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NEW PROPERTIES O F  CYCLODEXTRIN COMPLEXES IN 
SOLUTION AND IN SOLID STATE 

G. LE BAS and G. TSOUCARIS 
E R A  CNRS 180, Lab de Physique, Centre 
Fharmaceut i que, ‘Chatenay-Ma1 abry , 92250, 
France. 

ABSTRACT. Chiroptical property studies 
of conformational enantiomers are difficult. 
However, in association with cyclodextrin, 
one chiral conformer is favoured by 
complexation and leads to optical activity in 
solution. Theref ore crystallographic 
studies of the cyclodextrin complex can 
provide absolute conf igirration of the guest. 
Further results are discussed. We show that 
all cyclodextrin clathrates with head to 
head dimers can be classified in three 
classes with the same dimer sheets. This 
fact may be usef ~ r l  for f utcrre 
crystal lographic studiese A remarkable 
p e c u l i a r i t y  may be pointed out : all these 
struct~tres display a very similar partial 
water network. 

INTRODUCTION 

Cyclodextrins (cyd) are able to form complexes in 
solution as well as in the crystal state. There 
seem to be few restrictions on the nature of 
possible guests which can form inclusion compounds 
as seen from the variety of molecules studied so 
far I. 

In aqueous solution, the cyd cavity presents 
a definite preference for inclusion of guest 
molecules presenting hydrophobic interactions. 
Obvious applications arise then from the 
solubilization in water through complex formation 
of hydrophobic species. 

The intrinsic chirality of cyd leads to a 
stereospeciffcity nf the interaction which is 
reflected in the spectroscapic properties of guest 
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G .  LE BAS AND G .  TSOUCARIS 288 

m o l e c u l e s .  T h e  modi f i c a t  i on or  a p p e a r a n c e  o f  g u e s t  
o p t i c a l  a c t i v i t y  is  o f  p a r t i c u l a r  i n t e r e s t  a s  i t  
p r o v i d e s  a q u i c k  and  e a s y  way o f  t e s t i n g  t h e  
e f f e c t i v e  i n c l u s i o n  o f  t h e  g u e s t  i n  s o l u t i o n .  

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

A l a r g e  number o f  m o l e c u l e s  f o r m  i n c l u s i o n  
compounds  e v e n  t h o u g h  t h e y  are t o o  l a r g e  t o  b e  
c o m p l e t e l y  i n c l u d e d  w i t h i n  t h e  c y d  c a v i t y .  
M e a n w h i l e ,  u n t i l  now, o n l y  c o m p l e x e s  w i t h  g u e s t s  
w h i c h  f i t  i n t o  c a v i t y  Lvere found t o  crystallize easily. 

We r e p o r t  h e r e  how c y d  c a n  b e  u s e d  t o  
s e p a r a t e  l a b i l e  c o n f o r m e r s  , a g e n e r a l  
c r y s t a l l o g r a p h i c  s t u d y  of c y d  c l a t h r a t e s  a n d  an 
attempt t o  classify these structures. 

I SELECTIVE COMPLEXATION O F  CONFORMATIONAL 
ENANTIOMEKS 

I t  o f t e n  h a p p e n s  t h a t  c h i r a l  c o n f o r m e r s  o f  
m o l e c u l e s  w i t h  v e r y  l o w  b a r r i e r s  o f  i n t e r n a l  
r o t a t i o n  a re  n o t  s t a b l e  e n o u g h  e v e n  a t  t h e  lowest 
a c c e s s i b l e  t e m p e r a t u r e ,  t o  e x h i b i t  a d e t e c t a b l e  
o p t i c a l  a c t i v i t y .  S e v e r a l  c h e m i c a l  f a m i l i e s  h a v e  
b e e n  s t u d i e d .  

a )  B i l e  p i g m e n t s .  

HOOC COOH 

N 
H H H H 

F i g u r e  1. B i l i r u b i n  IXoc 

A w e l l  b::nown e x a m p l e  of  a c o n f o r m a t i o n a l y  l a b i l e  
m o l e c u l e  i n  b i o l o g y  is b i l i r u b i n  ( f i g . 1 ) .  w h e r e  
t h e  two e n a n t i o m e r i c  c o n f o r m a t i o n s  , a s  f o u n d  i n  
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CYCLODEXTRIN COMPLEXES 289 

crystalline bilirubin, interconvert rapidly in 
solution at room temperature (fiq.2). Thus, free 
bilirubin solution in achiral organic solvents 
does not exhibit optical activity. But, selective 
complexa.tion of one conf ormational enantiomer is 
achieved by cyd in aqueous 50lL\tion, allowing the 
determination of chiroptical properties of 
bilirubin as shown below. 

We describe first the biological implication 
of this structural study. Bilirubin is the end 
product of heme catabolism in man and most 
animals. This pigment is normally carried in blood 
by serum albumin until it is excreted by the 
liver. A l l  forms of jaundice are a manifestation 
of an excess of bilirubin over the binding 
capacity of 5erum albumin. Then the aqueous 
i nsol ub 1 e unbound pi gmen t 1 eaves the i ntr avascul ar 
system, diffuses into lipophilic tissues and, in 
the case of newborn babies, it may reach the brain 
and cause irreversible damage. In order to 
r a p i d l y  remove the bilirubin excess, massive U.V. 
irradiation is applied. The generally admitted 
mechanism i nvol ves transformation into 
"photobilirubins" which are more soluble in water 
and readily excretable 2. We have shown that a 
solubilization effect is also obtained by 
association with cyd. However, this i 5  achieved 
only at pH :. 8. 

Figure 2. The two enantiomeric conformations of 
crystalline bilirubin. 
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290 G.  LE BAS AND G. TSOUCARIS 

Figure 3. CD spectrum of bilirubin P-cyd complex 
( A  = 455 nm, 0 -  -2.7 la4 deg.cm=.dmole-i), 
pH = 10.2. Inset shows the CD spectrum of  
bilirubin-ligandin complex, pH = 7.4. 

The detection o f  this complex is precisely 
assured through the remarkable chi ropti cal 
properties of bilirubin. Indeed, the 
crystallographic analyses o f  free bilirubin 
displays an internally hydrogen-bonded chiral 
conformation =. All crystalline forms studied up 
to now are racemic, the two enantiomers being 
associated by an inversion center. 

In solution the two labile enantiomers are in 
dynamic equilibrium. But association with an 
auxiliary stable chiral molecule displaces the 
conformer equilibrium and leads to optical 
activity. Indeed, the physiologically important 
complexes with serum albumin or  ligandin 
(liver protein) give rise to an intense circular 
dichroism spectrum in the region of the visible 
absorption bands of bilirubin. It is important to 
emphasize that the spectral form o f  bilirubin 
complexed with B cyd ( 8 iO-i M bilirubin,l0-’ M 
B cydl shown in fig. 3 is practically identical 
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CYCLDDEXTRIN COMPLEXES 29 I 

w i t h  t h a t  obta ined i n  t h e  l i g a n d i n  ( r a t  l i v e r )  
complex. I t  appears t h a t  0 cyd a c t s  here as a 
biomimet ic molecule. The analogy of t he  spec t ra  
shows c l e a r l y  t h a t  t h e  same conformer, of  t h e  same 
c h i r a l i t y ,  i s  se lec ted  as we l l  i n  assoc ia t i on  w i t h  
cyd as w i t h  t h e  p ro te in .  

b )  He1 i cenes. 
We have obta ined ( i n  aqueous s o l u t i o n )  t h e  CD 
spectrum o f  4-hel icene complexed w i t h  x cyd. Th is  
r e s u l t  completes t h e  o p t i c a l  a c t i v i t y  s tudy  o f  
he l i cene  se r ies ,  a l l  h igher  homologcies having 
known CD spectra.  

The he l i cene  s e r i e s  represents  a c l a s s  o f  
c l a s s i c a l  examples of  chromophores termed 
i n h e r e n t l y  d issymetr ic .  The o p t i c a l  a c t i v i t y  
measurements o f  these molecules can prov ide  t h e  
b a s i s  f o r  comparison w i t h  t h e o r e t i c a l  
ca l cu la t i ons .  Though ootical a c t i v i t y  of  h igher  
homologues has been ex tens i ve l y  s tud ied,  OKD and 
CD spec t ra  of  4-hel icene have n o t  been reported. 
Indeed, t h e  o p t i c a l  ant ipodes o f  6-7-8-9 he l icenes  
a re  s t a b l e  and e a s i l y  resolved 7 * 6  .; 5-hel icene 
racemizes a t  room temperature b u t  t he  energy 
b a r r i e r  separa t ing  t h e  two ant ipodes i s  s u f f i c i e n t  
t o  a l l ow  r e s o l u t i o n  : whereas t h e  enant iomeric 
conformers o f  4-hel icene ( f i g . 4 )  i n t e r c o n v e r t  
r a p i d l y  i n  s o l u t i o n ,  even a t  t h e  lowest access ib le  
temperature, and can no t  be separated. F ig .  5 
shows t h e  CD spectrum o f  aqueous s o l u t i o n  of 
comp 1 ex 4 he l i cene  - 8 cyd lW4 M 4H, i0-= M 
x-cyd) l C l l  . Th is  spectrum can now be compared w i t h  
t h e o r e t i c a l  c a l c u l a t i o n  l *  . 

F igu re  4. Two enant i  omeric conformers of 4-he1 icene D
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292 G. LE BAS AND G. TSOUCARIS 

F igu re  5.* CD spectrum of 4-hel icene complexed 
w i t h  x-cyd. €3 i n  deg.cm'.dmole-L. 

c )  Henzi l .  
CD spectrum of b e n z i l  complexed w i t h  cyd has 
been recorded i n  aqueous s o l u t i o n  and a 
c r y s t a l  lograph ic  s tudy of  t he  complex has been 
un d e r  t &:en. 

con f or  mat i onal 
freedom a r i s i n g  from the  r o t a t i o n  around t h e  
c e n t r a l  C-C bond. The CD spectrum o f  benzil-f3 cyd 
comp 1 ex s o l u t i o n  is given f i g .  6 (3.5 10-4 M 
b e n z i l  , 10-' M f i-cyd). The s t r u c t u r e  of  the b e n z i l  
complex e x h i b i t s  head t o  head dimers of p -  cyd 
connected by hydrogen bonds i n v o l v i n g  a l l  
secondary hydroxy l  groups .Despi te the  d isorder  o f  
t h e  guest molecule i n  the  cyd c a v i t y ,  a model o f  
one p re fe r red  c h i r a l  conformer has been prov ided 
and i t s  absolute c o n f i g u r a t i o n  i s  t h a t  o f  f ig .7 .  

The b enz i 1 mo 1 ec ii 1 e ex h i b i t s 

We note  f i n a l l y  t h a t  the  CD spectrum o f  cyd 
complexed w i t h  severa l  o ther  molecules have been 
recorded I=. 
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CYCLODEXTRIN COMPLEXES 293 

1 I I I I 
250 300 350 400 45c 

Figure 6. CD spectrum of t h e  complex b e n i i l - 5  cyd 
0 max = la4 deg.cma.dmole-l. 

h 

Figure 7. A b s o l u t e  configuration of  benz i 1 
in p-cyd clathrate. 

Correl at i vel y wi t h sel ect i ve compl ex at i on of 
enantiomers ,it is worth noting the cage 
environnement's effect on stable enantiomers . 
Enantiomeric separation has been explored by 
Mikolajczik et all". O p t i c a l  purity may reach 
66%. We note also chromatographic separation L 4  

and asymctric synthesis whithin cyd cages Is . 
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294 G. LE BAS AND G. TSOUCARIS 

Figure  8. Class A clathrate (6-cyd-benzophenone) 
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CYCLODEXTRIN COMPLEXES 295 

Figure 9. Class B clathrate (8-cyd-benzil) 

i 
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296 G. LE BAS AND G .  TSOUCARIS 

Figure 10. Class C clathrate 
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CYCLODEXTRIN COMPLEXES 297 

I1  COMPARISON BETWEEN p-CYCLODEXTRIN 
CLATHRATES A N D  THE ASSOCIATED WATER NETWORK. 

Most of  t h e  p-cyd c l a t h r a t e s  d i s p l a y  h e a d  t o  h e a d  
d imers , .  W e  show h e r e  t h a t  t h e y  c a n  b e  c l a s s i f i e d  
i n  t h r e e  c lasses  which  h a v e  i n  common t h e  p r e s e n c e  
of  t h e  s a m e  d i m e r  s h e e t s .  .Furthermore, f r o m  t h e  
s t u d y  o f  t h e  c r y s t a l  s t r u c t u r e s  of  s e v e r a l  
c 1 a t  h r  a t e s  , a r emar kab  1 e peculiarity e m e r g e s  ; 
t h e y  a l l  d i s p l a y  a v e r y  s i m i l a r  p a r t i a l  water 
n e t w o r k  

W i t h i n  a d i m e r  a l l  s e c o n d a r y  h y d r o x y l  g r o u p s  
of  t w o  p a r t n e r s  are  c o n n e c t e d  b y  h y d r o g e n  b o n d s  
( f i g . 8 ) .  The  t w o  h a l v e s  of t h e  d i m e r  are a l w a y s  
r e l a t e d  b y  a m o l e c u l a r  t w o f o l d  axis  which  i n  some 
s t r u c t u r e s  is a l s o  a c r y s t a l l o g r a p h i c  a x i s .  Many 
c r y s t a l  1 i n e  s t r u c t u r e s  are q u a s i - i s o m o r p h o u s  t o  
o n e  a n  o t h e r ,  e v e n t u a l l y ,  a f t e r  a u n i t  ce l l  c h a n g e .  
S t r L i c t u r e s  on which  w e  h a v e  d a t a ,  i n  t o t a l  
s e v e n t e e n ,  e n t e r  i n t o  t h r e e  classes l b  . 

I n  t h e  f i r s t  c l a s s  c r y s t a l s ,  t i t l e d  c lass  
A ,  t h e s e  d i m e r s  are  s t a c k e d  a l o n g  t h e  c a x i s  t o  
p r o d u c e  col Limns , w i t h  i n t e r d i  m e r  h y d r o g e n  bonds; 
i n v o l  v i  ng some of t h e  p r i m a r y  h y d r o x y l  g r o u p s , .  
T y p i c a l  e x a m p l e s  of  t h i s  c l a s s  are t h e  
c l a t h r a t e s  of B-cyd n-propanol  l7 or @-cyd 
b e n r o p h e n o n e  l C l - l 6  shown i n  f i g . 8 .  T h e s e  
c o l u m n s ,  which  c o n t a i n  t h e  g u e s t  m o l e c u l e s ,  are 
c l o s e l y  p a c k e d ,  s p a c e s  be tween t h e  c o l u m n s  b e i n g  
f i l l e d  w i t h  water m o l e c u l e s .  The c o l u m n s  are 
1 i nl.::ed b y  h y d r o g e n  b o n d s ,  i n v o l v i n g  h y d r o x y l  
g r o u p s  e i t h e r  d i r e c t l y  or t h r o u g h  i n t e r m o l e c u l a r  
w a t e r  n e t w o r k .  

I n  t h e  B c l a s s  c r y s t a l s ,  n o  d i m e r  c o l u m n s  are 
o b s e r v e d  ( f  i g . 9 ) .  However i n d i v i d u a l  s h e e t s  
a re  s t i l l  p r e s e n t  w i t h  almost i d e n t  i cal 
c o n f o r m a t i o n  of  B-cyd m o l e c u l e ,  w i t h  t h e  s a m e  
o r i e n t a t i o n  of  d i m e r  axis w i t h  r e s p e c t  t o  t h e  
p l a n e  , 
d i m e r s  w i t h i n  a s h e e t .  M o r e o v e r ,  w i t h i n  t h e  d i m e r  
s h e e t  t h e  h y d r o g e n  bonded f ramework  i n v o l v i n g  
h y d r o x y l  g r o u p s  a n d  w a t e r  m o l e c u l e s  i s c l o s e l y  
r e s e m b l e s  t h a t  o f  c l a s s  FI b u t  t h e  c o n n e c t i o n  
b e t w e e n  shee t . ;  is  d i f f e r e n t .  One s h e e t  i s  r e l a t e d  
t o  i ts  n e i g h b o u r  by a 2% axis a l o n g  t h e  c 

and the same packing arrangement of 
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298 G .  LE BAS AND G .  TSOUCANS 

d i r e c t i o n  so t h a t  a d i m e r  is l o c a t e d  a b o v e  a s p a c e  
f i l l e d  w i t h  s o l v e n t ,  w h i l e  i n  t h e  c lass  A 
c l a t h r a t e s ,  o n e  d i m e r  is s u p e r p o s e d  on a n o t h e r  
d i m e r .  Direct h y d r o g e n  b o n d s  b e t w e e n  t h e  p r i m a r y  
h y d r o x y l  g r o u p s  of d i m e r s  o f  t w o  a d j a c e n t  s h e e t s ,  
as i n  c l a s s  A ,  d o  n o t  exist. I n s t e a d ,  e a c h  p r i m a r y  
h y d r o x y l  e n d  'is a t t a c h e d . t o  o n e  or more w a t e r  
m o l e c u l e s  i n d u c i n g  a new i n t e r m o l e c u l a r  w a t e r  
n e t w o r k  b e t w e e n  s h e e t s .  

I n  t h e  c class ( f i g .  10) ( t h e  complex $-~;7d- 
1-adamantane  c a r b o x y l i c  a c i d  is a n  e x a m p l e )  t h e  
same d i m e r  s h e e t s  are f o u n d  a g n i n  t o  d i sp lay  t h e  
l e a d i n g  s t r u c t u r a l  f e a t u r e s  l e  i . e . ,  s a w  conformation 
of p-cyd m o l e c u l e ,  s a m e  o r i e n t a t i o n  of d i m e r  a x i s  
w i t h  r e s p e c t  t o  t h e  p l a n e  d i r e c t i o n ,  same packing 
o f  d i m e r s ,  and a l s o  a v e r y  similar water n e t w o r k  
w i t h i n  t h e  same l a y e r .  But  t h e  s h e e t  a r r a n g e m e n t  
is d i f f e r e n t  f r o m  classes A a n d  B. As i n  cla5s 
A ,  t h e  s h e e t s  are i n t e r r e l a t e d  b y  t r a n s l a t i o n  
a l o n g  c ,  b u t  a s  t h e  angle between the t r a n s l a t i o n  a x i s  
a n d  t h e  d i m e r  axis  is v e r y  l a r g e ,  t h e  
i n t r a m o l e c u l a r  c h a n n e l  c o n s i d e r a b l y  s h r i n k s  and w e  
n o t e  a l so  t h a t  e a c h  d i m e r  is m o r e  s u r r o u n d e d  
b y  w a t e r  m o l e c u l e s  t h a n  i n  c l a s s  A.  

From t h e  a b o v e  a n a l y s i s  i t  f o l l o w s  t h a t  t w o  
c h a r a c t e r i s t i c s  are i n v a r i a n t  f o r  a l l  classes : 
a) d i m e r  s h e e t s  seem t o  b e  t h e  common b u i l d i n g  
block: f o r  a1 1 s t r u c t u r e s  
b) w i t h i n  t h e  s h e e t s  t h e  water n e t w o r k  s u r r o u n d i n g  
t h e  cyd  d i m e r s  is a p p r o x i m a t e l y  i n v a r i a n t .  

Up t o  now w e  h a v e  e s s e n t i a l l y  d e s c r i b e d  t h e  
s t r u c t c t r e s  a n d  made a c l a s s i f i c a t o n  a t t e m p t .  A 
f u r t h e r  s t e p  would  b e  e s t a b l i s h i n g  a r e l a t i o n s h i p  
b e t w e e n  t h e  m o l e c u l a r  s t r u c t u r e  of  t h e  g u e s t  a n d  
t h e  c r y s t a l  s t r u c t u r e  of t h e  complex.  Such  a n  
a c h i e v e m e n t ,  a s  1s usual  i n  t h i s  d o m a i n ,  is beyond 
today 's  state of t h e  a r t .  However w e  c a n  e x p l o r e  
d i f f e r e n t  d i r e c t i o n s  of  r e s e a r c h .  

A f i r s t  correl  a t  i on would b e  t h e  
h y d r o p h i l i c / h y d r o p h o b i c  b a l a n c e  04 t h e  g u e s t .  
C l a s s  A p a c k i n g  may b e  v i e w e d  a5 a n  e x p a n s i o n  o f  
t h e  h y d r o p h o b i c  r e g i o n  o f  c y d  t o  e n h a n c e  t h e  
b i n d i n g  of  a n  h y d r o p h o b i c  s u b s t r a t e  or a n  
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CYCLODEXTRIN COMPLEXES 299 

h y d r o p h o b i c  p a r t .  I n d e e d  s e v e r a l  r e p r e s e n t a t i v e  
g u e s t s  of  t h i s  c l a s s  are e i t h e r  h y d r o p h o b i c  
( b i p h e n y l )  l6 o r  h a v e  a n  h y d r o p h i l i c  p a r t  " h i d d e n "  
i n  t h e  m i d d l e  of t h e  c y d  c a v i t y  ( b e n z o p h e n o n e ) .  I n  
t h e s e  b o t h  cases i t  is a n  h y d r o p h o b i c  p a r t  o f  t h e  
g u e s t  which  "sees" t h e  c o r r e s p o n d i n g  p a r t  o f  t h e  
n e x t  d i m e r .  C o n v e r s e l y ,  i n  classes Ec a n d  C a 
g r e a t e r  p a r t  of t h e  d i m e r  is e x p o s e d  t o  water 
c o n t a c t .  One would t h e n  e x p e c t  a p r e f e r e n c e  f o r  
p o l a r  m o l e c u l e s  ( f o r  e x a m p l e ,  c l a s s  B : (5-cyd 
p h e n o b a r b i t a l  l9 j C1.355  G : @-cyd 1-adamantane  

c o r r o b o r a t e s  t h i s  s t a t e m e n t .  I t  h a s  b e e n  o b s e r v e d  
t h a t  c r y s t a l s  of a c y d  complex  w i t h  h y d r o p h i l i c  
n - p r o p a n o l  b e l o n g i n g  t o  c l a s s  A are m e t a s t a b l e ,  
the s t a b l e  c r y s t a l s  being of ~1.355 C =m. 

A n o t h e r  c o r r e l a t i o n  would be c o n s i d e r e d  w i t h  
r e s p e c t  t o  t h e  g u e s t ' s  size or l e n g t h .  C l e a r l y  i f  
t h e  i n c l u d e d  m o l e c u l e  is too l o n g  as  compared  t o  
t h e  d i m e r ' s  l e n g t h ,  c l a s s  A is d i s f a v o u r e d  ( for  
e x a m p l e  : b e n z i l  c l a t h r a t e  b e l o n g s  t o  c l a s s  B a s  
shown i n  f i g . 7 ) .  

c a r b o x y l i c  a c i d  la). An interesting f a c t  
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