a t e d  in  v a c u o  to  y ie ld  0 .2 7 5  g  ( 7 5% )  o f  5 . A  s am p le  w a s  

r e c r y s t a l l i z e d  f r o m  a c e t i c  a c id  fo r  a n a ly s i s .  'H  N M R  ( C D C I 3) 5 7 .1 5  

(m , 10 H ,  A r H ) ,  6 .8 0  (s ,  4  H ,  C H ) ,  5 .5 3  a n d  3 .71  ( 2 d ,  8 H ,  N C / / H C ,  

J  =  15 .8  H z ) ;  F A B -M S  (m - n i t r o b e n z y l  a l c o h o l )  m / z  5 5 9  (M  +  H ) + . 

A n a l .  C a l c d  fo r  C 32H 22N 4 0 6 -0 .6 5C H 3C 0 2H : C ,  6 6 .9 3 ;  H ,  4 .1 5 ;  N ,  

9 .3 8 .  F o u n d :  C ,  6 7 .0 ;  H ,  3 .9 2 ;  N ,  9 .4 4 .

2 , 9 - D i b r o m o - 5 , 7 , 1 2 ,1 3 b ,  1 3 c ,  1 4 - h e x a h y d r o - 1 ,4 ,8 ,1 1  - t e t r a m e t h o x y -  

13 b , 1 3 c -d ip h e n y  1 - 6 / / ,  1 3 / / - 5 a ,  6 a ,  1 2 a , 1 3 a - t e t r a a z a b e n z [ 5 ,6 ] a z u le n o {  2 ,1 ,8 -  

/ /a ] b e n z ( / ] a z u le n e - 6 ,1 3 - d io n e  ( 7 a )  a n d  2 ,1 0 - D i b r o m o - 5 ,7 ,1 2 ,1 3 b ,1 3 c ,1 4 -  

h e x a h y  d r o -1 ,4 ,8 ,1 1  - t e tr a m e th o x y -13 b , 13 c -d ip b e n y  1 -6 / / ,  13 / / - 5 a ,6 a ,  1 2 a , 13 a -  

t e t r a a z a b e n z [ 5 , 6 ] a z u l e n o [ 2 , l , 8 - / / a ] b e n z [ / ] a z u l e n e - 6 , 1 3 - d i o n e  ( 7 b ) .  

C o m p o u n d  6 c  (0 .3 1  g , 0 .2  m m o l ) ,  A IC I3 ( 3 5  m g ) , a n d  B r2 ( 0 .3 2  g )  w e r e  

s t i r r e d  fo r  2 4  h in  10  m L  o f  C H 2C I2. T h e  r e a c t i o n  m ix t u r e  w a s  f i l t e r e d ,  

a n d  t h e  f i l t r a t e  w a s  w a s h e d  tw ic e  w i th  a q u e o u s  N a H S C >3 a n d  e v a p o r a t e d

M o le c u la r  C lip s  D e r iv e d  f r o m  D ip h e n y l  g ly c o lu r i l

to  d r y n e s s .  C o lu m n  c h r o m a t o g r a p h y  ( e t h y l  a c e t a t e / h e x a n e ,  1 :2  v / v )  

y ie ld e d  0 .0 7 3  g  ( 20% ) o f  7 b  a n d  0 .1 0  g  ( 2 8% )  o f  7 a .  S p e c t r a l  d a t a  fo r  

7b : 'H  N M R  (C D C 1 3) 5 7 .1  (s ,  10 H ,  A r H ) ,  6 .9 5  (s ,  2  H ,  A r H ) ,  5 .9 3  

a n d  3 .6 8  ( 2 d ,  8 H ,  N C Z /H A r ,  J  =  15 .8  H z ) ,  3 .9 5  a n d  3 .8 0  (2 s ,  12 H ,  

O C H 3) ;  I R  (K B r )  3 0 6 2 - 2 8 2 8  ( C H )  1718  ( C = 0 ) ;  F A B -M S  (m -  

n i t r o b e n z y l  a l c o h o l )  m / z  7 7 7  (M  +  H )  + . A n a l .  C a l c d  f o r  

C 36H 32B r2N 40 6*E t0 A c :  C ,  5 5 .5 7 ;  H ,  4 .6 6 ;  N ,  6 .4 8 .  F o u n d :  C ,  5 5 .2 4 ;

H ,  4 .5 4 ;  N ,  6 .5 1 .

5 , 7 , 1 2 , 1 3 b ,  1 3 c ,  1 4 - H e x a h y d r o - 1 ,4 ,8 ,1 1  - t e t r a m e t h o x y -  2 , 1 0 - d in i t r o -  

1 3 b , 1 3 c - d ip b e n y l - 6 / / ,  1 3 / / - 5 a ,6 a ,  1 2 a ,  1 3 a - t e t r a a z a b e n z [ 5 ,6 ] a z i i l e n o [ 2 ,1 ,8 -  

iy a ] b e n z ( / ] a z u le n e - 6 ,1 3 - d io n e  ( 8 a )  a n d  5 , 7 , 1 2 , 1 3 b , 1 3 c ,  1 4 - b e x a h y d r o -

I ,4 ,8 ,1 1  - t e t r am e th o x y  - 2 ,9 -d in i t ro -13b , 13 c -d iph eny  1 -6 // ,  13 / / - 5 a ,6 a ,  12 a ,  13 a -  

t e t r a a z a b e n z [ 5 , 6 ] a z u l e n o [ 2 , l , 8 - / / i i ] b e n z [ / ] a z u l e n e - 6 , 1 3 - d i o n e  ( 8 b ) .  

C o m p o u n d  6c  ( 0 .6 5  g , 1 .05  m m o l )  w a s  s t i r r e d  in  a  s o lu t io n  o f  0 .5  m L  

o f  6 5%  H N O 3 in  3 m L  o f  a c e t i c  a n h y d r i d e .  A f t e r  16 h , 15 m L  o f  m e th a n o l  

w a s  a d d e d  to  d e s t r o y  th e  a c e t i c  a n h y d r i d e .  T h e r e a f t e r  25  m L  o f  C H C I 3 

w a s  a d d e d ,  a n d  t h e  s o lu t io n  w a s  w a s h e d  tw ic e  w i th  1 N  a q u e o u s  N a O H .  

T h e  s o lv e n t  w a s  r em o v e d  in  v a c u o .  A f t e r  p u r i f i c a t i o n  b y  c o lu m n  

c h r o m a t o g r a p h y  ( C H C I 3/ C H 3O H ,  99 :1  v / v ) ,  0 .4 4 6  g  ( 6 0% )  o f  8 (m ix t u r e  

o f  d i a s t e r e o m e r s )  w a s  o b t a i n e d .  'H  N M R  ( C D C I 3) 8 7 .1 5  (m ,  12 H ,  

A r H ) ,  5 .6 4 ,  5 .5 4 ,  3 .8 2  a n d  3 .7 3  ( 4 d ,  8 H ,  N C T /H A r , 7 = 1 5 . 8  H z ) ,  3 .9 9  

a n d  3 .8 6  ( s ,  12 H ,  O M e ) ;  F A B -M S  (m - n i t r o b e n z y l  a l c o h o l )  m / z  7 0 9  (M  

+  H )+ .  A n a l .  C a l c d  fo r  C 36H 32N 6 0 ,o-0 .5C H 2C l 2: C ,  5 8 .3 6 ;  H ,  4 .4 3 ;  

N ,  1 1 .1 9 .  F o u n d :  C ,  5 8 .1 7 ;  H ,  4 .3 0 ;  N ,  1 0 .9 1 .

T e t r a h y d r o - 3 a ,6 a - d i m e t h y l i m i d a z o [ 4 ,5 - < / ] i m i d a z o l e - 2 ,5 ( l / / , 3 / / ) - d i -  

o n e  ( 1 0 a ) .  T h i s  c o m p o u n d  w a s  p r e p a r e d  f r o m  u r e a  a n d  b u t a n e d i o n e  

a c c o r d i n g  to  a  l i t e r a t u r e  p r o c e d u r e .30

l ,3 ,4 ,6 - T e t r a m e t h y l t e t r a h y d r o - 3 a ,6 a - d im e t h y l im id a z o [ 4 ,5 - < / ] im id a -  

z o le -  2 , 5 ( l / / , 3 / / ) - d i o n e  ( 1 1 ) .  T h i s  c o m p o u n d  w a s  p r e p a r e d  b y  m e th -  

y l a t i o n  o f  1 0 a  w ith  d im e th y l  s u l f a t e  in  D M S O .  IR  ( h e x a n e )  1 7 35 ,  1723  

( C = 0 )  ( l i t .31 1 7 35 , 1 7 1 5 ) ;  'H - N M R  (C D C 1 3) <5 2 .9 0  (s ,  12 H ,  N C H 3),

1 .48  (s ,  6 H ,  C H 3).

B r o  m i n a t io n  o f  R e s o r c in o l .  R e s o r c in o l  (1 .1  g , 10 m m o l )  w a s  s u s p e n d e d  

in  3 0  m L  o f  C H C I 3, a n d  3 .2  g  o f  B r2 ( 20  m m o l )  in  10 m L  o f  C H C I 3 w a s  

a d d e d  o v e r  1 h . T h e  s o lv e n t  w a s  e v a p o r a t e d ,  a n d  t h e  m ix t u r e  w a s  p u r i f i e d  

b y  c o lu m n  c h r o m a t o g r a p h y  ( C H C I 3/ C H 3O H ,  9 7 :3  v / v ) .  T w o  p r o d u c t s  

w e r e  i s o la te d :  0 .2 5  g  ( 9% )  o f  2 ,4 - d ib r o m o - l ,3 - b e n z e n e d io l  ( a )  a n d  1 .93  

g  ( 7 2% )  o f  4 ,6 - d ib r o m o - 1 ,3 - b e n z e n e d io l  ( b ) :  ( a )  'H  N M R  (C D C 1 3) 6 

7 .3 2  (d ,  1 H ,  H 5 ) ,  6 .5 7  ( d ,  1 H ,  H 6 ) ,  5 .6 9  ( b r ,  s , 2  H ,  O H ) ;  ( b )  ' H  N M R  

( C D C I 3) <5 7 .5 3  (s , 1 H ,  H 5 ) ,  6 .7 4  (s , 1 H ,  H 2 ) ,  5 .4 8  ( b r ,  s, 2 H ,  O H ) .  

A  s am p le  o f  b w a s  p u r i f i e d  f u r t h e r  b y  s u b l im a t i o n  f o r  u s e  in  t h e  t i t r a t i o n  

e x p e r im e n t s .

B in d in g  E x p e r im e n t s .  T h e  'H - N M R  s h i f t  t i t r a t i o n s ,  t h e  'H - N M R  

c om p e t i t i o n  e x p e r im e n t s ,  a n d  th e  l i q u id - l i q u id  e x t r a c t i o n s  w e r e  p e r f o rm e d  

a s  w a s  d e s c r i b e d  e l s e w h e r e . 14

In fr a r e d  E x p e r im e n t s .  F T - I R  s p e c t r a  w e r e  r e c o r d e d  o n  a  P e r k in  E lm e r  

1 8 0 0  F T - I R  s p e c t r o p h o t o m e t e r  w i th  a  D T G S  d e t e c t o r ;  r e s o lu t io n  w a s  

2 .0  o r  4 .0  c m - ' ;  t h e  a p o d i z a t i o n  w a s  w e a k .  F o r  e a c h  s p e c t r u m  5 0 - 4 0 0  

s c a n s  w e re  t a k e n .  T h e  i n t e r f e r o m e t e r  w a s  f lu s h e d  w i th  n i t r o g e n ,  a n d  t h e  

s am p le  c o m p a r tm e n t  w a s  d r i e d  w i th  m o l e c u l a r  s iev e s .  T h e  C C I4 a n d  

C H C I 3 s o lu t io n s  w e r e  m e a s u r e d  in 2 -m m  C a F 2 a n d / o r  1 0 -m m  I n f r a s i l  

c e l ls .  K B r  p e l le t s  (1 m g  o f  s a m p l e  p e r  3 0 0  m g  o f  K B r )  w e r e  p r e s s e d  a t  

6 0  b a r / m m 2. T h e  a c c u r a c y  o f  t h e  w a v e n u m b e r s  is 1 c m -1 f o r  s h a r p  p e a k s  

a n d  3 c m -1 f o r  b r o a d e r  b a n d s .  T h e  c o n c e n t r a t i o n  o f  t h e  d ih y d r o x y -  

b e n z e n e s a n d  t h e  h o s ts  w a s  < 1 0 ~2 M .  D i f f e r e n c e  s p e c t r a  w e r e  m e a s u r e d  

v e r s u s  r e f e r e n c e  h o s t  s o lu t io n s ,  w h e r e  t h e  p o s i t iv e  a b s o r b a n c e  v a lu e s  

i n d i c a t e  t h e  f o rm a t i o n  o f  a  c om p le x  a n d  t h e  n e g a t iv e  s ig n a l s  a r e  i n d ic a t iv e  

fo r  t h e  a m o u n t  o f  h o s t  c o n v e r t e d  in to  t h e  c o m p le x e d  f o rm .
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