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NOVEL STRATEGIES FOR THE COMPLEXATION OF NEUTRAL GUEST 
MOLECULES BY SYNTHETIC MACROCYCLIC HOSTS 

D A V I D  N. R E I N H O U D T  
L a b o r a t o r y  of O r g a n i c  C h e m i s t r y ,  U n i v e r s i t y  o f  Twente,  
P.O. Box 217,  7500 AE Enschede ,  The N e t h e r l a n d s  
(Received April 18,1988) 

Abstract Complexes o f  m a c r o c y c l i c  p o l y e t h e r s  w i th  n e u t r a l  
g u e s t s  have  been s t u d i e d  i n  s o l u t i o n .  The f i r s t  p a r t ,  a s y s -  
tematic s t u d y  o f  complexes o f  m a l o n o n i t r i l e  w i t h  a v a r i e t y  o f  
m a c r o c y c l i c  p o l y e t h e r s ,  allowed t h e  e v a l u a t i o n  of t h e  thermo- 
dynamic p a r a m e t e r s  o f  complexat  i o n .  The s e c o n d  p a r t  dea ls  
w i t h  t h e  c o m p l e x a t i o n  o f  u r e a .  Complexes w i t h  s i m p l e  18-mem- 
bered  m a c r o c y c l e s  were p r e p a r e d .  P r o t o n a t i o n  of u r e a  a l l o w e d  
t h e  p h a s e  t r a n s f e r  of u r e a  from aqueous  t o  c h l o r o f o r m  s o l u -  
t i o n .  F i n a l l y  t h e  c o m p l e x a t i o n  o f  u r e a  by 2-carboxy-1 ,3-xyly l  
crown e t h e r s  i s  desc r ibed .  

Keywords: Macrocyclic polyethers, malononitrile, complexation of urea 

INTRODUCTION 

Although i n  h i s  p i o n e e r i n g  p a p e r s  P e d e r s e n  a l r e a d y  i n d i c a t e d  t h e  

a b i l i t y  of crown e thers  t o  form complexes w i t h  n e u t r a l  m o l e c u l e s ,  

i .e .  t h i o u r e a ,  h i t h e r t o o  t h e  c o m p l e x a t i o n  o f  c e n t r o s y m m e t r i c a l  

c a t i o n s  by these h o s t  m o l e c u l e s  has  r e c e i v e d  most  o f  t h e  a t t e n t i o n  

i n  crown e t h e r  c h e m i s t r y .  However, t h e  l a r g e  number of uncharged  

a n d  a n i o n i c  p o l y f u n c t i o n a l  m o l e c u l e s  i n  bo th  b i o c h e m i c a l  and  i n -  

d u s t r i a l  p r o c e s s e s  h a s  s t i m u l a t e d  a growing  i n t e r e s t  i n  t h e  encap-  

s u l a t i o n  of s u c h  s p e c i e s  by s y n t h e t i c  r e c e p t o r  m o l e c u l e s .  I n  o u r  

r e s e a r c h  g r o u p  we have  been e x p l o r i n g  t h e  c o m p l e x a t i o n  o f  s y n t h e t -  

i c  m a c r o c y c l i c  l i g a n d s  and n e u t r a l  m o l e c u l e s .  One o f  the  t a r g e t s  

is t h e  d e s i g n  and s y n t h e s i s  o f  r e c e p t o r  m o l e c u l e s  f o r  t h e  selec- 
t i v e  c o m p l e x a t i o n  o f  u r e a .  I n  t h i s  paper  we w i l l  d i s c u s s  f i r s t l y  

o u r  f u n d a m e n t a l  work o n  t h e  c o m p l e x a t i o n  o f  m a c r o c y c l i c  p o l y e t h e r s  
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22 D. N. REINHOUDT 

w i t h  one simple neut ra l  guest  species  *. malononi t r i le .  The sec- 
ond pa r t  w i l l  deal with novel s t r a t e g i e s  t o  improve t h e  s t a b i l i t y  

of complexes w i t h  polyfunctional guests  i n  pa r t i cu la r  urea.  

COMPLEXATION OF NEUTRAL MOLECULES B Y  MACROCYCLIC LIGANDS I N  SOLU- 

T I O N  - 

Host-guest in te rac t ions  i n  so lu t ion  a re  known from enzyme-subs- 

t r a t e  reac t ions  between organic molecules i n  biochemical systems. 

In 1894 F i s c h e r '  a l ready s t a t e d  tha t  t he  subs t r a t e  molecule f i t s  

the ac t ive  s i t e  of the enzyme i n  a complementary lock-and-key 

re la t ionship .  Later i t  was shown t h a t  an  enzyme is very of ten  

r e l a t i v e l y  f l e x i b l e ,  and undergoes a conformational change upon 

reac t ion  w i t h  a subs t ra te . '  Organic chemists have been successful  

i n  imi ta t ing  such enzyme in te rac t ions  with cyclodextr ins ,  cyc l i c  

basket- l ike shaped compounds based on a-(1 -4)-l inked oligo-D-glu- 

cose u n i t s . '  These cyclodextrins a r e  water so luble  as  a r e s u l t  of 

t h e i r  hydrophilic ex te r io r  and a r e  ab le  t o  include organic  guest  

molecules as  a r e s u l t  of t h e i r  l i poph i l i c  cavity. '  Van der Waals 

forces ,  hydrogen bonding, and hydrophobic in te rac t ions  can provide 

t h e  dr iv ing  force  f o r  t he  host-guest complexation of these s y s -  

I n  the  absence of guest molecules the cyclodextr in  cavi ty  

i s  f i l l e d  w i t h  water molecules. Th i s  means tha t  i f  a guest  i s  
added t o  the  aqueous cyclodextrin so lu t ion  f i r s t  desolvat ion m u s t  

take place before the  guest  i s  able  t o  enter  the  cavi ty .  The ad- 

vantage of such an exchange is tha t  the  host-guest complexation 

occurs without a la rge  conformational change of the  host.' 

In te rac t ions  between cyclodextrins and neut ra l  host  molecules 

have been determined by spectroscopic methods such as N M R , '  c i rcu-  

lar dichroism ( C D ) , 4 b  and ~ a l o r i m e t r y . ' ~  
A c l a s s  of synthe t ic  compounds resembling the  cyclodextr ins ,  

i n  a sence t h a t  they have aromatic r ings  a s  hydrophobic l lwal lsf l ,  

a r e  the  cyclophanes. The inclusion of neut ra l  organic guests  i n  
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 23 

t h e  h y d r o p h i l i c  c a v i t y  of water s o l u b l e  c y c l o p h a n e s  has been shown 
by f l u o r e s c e n c e  a n d  NMR s p e c t r o s c o p y ,  w i th  a s s o c i a t i o n  c o n s t a n t s  
r a n g i n g  from lo2-10 L Mol-' .7 Changing t h e  s t r u c t u r e  of these cy-  

c l o p h a n e s ,  e . g .  by t h e  i n c o r p o r a t i o n  o f  more a r o m a t i c  moieties 

r e n d e r s  these compounds s o l u b l e  i n  o r g a n i c  s o l v e n t s ,  b u t  h i t h e r t o o  

o n l y  few examples  of h o s t - g u e s t  i n t e r a c t i o n s  i n  s o l u t i o n  have  been 
reported.  Whirtlock and  J a r v i e  have r e p o r t e d  ' v e r y  low'  s t a b i l i t y  
c o n s t a n t s ,  measured from Aromatic S o l v e n t  I n d u c e d  S h i f t s  (ASIS), 

for  complexes between aromatic s o l v e n t s  and n a p h t h a l e n o p h a n e s ,  
however w i t h o u t  p r o v i d i n g  thermodynamic p a r a m e t e r s .  R e c e n t l y ,  
Bauer  and  Gutsche  h a v e  shown t h e  c o m p l e x a t i o n  of v a r i o u s  amines  by 

c a l i x a r e n e s  in o r g a n i c  s o l v e n t s . g  

8 

NMR s p e c t r o s c o p y  d e m o n s t r a t e d  t h a t  i n  s o l u t i o n  these g u e s t s  
are a l so  i n c l u d e d  i n  t he  c a v i t y  of the  c a l i x a r e n e .  I n  t he  p r e s e n c e  

of t h e  g u e s t  ASIS v a l u e s ,  decreased r e l a x a t i o n  times, and  enhanced  
f ree  e n e r g i e s  of a c t i v a t i o n  for  c o n f o r m a t i o n a l  i n v e r s i o n  of t h e  

host  were o b s e r v e d .  
Cram and coworkers"  have  shown t h a t  c a v i t a n d s  w i t h  c y l i n d r i -  

ca l  c a v i t i e s  are ab le  t o  i n c l u d e  l i n e a r  g u e s t  m o l e c u l e s  such  as 

CS, i n  a n  enthalpy f a v o u r e d  a n d  a n  e n t r o p y  d i s f a v o u r e d  complex- 
a t i o n  w i t h  a s s o c i a t i o n  c o n s t a n t s  r a n g i n g  from 0.8-13.2 L Mol -1 . 

R e c e n t l y  C o l l e t  and coworkers' ' have descr ibed c r y p t o p h a n e s ,  
t h r e e - d i m e n s i o n a l  f l e x i b l e  hosts  w i t h  s p h e r i c a l  c a v i t i e s  for neu- 
t r a l  g u e s t  m o l e c u l e s .  The d imens ion  of t h e  c a v i t y  o f  these crypto-  

phanes  may be changed by s t r u c t u r a l  m o d i f i c a t i o n s  of  t h e  h o s t .  

Complexes w i t h  C H C l  CH2C12,  and  CHBr w i t h  a s s o c i a t i o n  c o n s t a n t s  
r a n g i n g  from 40-470 L Mol-' have  been r e p o r t e d .  

3' 3 

COMPLEXATION OF MALONONITRILE - 

I n  t h i s  p a p e r  t h e  r e s u l t s  of a q u a n t i t a t i v e  s y s t e m a t i c  s t u d y  of 

t h e  thermodynamic s t a b i l i t i e s  of complexes of crown ethers w i t h  

m a l o n o n i t r i l e  a re  g i v e n .  Crown ethers  w i t h  v a r i o u s  f u n c t i o n a l i t i e s  
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24 D. N. REINHOUDT 

were s t u d i e d  i n  b o t h  C6D6 a n d  CDCl as s o l v e n t ,  u s i n g  v a r i a b l e -  
t empera tu re  'H NMR spec t roscopy .  The o b j e c t i v e  of t h e  work de- 

scribed was t o  g a i n  a better unde r s t and ing  o f  h o s t - g u e s t  i n t e r a c -  
t i o n s  i n  s o l u t i o n  i n  r e l a t i o n  t o  t h e  crown ether s t r u c t u r e .  A s  an  
i n t e r e s t i n g  r e s u l t  we found t h a t  t h e  methodology p rov ides  v a l u a b l e  
in fo rma t ion  about  t h e  conformat ion  o f  macrocycles i n  t h e  uncom- 
p l exed  s ta te .  The o b s e r v a t i o n  t h a t  when a crown ether is added t o  
a s o l u t i o n  of m a l o n o n i t r i l e  i n  CDCl or  C6D6 the s i g n a l  of the 

m a l o n o n i t r i l e  p ro tons  i n  t h e  ' H  NMR spectrum s h i f t s  downf ie ld ,  
was used t o  de t e rmine  t h e  a s s o c i a t i o n  c o n s t a n t s  of m a l o n o n i t r i l e  
w i t h  a number of  crown ethers.  In  a t y p i c a l  exper iment  t e n  samples  

3 

3 

f'd'l P0-I r0-l 

'I ao 1x1 L0.J 
1 2 

a ,  n=l 9 ,  n=Q 
b, n=2 e ,  n=5 
E, n=3 

3, m=n=l 
Q, m=n=2 
s ,  m = l ,  n=5 
d ,  m = 2 ,  n=5 

9 X=COOH, Y=H 
a, n-0 

6 X=Y=H, n=l Q, n=l 
1 X=OCH,CH=CH,, Y=C1, n=l  E, 11x2 
8 X = O H ,  Y = C l ,  n=l d ,  n=3 
10 X=CO,CH,, Y-H, n=l e ,  n=4 

t ,  n=5 
e ,  n=6 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



COMPLEXATION OF NEUTRAL GUEST MOLECULES 25 

were prepared i n  which the crown ether concentration was kept 
constant (0.04 M )  and the  malononi t r i le  concentration was varied 
from 0.01 t o  0.20 M. The chemical s h i f t  of malononi t r i le  i n  t he  

samples was measured a t  four d i f f e ren t  temperatures f o r  1 1  d i f f e r -  
en t  crown ethers (1-E). 

The chemical  s h i f t  of t h e  pro tons  of CH2(CNl2 ( taking in to  
account only 1:l complexation) is ca lcu la ted  from eq. 1. 

'calcd = 'M6M + 'CE.M'CE.M (eq. 1 )  

O f  these parameters  only tiM, t h e  chemical s h i f t  of free CH,(CN)2 
is  known, 

t h e  mole f r a c t i o n s  of f ree  a n d  complexed CH2(CN12, and X 

can be calculated respec t ive ly ,  a r e  unknown. However, 

from a minimum fo r  the  funct ion F, given i n  eq. 2, obtained f o r  a 
s e r i e s  of samples w i t h  an i t e r a t i v e  procedure." I n  t h i s  procedure 
a cor rec t ion  is made f o r  the  concentrat ion dependency of 6 

xM the  chemical s h i f t  of CH2(CNl2 i n  the  complex, 'CE,M 
CE.M' 

'M and 'CE.M 

M' 

= '('obsd,i - 'M,i6M - 'CE.M,i 6 CE.M l 2  (eq. 2) 

From the calculated mole f r ac t ions  the assoc ia t ion  constants  (K) 
can be calculated from eq. 3. 

CE + M -CE.M 
K1l [CE].[M] 

CE.M + M e C E . M ,  
K12 = [CE.M].[M] 

(eq. 3)  

(eq. 4) 

When both 1 : l  (eq. 3 )  and 1:2 (eq. 4 )  complexes can be formed, eq. 
2 can easily be modified, assuming t h a t  the chemical s h i f t  of 
malononi t r i le  i n  both 1 :1 and 1 :2 complexes is the  same.'* Taking 
i n t o  account  both 1:l  and 1:2 complexation we obtained K values 
a t  four  temperatures. From a p lo t  of l n ( K , , )  v s .  T-l the  thermody- 
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26 D. N. REINHOUDT 

namic  c o n s t a n t s  AH and AS f o r  1 : l  complexa t ion  were c a l c u l a t e d  
(Table I ) .  I n  g e n e r a l  1 : 2  complexa t ion  was n e g l i g i b l e .  Th i s  was 

demonst ra ted  by a lower minimum f o r  F when o n l y  1 : l  complexa t ion  

is t aken  i n t o  account  or  even by t h e  absence  of a minimum f o r  F. 

Only i n  t h e  case of 18-crown-6 1 :2 complexa t ion  was observed  w i t h  

K 1 2  = 11 L Mol 

0 0 

-1  . 

T A B L E  I Thermodynamic c o n s t a n t s a  f o r  1 :1 complexa t ion  of 
crown e t h e r s  (CE) wi th  m a l o n o n i t r i l e  a t  298 K .  

'6'6 CDC13 

CE K 1 l  -AH' -TASO -AGO K 1  1 -AH' -TAS' -AGO 

- 1 159 14.2 11.0 3.2 
- 2 63 8.6 6.1 2.5 

3a 30 8.0 5.9 2.0 

4a c 
- 5 34 5.7 3.6 2.1 

- 
- 

- 6 10 4.7 3.3 1.4 

7 1 1  4.6 3.2 1 . 4  

- 8 5 4.4 3.4 1.0 
- 

9b 11 1.9 0.5 1 .4  

9c 5 3.9 2.9 1.0 

10 39 12.0 9.9 2.2 

- 
- 
- 

31 5.3 3.3 2.0 

43 5.6 3.3 2 .2  

50 5.4 3.1 2 .3  
113 4.7 1.9 2 .8  

d 

11 5.2 3.8 1 . 4  

5 4.5 3.6 1 .o 
d 

e 

e 

e 

K i n  L Mol-l, AH', T A S O ,  and AGO i n  kcal/mol.  a 

bAccuracy 10%. 
c 

d C h e m i c a l  s h i f t  d i f f e r e n c e  t o o  small t o  o b t a i n  r e l i ab le  re- 
s u l t s .  
e 

I n s o l u b l e  i n  C6D6. 

Not measured. 
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 21 

The r e s u l t s  summarized i n  T a b l e  I show t h a t  t h e  thermodynamic 

c o n s t a n t s  depend on s o l v e n t ,  r i n g  s i z e ,  t h e  n a t u r e  of t h e  donor  

a t o m s ,  a n d  t h e  p r e s e n c e  of i n t r a a n n u l a r  s u b s t i t u e n t s .  
The i n f l u e n c e  of t h e  s o l v e n t  on  t h e  c o m p l e x a t i o n  of malono- 

n i t r i l e  was s t u d i e d  by comparing t he  c o m p l e x a t i o n  i n  C D C l  and i n  

C 6 D 6 .  T h e  smal le r  e n t h a l p y  and  e n t r o p y  c h a n g e s  upon c o m p l e x a t i o n  
i n  C D C l  r e f l e c t  t h e  grea te r  p o l a r i t y  of C D C l  which  m e a n s  
s t r o n g e r  s o l v a t i o n  of both m a l o n o n i t r i l e  and t h e  crown ether .  

These s o l v e n t  i n t e r a c t i o n s  must  be broken  b e f o r e  c o m p l e x a t i o n  c a n  

o c c u r ,  r e s u l t i n g  i n  a less f a v o u r a b l e  e n t h a l p y  c h a n g e .  D e s o l v a t i o n  

of both t h e  crown e t h e r  and  m a l o n o n i t r i l e  p r i o r  t o  c o m p l e x a t i o n  
w i l l  result  i n  a p o s i t i v e  e n t r o p y  change .  

3 

3 3'  

To s t u d y  t h e  i n f l u e n c e  of decreased f l e x i b i l i t y  of t h e  crown 
e ther  o n e  o r  two CH CH u n i t s  of 18-crown-6 (1) were r e p l a c e d  by 
c y c l o h e x y l  (2) and benzo ( 3  and 3) u n i t s .  A lower a s s o c i a t i o n  
c o n s t a n t  is  o b s e r v e d  f o r  t h e  c o m p l e x a t i o n  o f  m a l o n o n i t r i l e  by 

d i c y c l o h e x y l - 1 8 - c r o w n 4  (2) as compared w i t h  18-crown-6 (1) i n  
C6D6. T h i s  c a n  be a t t r i b u t e d  t o  t h e  lower f l e x i b i l i t y  of t h e  crown 

ether  r i n g .  The c o m p l e x a t i o n  of m a l o n o n i t r i l e  by ( d i l b e n z o - 1 8 -  
crown-6 is weaker owing t o  t h e  e l e c t r o n - w i t h d r a w i n g  p r o p e r t i e s  of 

t h e  benzo  u n i t s ,  which r e n d e r  t h e  oxygen atoms n e x t  t o  t h e  benzene  
r i n g  weaker hydrogen  bond a c c e p t o r s .  T h i s  e f f ec t  has been found 
a l s o  f o r  t h e  c o m p l e x a t i o n  of t-butylammonium s a l t s  when a CH2CH2 

u n i t  i n  18-crown-6 was r e p l a c e d  by an a r y l  u n i t ,  r e s u l t i n g  i n  a 

l o s s  o f  b i n d i n g  e n e r g y  o f  3.5 k ~ a l / m o l . ' ~  

2 2  

Compared  w i t h  t h e  c o m p l e x a t i o n  i n  C 6 D 6 ,  benzo-18-crown-6 a n d  

dibenzo-18-crown-6 are r e l a t i v e l y  e f f i c i e n t  complexing  a g e n t s  fo r  

m a l o n o n i t r i l e  i n  C D C l  It might  be p o s s i b l e  t h a t  i n t e r a c t i o n  of 

t h e  D a t o m  of C D C l  w i t h  t h e  n - e l e c t r o n s  of t h e  benzo  ~ n i t s " ~ ' ~  
p r o v i d e s  a p r e o r g a n i z a t i o n  of t h e  m a c r o c y c l e ,  and  upon complexa- 
t i o n  d e s o l v a t i o n  t h e n  c o n t r i b u t e s  t o  a f a v o u r a b l e  e n t r o p y  change .  

3 '  
3 

The p r e s e n c e  of a n i t r o g e n  atom i n  the  m a c r o c y c l i c  l i g a n d  
reduces t h e  e n t h a l p y  from -1 4.2 kcal/mol (18-crown-6) t o  -5.7 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



28 D. N. REINHOUDT 

kcal/mol f o r  the  complexation by aza-18-crown-6 ( 5 ) .  - This  observed  

lower nega t ive  en tha lpy  may be a t t r i b u t e d  t o  a s t r o n g e r  in t r aannu-  
l a r  i n t e r a c t i o n  i n  t h e  uncomplexed aza-18-crown-6. l 6  Dibenzo-18- 
crown-6 ( 4 )  - i s  n e a r l y  i n s o l u b l e  i n  C6D6. Therefore  thermodynamic 
pa rame te r s  cou ld  n o t  be o b t a i n e d  i n  C D 

The less nega t ive  en tha lpy  of complexation o f  m a l o n o n i t r i l e  
w i t h  1,3-xylyl-18-crown-5 (6)  compared wi th  18-crown-6 is due t o  
t h e  r e d u c t i o n  of the number of oxygen atoms i n  the macroring. A 

similar d i f f e r e n c e  i n  t h e  f r e e  energy  of complexation has been 

r e p o r t e d  for the  co r re spond ing  t-butylammonium hexaf luorophosphate  
complexes of these crown ethers." For t h e  complexation of 4-bu- 
tylammonium sal ts  C r a m  and coworkers'' have found, that  the re- 
p l a c e m e n t  o f  a C H  C H  O C H 2 C H 2  u n i t  i n  18-crown-6 by a n  a romat i c  
u n i t  r e s u l t s  i n  a l o s s  of b ind ing  energy ,  which is larger for a 
benzo u n i t  than  f o r  a 1 ,3 -xy ly l  uni t .  

6 6' 

2 2  

I n t r a a n n u l a r  s u b s t i t u e n t s  can have a s t r o n g  i n f l u e n c e  on  
complexation. Weak b ind ing  resul ts  from the  i n t r o d u c t i o n  of  a 
c a r b o x y l i c  acid group as i n  2-carboxyl-l , 3-xylyl-18-crown-9 (!&). 

From t h e  X-ray c r y s t a l  s t r u c t u r e "  and pKa  measurement^'^ of t h i s  

18-membered macrocycle,  we know tha t  a s t r o n g  i n t r a a n n u l a r  hydro- 

gen bond is  formed between the  c a r b o x y l i c  acid group and an oxy- 
gen atom of t h e  crown e t h e r  r i n g .  Before complexation can take 

p l a c e  t h i s  hydrogen bond must be broken. When compared w i t h  the  

a c i d ,  t h e  methyl ester of 2-carboxyl-I ,3-xylyl-18-crown-5 (2) 
clearly shows the e f f e c t  of an i n t r a a n n u l a r  H-bond. The b ind ing  
en tha lpy  of m a l o n o n i t r i l e  w i t h  t h e  e s t e r  i s  much s t r o n g e r  t h a n  
w i t h  t h e  acid because no hydrogen bonds t o  the crown ether have t o  
be broken. The a d d i t i o n a l  b inding  s i t e  of the e s t e r  group can  be 

used  t o  form a hydrogen bond wi th  the g u e s t .  I n  t he  larger 2-car- 
boxyl-I ,3-xylyl-21 -crown-6 ( & I ,  the  i n t r a a n n u l a r  hydrogen bond i s  
much weaker, and  consequen t ly  a more n e g a t i v e  AHo of complexa- 
t i o n  i s  observed  even though t h e  r i n g  lacks the  optimum s i z e  of 18 
atoms. Lower a s s o c i a t i o n  c o n s t a n t s  f o r  crown ether complexes w i t h  
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 29 

int ramolecular  t r a n s a n n u l a r  hydrogen bonds were a l s o  found f o r  
metal  ions.  O 

I n  2-hydroxy-5-chloro-l , 3-xylyl-18-crown-5 (8) there is  a l s o  
a hydrogen bond between t h e  hydroxyl group and one of t h e  benzy l i c  
oxygen atoms of the crown ether r ing .21  This  i n t e r a c t i o n  is  proba- 
b l y  not  very s t r o n g  as can be seen from t h e  small in f luence  o f  t h e  
r i n g  s i z e  on the a c i d i t y  of 2-hydroxy-I ,3-xylyl  crown ethers. 2 1  

Moreover, a phenol ic  hydroxyl group is not a very good hydrogen 
bond accep to r .  Therefore ,  binding of ma lonon i t r i l e  t o  2-hydroxy-5- 
chloro-l,3-xylyl-l8-crown-5 resembles the complexation t o  1,3- 
xylyl-18-crown-5. In  2-allyloxy-5-chloro-1,3-xylyl-l8-crown-5 (11, 
the  s i t u a t i o n  is not  much d i f f e r e n t .  Although t h i s  macrocycle has 

one a d d i t i o n a l  oxygen atom which might s e rve  as an a d d i t i o n a l  
binding s i te ,"  the a l l y l  group uses  much space and causes  s te r ic  

i n t e r a c t i o n  w i t h  the gues t  molecule. Therefore  m a l o n o n i t r i l e  i s  

be l i eved  t o  bind t o  the  crown ether on ly  from t h e  least  hindered 
s ide ,  poss ib ly  using the  a l l y l  oxygen. 

and C6D6 as 

the  s o l v e n t ,  t h e  large i n d i v i d u a l  d i f f e r e n c e s  i n  AHo and AS0 along 
t h e  s e r i e s  a r e  a p p a r e n t .  From a p l o t  of AHo v s .  TASo ( F i g .  1 )  i t  
is obvious t h a t  there is an o v e r a l l  r e l a t i o n s h i p  between en tha lpy  

a n d  entropy of complexation. 
Such a compensating effect  of TASo on AHo was p rev ious ly  re- 

ported by I z a t t  e t  a l . 2 3  f o r  t h e  complexation of metal ions w i t h  

15-crown-5 and 18-crown-6, and by Michaux and Reisse2* f o r  t he  

complexation o f  a l k a l i  c a t i o n s  w i t h  12-crown-4, 15-crown-5, and 
18-crown-6. Recently Inoue and Hakushi have s t u d i e d  the  u n i v e r s a l  
v a l i d i t y  of the r e l a t i o n s h i p  between AHo and TASo f o r  t h e  complex- 
a t i o n  o f  c a t i o n s  by a large number of d i f f e r e n t  macrocycl ic  poly- 
e the r s . "  I t  can,  a t  l e a s t  i n  p a r t ,  be a t t r i b u t e d  t o  t h e  r i g i d i t y  
o f  a complex. I f  t h e  host-guest  binding is s t r o n g ,  t h e  f l e x i b i l i t y  
of the  macroring i n  t h e  complex w i l l  be l i m i t e d ,  and consequent ly  
the  l o s s  of entropy upon complexation w i l l  be l a r g e .  Desolvat ion 

When a l l  crown ethers are compared, both i n  CDCl 3 
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30 D. N. REINHOUDT 

10. 

-TAS" 
(kcallmol: 

5, 

3. e2 

I I I 
0 5 10 15 

-AHo (kcal/mol) 

0 0 FIGURE 1 AH v s .  TAS f o r  1 : l  complexa t ion  of m a l o n o n i t r i l e  
by crown ethers i n  C6D6 and CDC13.  

of bo th  h o s t  and l i g a n d  i s  ano the r  impor t an t  f a c t o r .  The e x t e n t  of 
r e p l a c i n g  g u e s t  s o l v a t i o n  by l i g a n d  donors  is reflected i n  the  

i n t r i n s i c  e n t r o p y  change. For complexa t ion  of c a t i o n s  t h e  parame- 

t e r s  A and  B o f  t h e  l i n e a r  r e l a t i o n  TASo = A ( A H o )  + B have been 
de te rmined ,  A = 0.76 and B = 2.4 k c a l / m 0 1 . ~ ~  For complexa t ion  o f  
m a l o n o n i t r i l e  by t h e  macrocycles 1-10 i n  C6D6 and CHCl  we f i n d  A 

= 0.86 and  B = 1.0 kcal/mol (n = 16,  r = 0.99). The parameter  B 

r e p r e s e n t s  t h e  i n t r i n s i c  en t ropy  change upon complexat i o n  and 
ref lects  main ly  d e s o l v a t i o n .  Because n e u t r a l  molecules  are less 
s t r o n g l y  s o l v a t e d  t h a n  c a t i o n s ,  B w i l l  be smaller f o r  t h e  complex- 
a t i o n  of m a l o n o n i t r i l e .  The d i f f e r e n c e  i n  t h e  v a l u e s  of' A for t h e  

complexa t ion  of n e u t r a l  molecules  ( A  = 0.86) and  c a t i o n s  ( A  = 

0.76) may be due t o  t h e  c o n t r i b u t i o n  of hydrogen bonds i n  t h e  

complexa t ion  of n e u t r a l  molecules .  T h i s  t y p e  of i n t e r a c t i o n  re- 

3 
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 31 

q u i r e s  a more d e f i n e d  r e l a t i v e  o r i e n t a t i o n  of t h e  b i n d i n g  sites 

compared w i t h  the i o n - d i p o l e  i n t e r a c t i o n s  i n  ca t ion  complexes .  

R e c e n t l y  i n  our l a b o r a t o r y  w e  a l so  f o u n d  a n  e n t h a l p y - e n t r o p y  

c o m p e n s a t i o n  effect  for  t h e  c o m p l e x a t i o n  of m a l o n o n i t r i l e  by hemi- 

spherands . ‘6  Besides i t  was shown t h a t  c o m p l e x a t i o n  w i t h  a s o l v -  

a ted h o s t  r e s u l t s  i n  an e n t r o p i c a l l y  f a v o u r e d  p r o c e s s .  

COMPLEXATION OF UREA 

I n  o n e  of t he  f i rs t  p a p e r s  on m a c r o c y c l i c  p o l y e t h e r s  P e d e r ~ e n ’ ~  

a l r e a d y  r e p o r t e d  t h a t  u r e a  and  t h i o u r e a  i n c r e a s e  t h e  s o l u b i l i t y  of 

dibenzo-18-crown-6 i n  m e t h a n o l ,  s u g g e s t i n g  t h a t  there i s  some k i n d  

of i n t e r a c t i o n  between t h e s e  compounds. Although c r y s t a l l i n e  com- 
p l e x e s  of u r e a  w i t h  d i f f e r e n t  p o l y e t h e r s  c o u l d  n o t  be o b t a i n e d ,  

w i t h  t h i o u r e a  and re la ted  compounds s e v e r a l  c r y s t a l l i n e  complexes 

have  been i so l a t ed  by P e d e r s e n .  

These  complexes ,  p r e p a r e d  by d i s s o l v i n g  t h e  h o s t  and g u e s t  i n  

h o t  m e t h a n o l ,  c r y s t a l l i z e d  upon c o o l i n g  a n d  were c h a r a c t e r i z e d  by 

e l e m e n t a l  a n a l y s i s .  M e l t i n g  p o i n t s  of a l l  t h e  complexes were d i f -  

f e r e n t  from the uncomplexed m a c r o c y c l e s .  P e d e r s e n  i s o l a t e d  c r y s -  

t a l l i n e  complexes of t h i o u r e a  w i th  benzo-15-crown-5 ( 4 : l  ) d i -  

benzo-15-crown-5 ( 1  : l o ) ,  dibenzo-16-crown-5 ( 1  :3Iy dibenzo-18-  

crown-6 ( 1  :1) , bis(butyl)benzo-l8-crown-6 ( 6 : 1 ) ,  benzocyclohexyl -  

18-crown-6 ( 6 : l  and  5 :1 ) ,  dicyclohexyl-18-crown-6 ( 6 : 1 ) ,  and  d i -  

benzo-24-crown-8 ( 7  : 2 ) .  

I n  t h e  l i t e r a t u r e  a few c r y s t a l  s t r u c t u r e s  of complexes be- 

tween 18-membered m a c r o c y c l i c  l i g a n d s  and  u r e a  a n a l o g u e s  have been 

r e p o r t e d .  ’ By comparing t h e  NH-hydrogen bonding  schemes of 

these complexes t h e y  c a n  be arranged i n  f i v e  classes, t y p e s  

A-E, as reflected i n  T a b l e  11. 

When we added d i e t h y l  e t h e r  t o  a s o l u t i o n  of 18-crown-6 and  

u r e a  i n  m e t h a n o l / c h l o r o f o r m ,  c o l o u r l e s s  c r y s t a l s  p r e c i p i t a t e d  t h a t  
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32 D. N. REINHOUDT 

TABLE I1 Hydrogen bonding schemes of complexes between u r e a  an- 
a logues  (C) and 18-membered macrocyc l i c  l i g a n d s  (H). 

H : G  ref. 
\ D d  

Type S t r u c t u r e a  x - Y  

H-N ,T n t  x\ 

(" -),I-" e, .s 
W 

c=s 
c=s 

C c=s 
c=o 
C =  N-R t s d  

C-S- - t -BuC 

c=s 
C-S-L-BU 

C=NH2 

- H 

'gH5 
H 

- 
- 

- 
CH3 - H 

b 

b 
1 :4 
1 :4 

1 :2 

1 :1 

1 :2 

1 :1 

e 1 :2 

1 :2 

29 

3 0  

31 
32 

33 

34 

35 
36 

- - 1 :2 37 

a I n d i c a t e s  h y d r o g e n  bond a c c e p t o r  for the second g u e s t  mole- 
c u l e .  bOnly  two g u e s t  molecules  have a direct  i n t e r a c t i o n  w i t h  

t h e  host. Between N and  0 a b i f u r c a t e d  h y d r o g e n  bond i s  
f o r m e d .  d R c = b e n z i m i d a z o y l .  eThe R N H  i n t e r a c t s  i n  a d i f f e r e n t  

* * C 

2 
way w i t h  a s e c o n d  h o s t  molecule.  
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 33 

were r e c r y s t a l l i z e d  from methano l / e thy l  acetate. The material had 
a we l l -de f ined  m e l t i n g  r ange  of 146-148 O C  and ana lyzed  c o r r e c t l y  
f o r  an adduct  of  u r e a  and 18-crown-6 i n  a r a t i o  of 5:1.3* 

FIGURE 2 X-ray s t r u c t u r e  o f  the 18-crown-6.urea ( 1  :5) com- 

p l e x ;  on ly  two g u e s t  molecules  a r e  shown. 

The c r y s t a l  s t r u c t u r e  of t h i s  complex (Fig.  2) is best expla-  
i ned  a s  c o n s i s t i n g  of  18-crown-6.urea ( 1  :2) complexes l i n k e d  by 

t h e  remain ing  three u r e a  molecules .  The complex t h u s  ex i s t s  of 
layers  of 18-crown-6 molecu le s ,  and layers of u r e a  molecu le s ,  
hydrogen bonded t o  each  o t h e r .  I n  t h e  1 :2 crown e t h e r . u r e a  complex 
the  u r e a  molecules  are s i t u a t e d  each a t  one  face of t h e  macror ing  
and are hydrogen bonded t o  t he  r i n g  bo th  v i a  two hydrogen bonds t o  
two a d j a c e n t  oxygen atoms. The u r e a  molecule  i s  probably  small 

enough t o  i n t e r a c t  with bo th  its f u n c t i o n a l  groups  w i t h  the crown 
e t h e r .  A s  t h e  u rea  molecule  i s  p l a n a r  and t h e  u r e a  oxygen atom is 

directed away from the crown e t h e r ,  o n l y  two hydrogen atoms are 
well-directed fo r  hydrogen bonding wi th  t h e  h o s t .  Compared w i t h  

t h e  complexes g iven  i n  Tab le  I1 t h i s  complex can  be c l a s s i f i e d  as 

t y p e  A. 
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34 D. N .  REINHOUDT 

FIGURE 3 X-ray s t r u c t u r e  of t h e  aza-18-crown-6.urea ( 1  : 5 )  
complex. 

I n  a s i m i l a r  way as used f o r  t h e  p r e p a r a t i o n  of t h e  u rea  
complex of 18-crown-6 a 1 :5 complex of  aza-18-crown-6.urea was 

s y n t h e s i z e d .  Upon t h e  a d d i t i o n  o f  pe t ro leum ether (bp 60-80 O C )  t o  
an equimolar s o l u t i o n  of urea and aza-18-crown-6 i n  a m i x t u r e  of  
methanol/chloroform w h i t e  c r y s t a l s  p r e c i p i t a t e d  which had  a melt- 
i n g  range  of 127-130 O C .  The c r y s t a l  s t r u c t u r e  of  t h i s  complex 
( F i g .  3) shows t h a t  no i n t r a a n n u l a r  hydrogen bond i s  formed a s  
r e p o r t e d  f o r  t h e  diaza-18-crown-6.thiourea complex.’ The s t r u c -  

ture of  the  complex is  similar t o  t h e  s t r u c t u r e  o f  t he  18-crown- 
6 .u rea  complex ( t y p e  A ) .  

D i aza- 1 8-crown-6, ( d i  Iben zo- 1 8-cr own-6, d i  cycl ohexano- 1 8- 
crown-6, and crown ethers wi th  less than  18 r i n g  a toms,  on t h e  

c o n t r a r y ,  gave no s o l i d  adduc t s  w i t h  u rea  u s i n g  similar proce- 
dur es . 

I n  order t o  i n c r e a s e  t h e  s t a b i l i t y  of complexes of macrocy- 

c l i c  p o l y e t h e r s  w i t h  u rea  we have i n v e s t i g a t e d  t h e  effect  of pro- 
t o n a t i o n  o f  t h i s  n e u t r a l  g u e s t .  S ince  u r e a  i s  a ve ry  w e a k  base and 
the  amount of p ro tona ted  u r e a  (UrH+) i n  a n e u t r a l  aqueous s o l u t i o n  
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 35 

w i l l  be low [pKa(urea, H20,  25 O C )  = 0.101, w e  have s t u d i e d  p rev i -  
o u s l y  t he  c o m p l e x a t  i o n  of p r o t o n a t e d  guan id ine  (CUH+) [pK (gua- 
n i d t n e ,  H 2 0 ,  25 O C )  = 13 .61 .  T h i s  c a t i o n  was rega rded  a s  a good 
model f o r  p ro tona ted  u r e a  because  these compounds a r e  i s o e l e c t r o n -  
i c  and have a comparable s i z e  and shape .  

a 

The complex fo rma t ion  o f  benzo and d ibenzo  crown ethers wi th  

uronium p e r c h l o r a t e  was s t u d i e d  by means of two-phase l i q u i d - l i q -  
u i d  e x t r a c t i o n  exper iments .  An aqueous s o l u t i o n  o f  u rea  and per -  
chloric acid was e q u i l i b r a t e d  wi th  a s o l u t i o n  of a ( d i l b e n z o  crown 
ether i n  C D C l  The amount o f  t h e  uronium s a l t  t r a n s f e r r e d  t o  the 

o r g a n i c  phase  was de termined  by enzymat ic  d e g r a d a t i o n  w i t h  u r e a s e ,  
af ter  s e p a r a t i o n  of t h e  two l i q u i d  l a y e r s  w i th  a n  o v e r a l l  accu racy  
o f  10%. The amount of  u r e a  t r a n s f e r r e d  t o  t h e  o r g a n i c  phase  is 

expres sed  as  the  e x t r a c t i o n  e f f i c i e n c y ,  which i s  the  r a t i o  of  the 

uronium i o n  c o n c e n t r a t i o n  and t h e  crown e t h e r  c o n c e n t r a t i o n  i n  t h e  

o r g a n i c  phase.  Obviously t h e  u r e a  i s  e x t r a c t e d  as t h e  correspond- 
i n g  uronium p e r c h l o r a t e  complex. With a n  uronium p e r c h l o r a t e  con- 
c e n t r a t i o n  of 1.7 M ,  p r e s e n t  i n  an  aqueous s o l u t i o n  of 2.0 M u r e a  
i n  28% p e r c h l o r i c  acid,  a r e a s o n a b l e  e x t r a c t i o n  e f f i c i e n c y  was 
o b t a i n e d ,  and was chosen as the s t a n d a r d  aqueous  phase used  i n  t he  

two phase  e x t r a c t i o n  exper iments .  The crown ether c o n c e n t r a t i o n  i n  
the  o r g a n i c  phase has  less i n f l u e n c e  on t h e  e x t r a c t i o n  e f f i c i e n c y ,  
and a crown ether c o n c e n t r a t i o n  of 0.2 M i n  ch loroform was chosen 
f o r  t h e  exper iments .  The u r e a  d e t e r m i n a t i o n s  were carried o u t  

a f t e r  17  h o f  e q u i l i b r a t i o n ,  s i n c e  a f t e r  t h i s  p e r i o d  t h e  e q u i l i b -  
rium is  reached .  

3 '  

The r e s u l t s  of t he  e x t r a c t i o n  expe r imen t s  w i t h  benzo and 
d ibenzo  crown ethers w i t h  18- t o  33-membered r i n g s  are summarized 
i n  Table 111. They show a s t r i k i n g  ana logy  w i t h  t h e  r e s u l t s  of 
e x t r a c t i o n  expe r imen t s  and membrane t r a n s p o r t  expe r imen t s  with 

benzoS9  and p y r i d o 4 '  crown ethers and guanidinium  salt^.^^-^^ The 
amount of uronium p e r c h l o r a t e  e x t r a c t e d  i n t o  t h e  o r g a n i c  phase i s  

c o n s i d e r a b l y  larger  w i t h  crown e t h e r s  t h a t  have 27 o r  more r i n g  
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36 D. N. REINHOUDT 

atoms than w i t h  t h e  smaller crown ethers. These l a r g e r  crown 
ethers are able t o  encapsu la t e  t h e  po la r  gues t  and t h i s  g ives  a 
complex wi th  an  apo la r  e x t e r i o r  and a p o l a r  i n t e r i o r .  Such com- 
plexes w i l l  p r e fe rab ly  be t r a n s f e r r e d  t o  t h e  o r g a n i c  phase. 

TABLE I11 E x t r a c t i o n  e f f i c i e n c y a  of (d i lbenzo  crown ethers 

i n  t h e  complexation w i t h  uronium p e r c h l o r a t e .  

Crown ether Ring s i z e  Ex t rac t ion  
e f f i c i e n c y  

18 

21 

24 

24 
27 

30 
30 
33 

0.23 

0.36 
0.06 

0.08 

0.57 

0.52 

0.57 
0.68 

a 

ether concen t r a t ion  i n  t he  o r g a n i c  phase. 
The r a t i o  of t h e  uronium i o n  concen t r a t ion  and t h e  crown 

The X r a y  s t r u c t u r e  a n a l y s i s  of t h e  benzo-21 -crown-7.uronium 
p i c r a t e  ( 1 : l )  complex r evea led  that  t h i s  complex has a n e s t i n g  
conformation, and n o t  as assumed a perching one. The c r y s t a l  
s t r u c t u r e  (F ig .  4 )  shows t h a t  a complex is formed i n  which t h e  
uronium s a l t  is hydrogen bonded wi th  three NH2 hydrogen atoms t o  
crown ether r i n g  oxygen atoms. The f o u r t h  hydrogen atom is i n -  
volved i n  an in t r amolecu la r  hydrogen bond t o  t h e  anion.  
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 37 

F I G U R E  4 C r y s t r a l  s t r u c t u r e  of the benzo-21 -crown-7.uronium 
p i c r a t e  (1 . :1)  complex 

The hydrogen bonding scheme is  similar t o  t h e  hydrogen bond- 
ing  scheme i n  t h e  related 18-crown-6.uronium p e r c h l o r a t e  com- 

~ l e x , ~ "  which means t h a t  one  hydrogen  atom of one NH2 group is 
hydrogen bonded t o  a crown ether oxygen atom ad jacen t  t o  the crown 
e t h e r  oxygen atom t h a t  accep t s  a hydrogen bond of t h e  second NH2 

group. The t h i r d  hydrogen atom is hydrogen bonded t o  t h e  crown 
ether i n  such a way t h a t  one oxygen atom is passed over. I n  addi- 
t i o n  t h e  aromatic  r i n g  of the g u e s t  is l o c a t e d  p a r a l l e l  t o  t h e  

aromatic  r i n g  of the h o s t ,  probably due t o  r - e l e c t r o n  i n t e r a c -  
t i o n .  

COMPLEXATION OF UREA ASSISTED BY INTRAANNULAR PROTON DONATING 

GROUPS 

P a r t i c i p a t i o n  of an i n t r a a n n u l a r  proton donating group i n  t h e  

encapsu la t ion  of an uncharged gues t  was f i r s t  r e p o r t e d  by Cram and 
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38 D. N. REINHOUDT 

coworkers f o r  t h e  complexa t ion  o f  a water molecule  by 3 , 3 ' - ( 1  , l  I- 

bi-2-naphthol)-21 -crown-5. 42 Although i n  t h i s  complex the  acidic 

hydrogen atom is no t  t r a n s f e r r e d  t o  t h e  water molecule ,  one  o f  t h e  

two p h e n o l i c  hydrogen atoms is invo lved  i n  t h e  hydrogen bonding o f  
t h e  g u e s t .  Another example of  an encapsu la t ed  wa te r  molecule  hy- 

drogen bonded t o  an a c i d i c  p ro ton  o f  the  h o s t  has been r e p o r t e d  by 

Bradshaw e t  a l .  f o r  a macrocyc l i c  p o l y e t h e r - d i e s t e r  l i g a n d  con- 
t a i n i n g  a t r i a z o l e  subuni t . "  The ac id ic  NH-hydrogen atom of t h e  

t r i a z o l e  moie ty  f s  involved  i n  hydrogen bonding o f  t h e  water mole- 
c u l e ,  w h i l e  t h e  two H 0 h y d r o g e n  atoms are hydrogen bonded w i t h  

two crown ether oxygen atoms. For a similar complex w i t h  uncharged 
u rea  a s  t h e  encapsu la t ed  g u e s t  molecule ,  mac rocyc l i c  l i g a n d s  w i t h  

ac id ic  groups  such a s  OH o r  COOH and r i n g  s i z e s  of 27 o r  more 
atoms were expec ted  t o  be of i n t e r e s t .  

2 

P r e v i o u s l y  a series of 2-hydroxy-5-chloro-l,3-xylyl crown 

ethers was s y n t h e s i z e d  i n  our  l a b o r a t o r i e s . ' "  Hitherto o n l y  a 
water complex w i t h  t h e  27-membered r i n g  cou ld  be o b t a i n e d  i n  t h i s  

series,  b u t  no u rea  complex. Consequently t h e  p o s s i b l e  p a r t i c i p a -  
t i o n  o f  an i n t r a a n n u l a r  c a r b o x y l i c  acid hydrogen atom i n  t h e  com- 
p l e x a t i o n  of u r e a  was i n v e s t i g a t e d .  I n  t h e  l i t e r a t u r e  the synthe-  
sis of the methyl  ester of a 2-carboxyl-l,~-xy~yl-18-crown-5 w i t h  

two s u l p h u r  atoms as donor si tes i n  the  macrocyclic r i n g  has been 
r e p o r t e d  by Weber and Vog t l e .4 s  Cram and coworkers r e p o r t e d  t h e  
s y n t h e s i s  of  a number of 2-carboxyl-l , 3-xyly l  crown e t h e r s  w i t h  

o n l y  oxygen atoms as t h e  dona t ing  s i t e s  and we have ex tended  t h i s  

method t o  a series of 2-carboxyl-1,3-xylyl crown ethers having  
r i n g  s i z e s  of 15 t o  33 (9a-g).  - -  

The pKa v a l u e s  of these crown ethers 2, show a s t r o n g  r i n g  
s i z e  dependency . "  The ex t r eme ly  h igh  pKa v a l u e s  f o r  t h e  15- and 
18-membered r i n g s  can be a t t r i b u t e d  t o  s t a b i l i z a t i o n  o f  the  a c i d  
by a t r a n s a n n u l a r  hydrogen bond. 

Such a n  i n t r a a n n u l a r  hydrogen bond was shown by Cram and 
c o ~ o r k e r s " ~  i n  t h e  c r y s t a l  s t r u c t u r e  of the 18-membered r i n g .  The 
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COMPLEXATION OF NEUTRAL GUEST MOLECULES 39 

FIGURE 5 C r y s t a l  s t r u c t u r e  o f  2-carboxyl-l , 3-xylyl-18-crown-5, 

showing i n t r a a n u l a r  hydrogen b ~ n d i n g . ’ ~  

r e l a t i v e l y  h igh  pK va lues  of t h e  21- and 24-membered r i n g s  can be 

due t o  s p e c i f i c  c o o r d i n a t i o n  of a water molecu le  i n  t h e  c a v i t y ,  

s t a b i l i z i n g  t h e  c a r b o x y l i c  ac id  group.  For t h e  l a r g e r  r i n g s  ( 2  27) 

t h e  pKa v a l u e s  a r e  t h e  same as f o r  t h e  co r re spond ing  a c y c l i c  com- 

pounds. ‘ 
i n  o r d e r  t o  s t u d y  the p a r t i c i p a t i o n  of  t h e  i n t r a a n n u l a r  car- 

boxyl  group i n  t h e  complexa t ion  of wea two-phase e x t r a c t i o n  ex- 

pe r imen t s  were carr ied o u t .  These c l e a r l y  demons t r a t ed  tha t  t he  

larger (n  h 30)  macrocyc l i c  r i n g s  e x t r a c t e d  u r e a  much more e f f i -  
c i e n t l y  t h a n  t h e  smaller r i n g s .  The h i g h l y  enhanced e x t r a c t i o n  

e f f i c i e n c i e s  f o r  t h e  30- and 33-membered c y c l e s  a r e  o b v i o u s l y  due 

t o  a s s i s t a n c e  o f  t h e  i n t r a a n n u l a r l y  l o c a t e d  acidic  p r o t o n  o f  car- 
b o x y l i c  a c i d  crown e t h e r s .  From CPK model s t u d i e s  i t  is  obvious  
t h a t  t h e  c a v i t y  of  2-carboxyl-l,3-xylyl-2~-crown-8 i s  t o o  small t o  

e n c a p s u l a t e  b o t h  t h e  c a r b o x y l i c  ac id  g roup  and  a u r e a  molecu le  i n  

a p l a n a r  conformat ion  i n  t h e  c a v i t y ,  T h i s  o b s e r v a t i o n  i s  reflected 

i n  t h e  r e l a t i v e l y  low e x t r a c t i o n  e f f i c i e n c y  found fo r  t h e  u r e a  

a 
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40 D. N. REINHOUDT 

s o l u b i l i z a t i o n  by t h e  27-membered macrocycle. However, CPK model 
s t u d i e s  also show t h a t  the  c a v i t y  of a 30-membered macrocycle is 

able t o  inc lude  both a ca rboxy l i c  acid group and a u rea  molecule 
i n  a p l ana r  conformation. The e x i s t e n c e  of such a s table  complex 

was supported by t h e  i s o l a t i o n  of the urea complex of 2-carboxyl- 
1,3-xylyl-30-crown-9 (g) . I y  

CONCLUSIONS 

Our work desc r ibed  i n  t h i s  paper has confirmed t h a t  s imple macro- 
c y c l i c  po lye the r s  form complexes w i t h  n e u t r a l  g u e s t s  such as malo- 
n o n i t r i l e  and urea.  The s t a b i l i t y  of the urea complexes can be 

enhanced by t h e  a s s i s t a n c e  of a proton-donating carboxyl group. 
Although there is no p ro ton - t r ans fe r  i n  the  complex, t h e  s t r o n g  
hydrogen bond between t h e  oxygen atom of u rea  and t h e  carboxyl 
group p l a y s  an important r o l e .  
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