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ABSTRACT 

ct- and 13-cyclodextrins were  found  to form 1:1 inc lus ion  complexes  
with 2,6- and 2 , 9 - s u b s t i t u t e d  b i c y c i o [ 3 . 3 . i ] n o n a n e s .  The b inding  
c o n s t a n t s  and the  s t r u c t u r e  of  the  complexes  were  e s t i m a t e d  f rom 
t i t r a t i on  s tud ies  and 2D R O E S Y  expe r imen t s .  

1. I N T R O D U C T I O N  

The re l a t ive ly  h y d r o p h o b i c  cavi t ies  of  the  d o u g h n u t - s h a p e d  
cyc lodex t r in s  (CDs)  are  known for  the i r  abi l i ty  to b ind organic  
m o l e c u l e s  in so lu t ion  and in the  c rys ta l l ine  s ta te .  The shape  and the 
in t e rna l  d i a m e t e r  of  thc CDs cavity and the size of  the  gues t  
mo lecu le s ,  i.e. the  c lose  match  is of  p r imary  i m p o r t a n c e  for  the 
complex  f o r m a t i o n  and this may p rov ide  usefu l  tools  in m o l e c u l a r  
r e cogn i t i on ,  s u b s t r a t e - r e c e p t o r  i n t e r ac t ions ,  etc.  The i n t e r ac t i on  of  
CDs with a n u m b e r  of  organic  s t r u c t u r e s  has been  s tud i ed  in r e c e n t  
years  [1] and among  the o rgan ic  c o m p o u n d s  exhib i t ing  the s t r o n g e s t  
b inding  to the  CDs are  s u b s t i t u t e d  a d a m a n t a n e s  [2]. The 
inves t i ga t ion  on the  i n t e r a c t i o n  of  CDs with b i cyc lo [3 .3 .1 ]nonanes  
which arc  c o n f o r m a t i o n a l l y  f lex ib le  s t r u c t u r e s  and have one  ca rbon  
a tom icss than  a d a m a n t a n e  was ca r r i ed  out  seeking  to gain insight  
into the  b i c y c l o n o n a n e s - C D s  complex  f o r m a t i o n  and s t ruc tu re .  

2. MATERIALS AND M E T H O D S  

2.1. M a t e r i a l s  

a- and 13-Cyclodextrins (Aldr i ch )  were  used  as r ece ived  and f r eeze  
d r ied  b e f o r e  use.  L i t e r a t u r e  m e t h o d s  were  used  to p r e p a r e  
b i c y c l o [ 3 . 3 . 1 ] n o n a n e - 2 , 6 - d i o n e  (1), e n d o , e n d o - b i c y c i o [ 3 . 3 . 1 ] n o n a n e -  
2 ,6-dio l  (2) and e n d o - 2 - a n t i - 9 - b i c y c l o [ 3 . 3 . 1 ] n o n a n e d i o l  (4) [3,4]. 
M o n o a c e t a t e  3 was p r e p a r e d  by ace ty t a t ion  of  2 with an equ imo!a r  

4~ a m o u n t  o, ace t ic  anhydr ide .  
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2.2.  Pro ton  NM R spec tra  

1H NMR spec t ra  were  r eco rded  at  303K on a Bruker  AMX500 
s p e c t r o m e t e r  equ ipped  with E u r o t h e r m  con t ro l l e r  for  t e m p e r a t u r e  
r egu la t ion .  The complexes  were ob t a ined  and the t i t r a t i o n s w e r e  
p e r f o r m e d  by adding  var iab le  amoun t s  of the subs t ra t e s  to a 
cyc lodext r in  so lu t ion  in D20 and v ice  versa  at 33 °C. The concen-  
t r a t ion  of  subs t r a t e s  and the CDs var ied  be tween  l-5x10 3 M. The 
so lu t ions  were t h o r o u g h l y  mixed and a l lowed to equ i l ib ra t e  for 
several  minu tes  in the  p robe  before  the  spec t rum was acqui red .  The 
inc lus ion  s tabi l i ty  cons t an t s  K and the e s t ima ted  assoc ia ted  er rors  
were ca l cu la t ed  f rom 1H NMR t i t r a t i on  da ta  using a n o n - l i n e a r  least  
squares  fit of the da ta  to a mod i f i ed  vers ion of the Benessi-  
H i l d e b r a n d  equa t i on  [5] within the p rog ram SigmaPlo t  ( Jande l  Sci.). 
For  the  ROES.Y spec t ra  the s t a n d a r d  pulse  sequence  was used.  

3. RE S UL T S  AND D I S C U S S I O N  

The complex f o r m a t i o n  is expec ted  to induce  shif ts  of the  !H NMR 
re sonances  of the  cyc lodex t r in  p ro tons ,  especia l ly  of  H-3 and H-5, 
which are d i r ec t ed  towards  the i n t e r io r  of  the cavity.  The inclusion 
of gues t  b icyc lo [3 .3 .1 ]nonane  molecu les  1-4 in the o~- and f3-CD 
cavity in aqueous  so lu t ion  was s u p p o r t e d  by the changes  in the 1H 
NMR spec t ra  of both  pa r tne r s .  The occur rence  of chemica l  shift  
changes  w i thou t  l ine b r o a d e n i n g  allows to cha rac t e r i ze  the 
i n t e r a c t i o n  as being fast  on the  NMR t ime scale. F u r t h e r m o r e ,  the 
fact  tha t  s ign i f icant  chemical  shif t  changes  occur  only for  hydrogens  
on the  inner  sur face  (H-3 and H-5) of the  CDs, and not  for  those  on 
the ou t e r  sur face  ( H - l ,  H-2, H-4) allows to es tabl i sh  unambiguous ly  
tha t  these  changes  are the  resul t  of inclus ion complex  f o r m a t i o n  and 
not  the resul t  of non-spec i f i c  i n t e r a c t i o n s  be tween  bo th  pa r tne r s .  

R 2 H 

' ~  RI=R3= .O,R2=H 
11~ .,.~ R I=R3=OH,R2=H 

R1 ~ R 3  R 1-OH,R2-H,R3-OCOCH3 
RI=H,R2=R3=OH 

3 7 
An add i t i on  of cx-CD to the so lu t ion  of  d ione  l r e su l t ed  in an 

upf ie ld  shif t  (0.064 ppm) for  H-3 p ro ton  of  the ot-CD which is 
l oca ted  in the  wide open ing  of the t r u n c a t e d  cone.  Prac t ica l ly  no 
induced  shif t  was observed  for  the  H-5 p ro ton  which is at the 
na r rower  side. Downf ie ld  shif ts  for  the  p ro tons  of  the inc luded  
dione  1 were observed  (Table  I). From these  da ta  it fol lows tha t  
subs t ra te  molecu le  does not  p e n e t r a t e  deeply  into the  (x-CD cavity. 
Because  of  the  c loser  match  of the 13-CD cavity size and the shape of 
b icyc lo [3 .3 .1 ]nonane  (both  c a . 7  ~.), a s t ronger  hos t -gues t  i n t e r a c t i o n  
was expec ted  in this case.  S igni f icant  chemical  shif t  changes  were  
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o b s e r v e d  fo r  the  s u b s t r a t e s  1-4 and B-CD p r o t o n s .  The  up f i e ld  shi f t  
of  the  H-5 was l a rge r  than  of  the  H-3 p r o t o n  in d ione  I,  i .e. 0.12 
and 0.064 ppm,  r e s p e c t i v e l y .  This  o b s e r v a t i o n  is c o n s i s t e n t  with a 
d e e p e r  i n s e r t i o n  of  the  bicycl ic  f r a m e w o r k  in the  B-CD cavi ty  than  
in c~-CD cavi ty .  The  p r o t o n s  of  the  gues t  d ione  1 showed  also 
s ign i f i can t  d o w n f i e l d  shif ts  of  0 .11-0.12 ppm (Tab le  1). The  
inc lus ion  of  the  diol 2 has a l a rge r  e f f e c t  on the  H-3 shif t  than  on 
H-5 shif t  of  B-CD (0.054 and 0.03 ppm,  r e s p e c t i v e l y )  showing tha t  
p r e s u m a b l y  the  p e n e t r a t i o n  of  diol 2 is less deep  in the  CD cavi ty  
c o m p a r e d  to the  i n s e r t i o n  of  d ione  1. The  p r o t o n  signals of  the  
b icycl ic  f r a m e w o r k  disr~lav c o m p a r a t i v e l y  la rge  shif ts  of  >0.1 ppm.  In 
the  case of  2 ,9-diol  4" the  r e s o n a n c e s " o f  the  H-3 and H-5 of  CD 
showed  small  i n d u c e d  shif ts  (0.045 and 0.01 ppm,  r e s p e c t i v e l y ) ,  
h o w e v e r  r e l a t i v e l y  la rge  shif ts  were  o b s e r v e d  for  the  H 1 p r o t o n  and 
some o t h e r  p r o t o n s  of  the  bicycl ic  m o l e c u l e  (Tab l e  1). 

TABI,E 1. 1H NMR chemical shifts (ppm) displacements (A6lim) resulting from 
the inclusion of 1-4 in c~- and 13-cyclodextrins and inclusion stability constantsK 

A61im 

Guest+host 
Nucleus I +c~CD i +f3CD 2 + f3CD 3+BCD 4+13CD 

G u e s t  
H I 0.05 0.12 0.21 
tt 4 0.05 
H 9 0.02 0.11 0.105 
H2 
H6 
CDs 
H-3 -0.64 -0.064 -0.054 
H-5 -0.01 -0.12 -0.03 

0,07 
0.08 

0.21 
0.12 

-0.07 -0.045 
-0.13 -0.01 

K'-(~=I-)- - - FC i-T-1 . . . . .  33~'5-__~ T2" . . . .  TI-+_-F4- . . . . .  FTY__ ]-0 . . . . . .  T3-.--5-~ . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T he  mo la r  r a t ios  and the  s tab i l i ty  c o n s t a n t s  K for  the  inc lus ion  
c o m p l e x e s  f o r m e d  b e t w e e n  b i c y c l o n o n a n e s  and the  CDs were  
d e t e r m i n e d  f rom  ~H NM R t i t r a t i o n s .  The  l imi t ing  changes  in the  
chemic a l  shif ts  of  the  CD p r o t o n  r e s o n a n c e s  upon  inc lus ion  of  the 
gues t  were  d e t e r m i n e d  by a t i t r a t i o n  of  CDs with an excess  of  
s u b s t r a t e s  and v i c e  v e r s a .  To d e t e r m i n e  the  s t o i c h i o m e t r y  of  the  CD- 
s u b s t r a t e  c o m p l e x e s  we have  p l o t t e d  the  i n d u c e d  shif t  A8 va lues  fo r  
the  B-CD and bicyc! ic  s t r u c t u r e s  as a f u n c t i o n  of  gues t  to hos t  mo la r  
r a t i o  (R) .  The  changes  of  A8 are  o b s e r v e d  unt i l  the  va lue  of  R = I  
for  p r o t o n s  of  CDs and of  s u b s t r a t e s  when  add ing  the  CD to thc  
s o l u t i o n  of  1-4. The  v a r i a t i o n  of  the  1H chemica l  shif ts  over  the  
r ange  of  R va lues  c o n s i d e r e d  is c o n s i s t e n t  with the  f o r m a t i o n  of  a 
1:1 inc lus ion  complex .  The  A8 da ta  were  used to e s t i m a t e  K for  the  
s u b s t r a t e - C D  adduc t s .  In the  a b s e n c e  of  any i n f o r m a t i o n  a b o u t  the  
ac t iv i ty  c o e f f i c i e n t s ,  only  an a p p a r e n t  a s soc i a t i on  c o n s t a n t  can be 
d e t e r m i n e d  [5b] ( T a b l e  1). 
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The  inc lus ion  of  the  gues t  m o l e c u l e s  were  f u r t h e r  s tud i ed  by 2D 
R O E S Y  s p e c t r o s c o p y .  No i n t e r m o l e c u l a r  N O E ' s  cou ld  be d e t e c t e d  
in 2D N O E S Y  spec t r a  r e c o r d e d  with va r ious  mixing t imes,  while  
i n t r a m o l e c u l a r  N O E ' s  were  weak  and pos i t ive  and weak  and 
nega t ive  for  the  gues t  and hos t  mo lecu l e s ,  r e spec t i ve ly .  The  obser -  
va t ion  of  weak nega t i ve  N O E ' s  for  CD is main ly  the  r e su l t  of  the  
high B-CD c o n c e n t r a t i o n  and the  d e g e n e r a c y  of  the  g lucopyranos ( ,  
r e s o n a n c e s .  T h e r e f o r e ,  2D r o t a t i n g  f r ame  N O E  s p e c t r o s c o p y  was 
used  as R O E  is always pos i t i ve  i r r e s p e c t i v e  of  Zc. In the  case of  the 
d ione  1 the  i n t r a m o l e c u l a r  cross  peaks  within the  s u b s t r a t e  
m o l e c u l e  and i n t e r m o l e c u l a r  cross  peaks  with the  H-3 and H-5 
p r o t o n s  of  the  CD are  obse rved .  The  i n t e r m o l e c u l a r  N O E ' s  are  
f o u n d  b e t w e e n  H-3 and Ht(5} as well as b e t w e e n  H-3 and Hgsvn(anti). 
The  same N O E ' s  a l t h o u g h  w e a k e r  are  f o u n d  to occu r  with H-5 of  
the  f3-CD. Thus  the  p r o t o n s  at c a r bon  a toms  1(5) and 9 are  c lose r  
to H-3 than  they  are  to H-5.  In the  case of  2 e s sen t i a l l y  all f3-CD 
p r o t o n s  d isplay  i n t e r m o l e c u l a r  N O E ' s  of  m o r e  or  less equal  in t en -  
sity with the  mos t  of  the  2 ,6-d io l  r e s o n a n c e s .  A l t h o u g h  the  R O E S Y  
s p e c t r a  s u p p o r t  the  f o r m a t i o n  of  inc lus ion  c o m p l e x e s  and al low 
d e l i n e a t e  the  l o c a t i o n  of  the  gues t  m o l e c u l e s  in the  host ,  the  p s e u d o  
C 7 s y m m e t r i c  cavi ty  of  the  13-CD as well as the  C 2 s y m m e t r y  of  the  
gues t  mo le c u l e s  1 and 2 does  no t  al low a more  q u a n t i t a t i v e  
e l a b o r a t i o n  of  the  i n t e r m o l e c u l a r  d i s t ances  and lead  to the  only 
c o n c l u s i o n  tha t  the  gues t  m o l e c u l e s  e n t e r  in to  the  f3-CD cavi ty  f rom 
the  la rge  ho le  to give a symmet r i c a l  l o c a t i o n  of  the  gues t  mo lecu l e .  

4. C O N C L U S I O N  

An inc lus ion  complex  f o r m a t i o n  b e t w e e n  b i c y c l o [ 3 . 3 . 1 l n o n a n e s  and 
c y c l o d e x t r i n s  has been  d e m o n s t r a t e d  on the  basis  of the  1H NMR 
t i t r a t i o n  e x p e r i m e n t s .  The  s t r u c t u r e  and the  b ind ing  c o n s t a n t s  of  
the  c o m p l e x e s  have  been  e s t i m a t e d  and the  i n s e r t i o n  in to  the  cavi ty  
r e l a t i ve  to one  a n o t h e r  have b e e n  d i scussed  on the  basis of chemica l  
shif t  a r g u m e n t s  and the  o b s e r v a t i o n  of  i n t e r m o l e c u l a r  N O E ' s .  
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