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Abstract 

The crystal structure of the 6-cyclodextrin (~-CyD) molecular 
complex with aspirin (acetylsalicylic acid), salicylic acid, and water, 

(C42H70035) 2 (C9H804) 2 (C7H603) 23.3H20, was determined by X-ray 
structure analysis. The crystal data is space group PI, a = 19.777(5), 
b = 15.24~(3), c = 15.475Q4) A, ~- 102.63(2) ~ ,~ = 116.96(2) ~ , y 
104.12(2) , V = 3729(2) A j, D m = 1.409(2) g/cm , D x = 1.419 g/cm ~, and Z 
= I. The two ~-CyDs form a dimer unit with hydrogen bond networks among 
the secondary hydroxyl groups of both B-CyDs. This B-CyD dimer includes 
three guest molecules of two different types in its hydrophobic cavity. 
Two of them are aspirin, which are separately included in each cavity of 
the B-CyD unit, with their hydrophobic benzene rings protruding into the 
hydrophobic cavities of the host ~-CyDs.The remaining guest molecule is 
the hydrolyzed product of an aspirin, that is salicylic acid, which is 
sandwiched in the space constructed by the B-CyD dimer formation, and is 
statistically disordered at three sites. 

I n t r o d u c t i o n  

As one of the many interesting properties of the host-guest 
molecular complexes, CyDs have an ability to protect unstable substances 
from light, heat and the atmosphere. Aspirin, which is widely used as 
an analgesic and antipyretic and in the treatment of rheumatism, is 
highly unstable and easily hydrolyzed in aqueous solution. But it is 
reported that the hydrolysis is inhibited in the presence of ~-CyD [I]. 
So in order to investigate the host-guest interactions of ~-CyD and 
aspirin at the atomic level, we carried out the X-ray structure analysis 
of the complex. It is very interesting and important to know how the 
guest aspirin is included in the hydrophobic cavity of B-CyD, because 
aspirin has both the hydrophobic benzene ring, and the hydrophilic 
carboxyl group and acetyl group. 
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Experimental 

Colorless and prismatic crystals of the title compound were 
obtained by heating a I:I aqueous solution of B-CyD and aspirin at 
pH=2.3 up to 60~ and by cooling the mixture slowly to room temperature. 
The content of salicylic acid in the crystals was determined by 
dissolving them in distilled water, adding 1% of Fe2(S04) 3 aqueous 
solution, and measuring the absorption at 510 nm [i~ From a crystal of 
0.35xO.20xO.30 mm sealed in a glass capillary with mother liquor, X-ray 
intensity data were collected on a Rigaku automated four-circle diffrac- 
tometer, AFC-5 with graphite-monochromatized Cu-K~ radiation. The struc- 
ture of the host ~-CyD was determined by using the atomic coordinates of 
isomorphous ~-CyD: 3,4-xylidine molecular complex [2]. The initial R 
factor for the 154 atoms of the dimeric ~-CyD molecules was 0.43 for 
2126 selected strong reflections. After the refinement by the block- 
diagonal least-squares method, three guest molecules and many water 
molecules could be assigned on a difference Fourier map. One of the 
guest molecules lying in the center of the dimeric B-CyD unit, was 
disordered but it was assigned to be a salicylic acid by orienting at 
three different positions. Some of the water molecules were also disor- 
dered. The following refinement was done by the full-matrix least- 
squares method [3] with restraints to the bond lengths and angles of the 
host B-CyD and guest molecules. The final refinement was performed by 
the block-diagonal least-squares method without any restraints. 
Anisotropic temperature factors were applied for all the host, guest and 
water molecules except for the disordered guest molecules. The final R 
value is 0.107 for 8733 reflections with F o > 3oF o. The final atomic 
parameters are listed in TABLE I. The atomic scattering factors used in 
the calculations were those taken from International Tables for X-ray 
Crystallography [4]. All the numerical computations were done on an 
ACOS-850S computer at the Crystallographic Research Center, Institute 
for Protein Research, Osaka Univesity, using the programs UNICS [5] . 

Results and Discussion 

Two B-CyDs form a dimer and include three guest molecules as shown 
in Fig.l. All the fourteen glucopyranose moieties composing the B-CyD 
dimer unit take the ~C 1 conformation and form the two round B-CyD 
macrocycles. The average bond lengths and angles of the seven 
glucopyranose units in each B-CyD moiety are listed in TABLE II. The 
seven glucosyl oxygen 04 atoms of each ~-CfD moiety make a good plane 
with maximum deviations of 0.05 and 0.04 A for B-CyD(1) and (2), 
respectively. All of the C6-06 bonds in the B-CyD dimer take gauche- 
gauche conformation to the C5-05 and C4-C5 bonds i.e. 06 atoms are 
towards the outside of the ~-CyD cavity with only one 06 atom which is 
disordered and takes both gauche-gauche and gauche-trans conformations. 
But the overall structural feature of the host molecule is very similar 
to that of the B-CyD.3,4-xylidine complex [2]. Fig. 2 shows the hydrogen 
bond networks among the secondary hydroxyl groups of each B-CyD moiety, 
together with the hydrogen bonds to the crystalline water molecules. 
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TABLE I. Final atomic coordinates and isotropic temperature factors 
with e.s.d.'s in parentheses of 

(6-CyD)2(Aspirin)2(Salicylic acid)23.3H20 
Beq = (4/3)~i~Bijai.a j �9 
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ATOM Ocup • y z 

C l l i  
C211 
0211 
C311 
0311 
C411 
0411 
C511 
0511 
C611 
0811 
C121 
C221 
0221 
C321 
0321 
C421 
0421 
C521 
0521 
C621 
0621 
C131 
C231 
0231 
C331 
0331 
C431 
0431 
C531 
0531 
C631 
0831 
C141 
C241 
0241 
C341 
0341 
C441 
0441 

1 O0 
1 O0 
1 O0 
1 O0 
I O0 
1 O0 
1 . 0 0  
1 . 0 0  
1 . 0 0  
I . 0 0  
1 . 0 0  
1 . 0 0  
I . 0 0  
1 . 0 0  
I . 0 0  0 
1 . 0 0  0 
1 . 0 0  0 
1 . 0 0  0 
1 O0 - 0  
I O0 - 0  
] O0  - 0  
1 O0 -0  
I O0 -0 

I O0 0 

I O0 

I O0 

I O0 

I O0 

I O0 

I O0 

I O0 

1 . 0 0  
1 . 0 0  
1 . 0 0  
1 .00 
1 .00 
1 .00 
1 .00 
1 . 0 0  
I . 0 0  

0 . 0 6 4 1 ( 1 1 )  
0 . 1 3 5 8 ( 1 0 )  
0 . 2 0 9 2 ( 8 )  
0 , 1 3 3 8 ( 1 0 )  
0 . 2 0 8 1 ( 7 )  
0 . 0 5 8 0 ( 1 0 )  
0 , 0 4 6 5 ( 6 )  

- 0 . 0 2 0 0 ( 1 1 )  
- 0 . 0 1 0 5 ( 8 )  
-0  1003 (13 )  
-0  0 8 9 0 ( 1 2 )  

0 0 4 0 7 ( 9 )  
0 1 0 9 4 ( 9 )  
0 1 8 7 8 ( 6 )  

1 0 1 8 ( 8 )  
1 6 6 2 ( 6 )  
0 1 8 2 ( 8 )  
0 0 8 9 ( 6 )  
0 5 0 9 ( 9 )  
0 3 7 5 ( 6 )  
1 3 7 3 ( ] 0 )  
1 3 6 9 ( 7 )  
0 1 3 8 ( 9 )  
0 5 3 5 ( 9 )  

0 1 3 1 1 ( 6 )  
0 . 0 5 2 6 ( 8 )  
0 . 1 1 2 5 ( 6 )  

- 0 . 0 3 3 2 ( 8 )  
- 0 . 0 3 4 1 ( 6 )  
- 0 . 0 9 8 0 ( 1 0 )  
- 0 . 0 9 0 5 ( 6 )  
- 0 . 1 8 5 7 ( ] 0 )  
- 0 . 2 0 1 0 ( 7 )  
- 0 . 0 6 0 5 ( 9 )  

0 . 0 0 7 9 ( 9 )  
0 . 0 7 9 2 ( 6 )  
0 . 0 2 0 0 ( 9 )  
0 . 0 8 0 3 ( 7 )  

- 0 . 0 6 0 6 ( 9 )  
- 0 : 0 5 0 5 ( 6 )  

0 2 2 5 0 ( 1 2 )  
0 2 9 0 9 ( 1 1 )  
0 3 0 1 1 ( 1 0 )  
0 3 9 3 3 ( 1 2 )  
0 4 5 4 2 ( 9 )  
0 3 7 9 9 ( 1 0 )  
0 4 7 1 3 ( 7 )  
0 3 0 8 9 ( 1 1 )  
0 2 1 7 3 ( 8 )  
0 2 8 2 2 ( 1 6 )  
0 2 4 5 0 ( 1 3 )  
0 5 0 9 9 ( 1 0 )  
0 6 1 1 4 ( 1 1 )  
0 6 0 2 4 ( 8 )  
0 6 7 6 7 ( 1 0 )  
0 . 7 7 0 7 ( 7 )  
0 . 6 8 2 7 ( 9 )  
0 . 7 3 5 7 ( 6 )  
0 . 5 7 9 1 ( 1 0 )  
0 . 5 1 7 0 ( 7 )  
0 . 5 8 2 3 ( 1 2 )  
0 . 6 2 6 0 ( 8 )  
0 . 8 1 7 2 ( 1 1 )  
0 . 9 0 9 2 ( 1 0 )  
0 . 9 2 3 9 ( T )  
0 . 8 9 6 8 ( 9 )  
0 9 8 4 1 ( 7 )  
0 8 8 4 6 ( 1 0 )  
0 8 6 8 1 ( 7 )  
0 7 8 9 9 ( 1 4 )  
0 8 0 2 3 ( 7 )  
0 7 8 2 3 ( 1 4 )  
0 8 6 4 3 ( 9 )  
0 g 2 7 1 ( 1 0 )  
0 9 7 7 7 ( 1 2 )  
1 0 3 8 8 ( 7 )  
0 9 0 1 9 ( 1 1 )  
0 9 5 0 7 ( 8 )  
0 . 8 4 0 9 ( 1 1 )  
0 . 7 8 3 2 ( 7 )  

0 . 3 1 9 7 ( 1 3 )  
0 . 3 2 9 9 ( 1 3 )  
0 . 4 1 9 2 ( 1 0 )  
0 . 3 4 1 8 ( 1 4 )  
0 . 3 4 7 7 ( 1  t ) 
0 . 2 4 1 0 ( 1 3 )  
0 . 2 5 5 8 ( 7 )  
0 . 2 2 9 7 ( 1 4 )  
0 . 2 2 8 5 ( 9 )  
0 . 1 2 4 7 ( 1 7 )  
0 . 0 4 3 3 ( 1 3 )  
0 . 1 7 8 4 ( 1 1 )  
0 . 2 3 0 8 ( 1 1 )  
0 . 2 7 9 2 ( 9 )  
0 . 3 1 3 3 ( 1 2 )  
0 3 6 0 4 ( 9 )  
0 2 5 6 8 ( 1 1 )  
0 3 3 5 5 ( T )  
0 1980(12 )  
0 1 2 7 8 ( 8 )  
0 1251 (13 )  
0 0 5 5 1 ( 9 )  
0 3 2 1 4 ( 1 2 )  
0 4 2 0 9 ( 1 2 )  
0 4 3 2 7 ( 9 )  
0 . 5 1 5 0 ( 1 1 )  
0 . 8 0 6 4 ( T )  
0 . 4 9 3 4 ( 1 0 )  
0 . 5 8 2 4 ( 8 )  
0 . 3 9 4 6 ( 1 4 )  
0 . 3 0 8 1 ( 8 )  
0 . 3 6 3 9 ( 1 5 )  
0 . 3 3 9 3 ( I 0 )  
0 . 6 3 3 8 ( 1 2 )  
0 . 7 5 0 4 ( 1 2 )  
0 . 7 6 1 0 ( 8 )  
0 . 7 9 7 4 ( 1 1 )  
0 . 9 0 5 7 ( 8 )  
0 . 7 8 0 7 ( 1 1 )  
0 . 8 1 3 7 ( 8 )  

Beq 

3 . 0 2  
2 . 6 3  
4.01 
2 . 8 7  
4 . 0 0  
2.31 
1 .76 
2 . 8 5  
3 . 8 5  
5 . 3 6  
8 . 4 4  
I .68 
1 .83 
2 . 6 2  
1 .67 
2 95 
1 33 
1 4 7  
1 9 6  
I 93 
2 54 
3 36 
2 04 
1 91 
2 65 
1 29 
1 8 5  
1 .29 
1 .73 
3 . 5 0  
2 . 0 3  
3 . 7 7  
4 . 1 5  
1 .93 
2 . 3 9  
2 . 5 5  
2 . 0 6  
3 . 0 7  
1 .74 
2 . 0 2  

Atom names are composed by four digits of character and numeric, 
starting with atomic name; atomic position,glucopyranose unit, and CyD 
unit for B-CyD; atomic position, then A1 to A2 for aspirin(l) and (2), 
A3 to A5 for disordered salicylic acids; W01 to W28 for water molecules. 
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TABLE I. continued 
C541 
0541 
C641 
0641 
C15f  
C251 
0251 
C351 
0351 
C451 

0451 
C551 
0551 
C651 
0651 
C161 
C261 
0261 
C361 
0361 
C461 
0461 
C561 
0561 
C661 
0661 
C]71 
C271 
0271 
C371 
0371 
C471 
0471 
C571 
0571 
C671 
0671 
C l 1 2  
C212 
0 2 1 2  
C312 
0 3 1 2  
C412 
0 4 1 2  
C512 
0 5 1 2  
C612 
0 6 1 2  
C122 
C222 

1 . 0 0  - 0 . 1 2 7 5 ( 1 0 )  
1 . 0 0  - 0 . 1 3 4 1 ( 6 )  
i O0 - 0 . 2 1 3 4 ( 1 0 )  
I O0 - 0 . 2 3 4 6 ( 8 )  
1 O 0  - 0 , 0 6 9 0 ( 9 )  
1 O0 0 . 0 0 7 6 ( 9 )  
] O0 0 . 0 7 4 8 ( 7 )  
1 O0 0 . 0 3 0 8 ( 8 )  
1 O0 0 . 1 0 0 2 (  7)  
1 O0 - 0 . 0 4 2 9 (  8)  

1 . 0 0  - 0  0 2 4 0 ( 6 )  
1 . 0 0  - 0  1 2 1 3 ( 9 )  
1 . 0 0  - 0  1 3 4 9 ( 6 )  
1 . 0 0  - 0  1 9 9 8 ( 9 )  
1 .00  - 0  2061 ( 7 )  
1 . 0 0  - 0  0 3 2 7 ( 1 0 )  
1 . 0 0  0 0 4 8 9 ( 1 0 )  
1 . 0 0  0 1 0 8 8 ( 7 )  
1 . 0 0  0 0 7 6 1 ( 8 )  
1 . 0 0  0 1 4 9 8 ( 7 )  
1 O0 0 0 0 6 2 ( 9 )  
1 O0 0 0 2 8 2 ( 6 )  
1 O0 - 0  0 7 2 3 ( 1 1 )  
1 O0 - 0  0 9 5 5 ( 7 )  
1 O 0  - 0  1 4 8 9 ( 1 4 )  
1 O 0  - 0  1 5 2 1  ( 1 2 )  
1 O0 0 0 3 1 2 ( 9 )  
1 O0 0 . 1 1 4 8 ( 9 )  
1 O 0  0 . 1 7 9 0 ( 6 )  
1 O0 0 . 1 2 4 8 ( 8 )  
1 O0 0 . 2 0 0 3 ( 6 )  
1 O0 0 . 0 5 4 1 ( 9 )  
I O0 0 . 0 5 8 4 ( 6 )  
1 O0 - 0 . 0 2 7 7 ( 1 0 )  
1 O0 - 0 . 0 3 2 1  ( 6 )  
1 O0 - 0 . 1 0 3 2 ( 1 0 )  
1 O0 - 0 . 0 8 9 2 ( 7 )  
1 O0 0 . 4 7 3 3 ( 9 )  
1 O0 0 . 3 9 4 4 ( 9 )  
1 O0 0 . 3 3 3 2 ( 7 )  
1 O0 0 . 3 6 7 5 ( 8 )  
1 O0 0 2 9 2 7 ( 6 )  
1 O0 0 4 3 5 9 ( 9 )  
1 . 0 0  0 4 1 4 4 ( 6 )  
! . 0 0  0 5 1 5 5 ( 9 )  
1 . 0 0  0 5 3 7 4 ( 6 )  
1 . 0 0  0 5 8 9 4 ( 1 0 )  
1 . 00  0 5 9 6 7 ( 8 )  
1 . 0 0  0 4 1 0 8 ( 8 )  
1 . 0 0  0 3 2 9 4 ( 8 )  

0 . 7 9 4 7 ( 1 2 )  
0 8 7 0 8 ( 8 )  
0 7 4 2 6 ( 1 4 )  
0 8101 ( 1 2 )  
0 7 4 9 g  ( 11 ) 
0 7 5 1 7 ( 1 0 )  
0 8 4 5 6 ( 8 )  
0 6 7 1 3 ( 1 0 )  
0 6 6 9 6 ( 8 )  
0 5 7 3 4 ( 1 0 )  

0 , 5 0 0 7 ( 7 )  
0 . 5 7 5 0 ( 1 1  ) 
0 . 6 6 1 2 ( 7 )  
0 . 4 8 7 5 ( 1 2 )  
0 . 4 7 9 5 ( 9 )  
0 . 4 1 5 5 ( 1 0 )  
0 . 4 0 4 9 ( 1 1  ) 
0 .  4 8 8 5  ( 7 )  
0 . 3 8 8 7 ( 1 0 )  
0 . 3 7 3 2 ( 8 )  
0 . 2 9 6 0 ( 1 1  ) 
0 , 2 8 2 2 ( 7 )  
0 . 3 1 6 6 ( 1 4 )  
0 . 3 3 1 8 ( 9 )  
0 . 2 2 0 8 ( 1 8 )  
O. 1 4 0 3 ( 1 4 )  
0 . 1 8 9 7  ( 9 )  
0 . 2 1 1 0 ( 1 0 )  
0 . 2 6 0 8 ( 8 )  
0 . 2 6 3 8 ( ] 0 )  
0 . 2 7 6 7 ( 8 )  
0 . 2 0 5 7 ( 1 0 )  
0 . 2 6 5 4 ( 7 )  
0 . 1 8 4 1 ( 1 1 )  
0 1 3 6 3 ( 7 )  
0 121 ( 1 3 )  
0 0 2 6 7 ( 8 )  
0 4 9 6 9 ( 1 0 )  
0 4 6 6 9 ( 1 0 )  
0 3 8 7 8 ( 7 )  
0 5 5 3 0 ( 1 0 )  
0 5 2 3 6  ( 7 )  
0 5346  (11 ) 
0 . 7 1 6 3 ( 6 )  
0 . 6 6 3 9 ( 1 1  ) 
0 . 5 8 1 5 ( 7 )  
0 . 7 4 2 1  ( 1 3 )  
0 . 7 1 0 5 ( 1 0 )  
0 . 7 5 2 4 ( 1 0 )  
O. 7 6 0 6  (1 O) 

0 . 6 6 4 2 ( 1 3 )  
0 . 6 2 1 4 ( 8 )  
0 . 6 4 5 5 ( 1 5 )  
0 . 6 9 5 8 ( 1 2 )  
0 . 8 8 9 9 ( I 2 )  
0 . 9 8 3 4 ( 1 1  ) 
1 . 0 2 8 5 ( 8 )  
0 . 9 4 2 0 ( 1 1 )  
1 , 0 2 9 4 ( 8 )  
0 , 8 9 9 7 ( 1 2 )  

0 8 4 9 2 ( 8 )  

0 8 1 0 4 ( 1 2 )  
0 8 5 1 4 ( 8 )  
0 7 7 3 7 ( 1 2 )  
0 8 5 8 7 ( 1 0 )  
0 8781 ( 1 3 )  
0 9 2 3 4 ( 1 2 )  
1 0 1 8 6 ( 8 )  
0 8450  ( 11 ) 
0 8 9 1 6 ( 8 )  
0 7 4 7 4 ( 1 3 )  
0 5 7 3 2 ( 8 )  
0 7041 ( 1 5 )  
0 7 8 2 0 ( 1 0 )  
0 . 6 0 7 4 ( 2 0 )  
0 . 6 3 0 6 ( 1 8 )  
0 . 6 3 5 8 ( 1 1 )  
0 . 6 4 7 6  (11 ) 
0 . 7 5 6 3 ( 8 )  
0 , 5 8 1 6 ( 1 1 )  
0 , 5 8 9 2 ( 9 )  
0 . 4 6 9 6 ( 1 1 )  
0 . 4 1 0 9 ( 8 )  
0 . 4 6 0 4 ( 1 2 )  
0 . 5 3 0 9 ( 8 )  
O. 3477  (13 )  
0 . 3 1 6 3 ( 9 )  
1 , 0 6 7 5 ( 1 1  ) 
1 . 0 6 0 2 ( 1 2 )  
0 . 9 6 4 8 ( 8 )  
1 . 0 7 2 5 ( 1 2 )  
I .0741  ( 8 )  
1 . 1 7 9 3 ( 1 1 )  
1 . 1 9 0 4 ( 7 )  
1 . 1 7 8 0 ( 1 3 )  
1 . 1 6 4 3 ( 8 )  
1 , 2 8 4 3  ( 1 5 )  
1 . 3 6 7 3 ( 1 0 )  
1 . 2 8 0 9 ( 1 1 )  
1 . 2 4 6 5 ( 1 1 )  

2 . 7 2  
2 . 3 4  
3 , 6 9  
5 . 5 8  
t . 9 8  
1 . 83  
2 . 8 1  
1 . 83  
2 . 7 2  
1 . g8  
2 30 
2 23 
2 35 
2 58 
3 78 
2 35 
2 48 
2 65 
1 64 
2 90 
2 44 
2 21 
4 07 
3 96 
6 68 
9 77 
1 . 55  
I . 80  
2 , 4 3  
1 . 7 4  
2 . 8 8  
1 . 65  
2 . 0 1  
2 . 5 4  
2 . 2 1  
3 . 2 7  
3 . 3 0  
1 . 85  
2 . 0 4  
2 . 7 4  
1 . 94  
2 . 3 2  
2 . 0 4  
1 . 66  
2 . 4 9  
2 . 3 2  
3 . 7 8  
5 . 1 1  
I . 6 2  

1 . 5 9  
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TABLE I. continued 

O222 
C322 
0 3 2 2  
C422 
0 4 2 2  
C522 
0 5 2 2  
C622 
0 6 2 2  
C132 
C232 
0 2 3 2  
C332 
0 3 3 2  
C432 
0 4 3 2  
C532 
0 5 3 2  

C632 
0 6 3 2  
C142 
C242 
0 2 4 2  
C342 
0 3 4 2  
C442 
0 4 4 2  
C542 
O542 
C642 
0 6 4 2  
C152 
C252 
0 2 5 2  
C352 
0 3 5 2  
C452 
0 4 5 2  
C552 
0 5 5 2  
C652 
0 6 5 2  
C162 
C262 
0 2 6 2  
C362 
0 3 6 2  
C462 
0 4 6 2  
C562 

O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 

O0 
.00  

O0 
O0 
O0 
00 
O0 
O0 
O0 

.00  

. 00  

. 00  

. 00  

. 00  

. 00  

. 00  

. 00  

. 0 0  

. 00  

. 00  

. 00  

. 00  

.00  

. 00  

. 00  

. 0 0  

. 00  

.00  

. 00  

. 0 0  
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 

0 . 2 6 3 9 ( 6 )  
0 . 3 1 9 1 ( 8 )  
0 . 2 4 1 7 ( 6 )  
0 . 3 8 8 8 ( 8 )  
0 . 3 8 6 4 ( 6 )  
0 . 4 7 3 4 ( 9 )  
0 . 4 7 5 4 ( 6 )  
0 . 5 4 5 4 ( 9 )  
0 . 5 3 0 1 ( 7 )  
0 . 3 8 5 7 ( 1 0 )  

0 . 3 0 9 3 ( 1 0 )  
0 . 2 3 5 7 ( 7 )  
0 . 3 0 9 1 ( 9 )  
0 . 2 4 0 2 ( 6 )  
0 . 3 8 6 4 ( 9 )  
0 . 3 9 4 3 ( 6 )  
0 . 4 6 3 3 ( 1 0 )  
0 . 4 5 5 4 ( 7 )  
0 . 5 4 7 5 ( 1 5 )  
0 . 5 2 8 2  13)  
0 . 4 0 3 5  9) 
0 . 3 3 3 1  9) 
0 . 2 5 4 6  6) 
0 . 3 4 1 2  8) 
0 . 2 7 7 3  6) 
0 . 4 2 6 6  8) 
0 . 4 3 6 7  6) 
0 . 4 9 4 1  8)  
0 4 7 9 6  6) 
0 5 7 9 0  9) 
0 5 7 9 5  6) 
0 4 5 3 5  9)  
0 3 8 7 0  9) 
0 3 0 7 4  6) 
0 3 9 2 8  9) 
0 3 3 2 5  7) 
0 4 7 6 7  8) 
0 4 8 5 5  6)  
0 5 4 3 4  9) 
0 5 3 0 5  6)  
0 6 3 0 9 ( 1 0 )  
0 6 3 9 0  7) 
0 5 1 1 9  8)  
0 4 4 6 0  9)  
0 3 7 0 3  7) 
0 4 2 8 7  8) 
0 3 6 8 9  7) 
0 5 0 9 6  8)  
0 . 4 9 5 9  6)  
0 . 5 8 0 1  9)  

0 . 6 6 5 9 ( 7 )  
0 . 8 2 9 1  ( 1 0 )  
0 .  8388  ( 7 )  
O. 9270  (1 O) 
0 .  9 8 5 0  ( 7 )  
0 . 9 1 9 3 ( 1 0 )  
0 8 4 6 8 ( 7 )  
1 0 1 5 2 ( 1 0 )  
1 0 4 6 6 ( 8 )  
] 0 8 0 5  ( 1 I ) 
1 0 8 2 5 ( 1 1 )  
I 0 1 0 3 ( 8 )  
I 0 6 6 4  ( 11 ) 
I 0 7 7 0 ( 9 )  
1 . 1 5 0 1 ( I 1 )  
1 . 1 2 9 5  ( 6 )  
1 . 1 4 3 6 ( 1 2 )  
1 . 1527 ( 8 )  
1 . 2 3 4 8  ( 2 3 )  
I . 3 1 9 2 ( 1 3 )  
1 . 2 0 7 4 ( 1 0 )  
1 . 1 6 8 1 ( 1 2 )  
1.1385(7) 
1 . 0 8 5 5  ( 9 )  
1 . 0 5 1 5 ( 8 )  
1 . 1 2 2 1  ( 1 0 )  
I 0 4 ] 9 ( 6 )  
1 6 6 4 ( 1 0  
1 2383  ( 6 
1 2 1 9 2 ( 1 1  
1 2931 ( 8 
I 0 5 3 6  ( l 1 
0 9 6 1 7 ( 1 2  
0 9 6 1 1 (  8 
O 8 7 1 0 ( 1 0  
O. 7 8 8 0  ( 8 
0 .  8 7 3 3  ( 9 )  
0 . 7 8 8 5 ( 7 )  
0 . 9 6 4 9 ( 1 0 )  
1 . 0 5 1 2 ( 7 )  
0 . 9 8 4 8 ( 1 3 )  
1 . 0 0 0 0  ( 9 )  
0 . 7 3 2 3 ( 1 1  ) 
0 . 6 2 7 1  ( 1 1 )  
0 . 6 3 0 6 ( 8 )  
0 . 5 8 3 9 ( 1 0 )  
0 . 4 8 5 0 ( 8 )  
0 . 5 8 3 3 ( 1 0 )  
0 . 5 5 2 4 ( 7 )  
0 . 6 8 5 0 ( 1 0 )  

1 1 8 0 7 ( 8 )  
1 1 8 6 3 ( 1 2 )  
1 1 5 9 6 ( 9 )  
1 2 5 9 5  ( 11 ) 
1 1 9 7 1  ( 7 )  
1 3 0 2 5 ( t 2 )  
1 3495  ( 8 )  
1 3 9 1 3 ( 1 2 )  
1 . 4 7 4 0 ( 9 )  
1 .2341  ( 1 3 )  

t .  t 4 8 6 ( 1 3 )  
1 . 1 2 6 g ( g )  
1 . 0 4 8 5 ( 1 2 )  
0 . 9 7 1 8 ( 9 )  
1 . 0 7 4 4 ( 1 1 )  
0 . 9 8 5 7 ( 7 )  
1 . 1 6 1 0 ( 1 2 )  
1 . 2 5 4 0 ( 8 )  
1 . 2 0 4 3  ( 2 1 )  
1 .2271  ( 1 5 )  
0 . 9 4 8 8 ( 1 1 )  
0 . 8 3 3 1 ( 1 1 )  
0 .  8209  ( 8 )  
0 . 7 7 1 3 ( 1 1 )  
0 . 6 6 1 8 ( 8 )  
0 . 7 8 3 9 ( 1 1 )  
0 . 7 3 2 5 ( 7 )  
O. g006  (11 ) 
0 . 9 5 7 8 ( 8 )  
0 . 9 1 8 2 ( 1 3 )  
0 . 8 7 8 3 ( 9 )  
0 . 6 5 4 4 ( 1 2 )  
0 . 5 4 9 1  ( 1 2 )  
0 . 5 2 1 0 ( 8 )  
0 . 5 6 7 1  (11 ) 
0 . 4 6 7 5 ( 9 )  
0 . 5 9 3 3 ( 1 0 )  
0 . 6 1 8 4 ( 8 )  
0 . 6 9 6 0 ( 1 2 )  
0 . 6 8 0 4 ( 8 )  
0 . 7 2 2 0 ( 1 4 )  
0 . 6 3 7 2 ( 9 )  
0 . 5 6 5 1  ( 1 2 )  
0 . 5 0 0 5 ( 1 2 )  
0 . 4 1 9 5 ( 8 )  
0 . 5 7 1 5  (11 ) 
0 . 5 1 1 6 ( 9 )  
0 . 6 5 2 3 ( 1 2 )  
0 . 7 2 6 6 ( 8 )  
0 . 7 1 4 4 ( 1 2 )  

2 . 2 9  
1 .71 
2 63 
1 52 
1 72 
2 25 
2 02 
2 36 
3 3 1  
2 7 1  

2 45 
2 90 
2 23 
3 1 8  
] 98 
1 70 
2 96 
2 77 
7 82 
9 . 4 0  
] . 58  
2 . 3 5  
1 . 77  
1 . 4 0  
2 . 6 2  
1 . 60  
1 . 4 6  
1 , 63  
1 . 76  
2 . 2 8  
2 . 7 4  
1 . 95  
2 . 3 9  
2 . 7 2  
1 . 80  
3 . 0 0  
1 . 26  
1 . 82  
2 . 0 2  
2 . 0 9  
3 . 1 8  
3 . 2 9  
1 .91 
2 . 4 1  
2 . 6 5  
1 . 6 4  
3 . 1 0  
1 . 78  
1 . 9 3  
1 .81 
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TABLE I. continued 
0562 
C662 
0662 
0762 
0172 
C272 
0272 
C372 
0372 
C472 
0472 
C572 
0572 
C672 
0672 
OW01 
OW02 
OW03 
OW04 
OW05 
OW06 
OWOT 
OW08 
OW09 
OWl0 
OWl 1 
OWl 2 
0W13 
OWl 4 
0W15 
OWl 6 
OWl 7 
OWl 8 
OWl 9 
OW20 
0W21 
0W22 
0W23 
0W24 
0W25 
0W26 
0W27 
0W28 
ClA1 
C2A1 
C3A1 
C4A1 
C5A1 
C6A1 
C7A1 

1 O0 
1 O0 
0 TO 
0 3O 

O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 
0 . 4 5  
0 . 5 5  
0 . 4 5  
0 . 5 5  
0 . 3 0  
0 . 3 0  
0 . 3 5  
0 . 3 5  
1 .00 
I . O0 
1 . 0 0  
1 . 0 0  
1 . 0 0  
1 . 0 0  
1 . 0 0  

0 . 5 8 5 3 ( 6 )  
0 . 6 6 0 7 ( 1 0 )  
0 . 7 2 4 4 ( 8 )  
0 . 6 8 5 0 ( 2 1  ) 
0 . 5 1 1 9 ( 9 )  
0 .4331 ( 9 )  
0 . 3 6 8 7 ( 7 )  
0 . 4 1 2 3 ( 9 )  
0 . 3 3 7 8 ( 6 )  
0 .4831 ( 8 )  
0.  4644 ( 6 )  
0 . 5 6 4 6 ( 8 )  
0 . 5 7 7 6 ( 6 )  
0 . 6 3 9 2 ( 9 )  
0. 6425 ( T )  

0 . 8 1 8 (  1) 
0 . 1 7 0 ( 2 )  
0 . 6 5 9 (  1) 
0 684 ( 1 ) 
0 940 ( 1 ) 
0 245 ( 1 ) 
0 3 2 6 ( 2 )  
0 727 ( 1 ) 
0 755(  1) 
0 6 5 5 ( 2 )  
0 541 ( 2 )  
0 071 ( 2 )  
0 2 0 9 ( 2 )  
0 3 8 2 ( 2 )  
0 9 4 9 ( 2 )  
0 . 1 2 0 ( 2 )  
0 . 2 5 2 ( 2 )  
0 . 6 4 2 ( 3 )  
0 .341 ( 3 )  
0 . 8 4 9 ( 2 )  
0 1 9 7 ( 8 )  
0 _~56 ( 4 )  
0 6 6 7 ( 7 )  
0 6 1 4 ( 4 )  
0 8 0 4 ( 4 )  
0 7 9 8 ( 5 )  
0 781 ( 3 )  
0 7 2 4 ( 5 )  

- 0  1 2 6  ( 2 )  
- 0  1 0 2  ( 4 )  
-0  0 2 3 ( 5 )  

0 0 1 8 ( 4 )  
0 0 0 3 ( 5 )  

-0  0 6 7 ( 3 )  
-0  2 0 2 ( 4 )  

0 7 2 5 9 ( 8 )  
0 6 8 0 8 ( 1 3 )  
0 7 6 8 7 ( 1 0 )  
0 6402 (26)  
0 4684 ( 11 ) 
0 3963 ( 1 I ) 
0 3 6 1 7 ( 8 )  
0 4 4 3 6 ( 1 1 )  
0 3 7 4 8 ( 8 )  
0 4740 ( 1 O) 
0 5 2 6 7 ( 7 )  
0 5 4 3 5 ( 1 0 )  
0 4 9 8 5 ( T )  
0 5 5 9 2 ( 1 2 )  
0 4 7 1 3 ( 8 )  

0 . 7 8 0 (  1) 
0.  366 ( 4 )  
0 . 3 1 3 (  1 ) 
0 . 8 7 8 (  1) 
0 . 9 6 5 (  1 ) 
0 . 9 6 9 ( 2 )  
0 . 4 6 9 ( 2 )  
0 . 8 0 9 (  1 ) 
0 . 9 7 8 (  1) 
0 . 4 6 2 ( 2 )  
0 . 2 3 0 ( 2 )  
0 . 9 4 4 ( 2 )  
0 . 1 1 2 ( 2 )  
0 . 2 0 5 ( 2 )  
0 . 0 6 7 ( 2 )  
0 . 1 2 4 ( 2 )  
0 . 2 7 8 ( 2 )  
0 . 5 6 4 ( 3 )  
0 . 3 ] 9 ( 3 )  
0 . 0 2 6 ( 3 )  
0 , 1 2 3 ( T )  
0 . 1 7 4 ( 5 )  
0 . 5 0 0 ( 9 )  
0 . 5 1 8 ( 6 )  
0 . 2 8 9 ( 5 )  
0 . 1 3 7 ( 4 )  
0 . 2 1 0 ( 4 )  
0 . 2 1 2 ( 5 )  
0 . 4 8 4 ( 3 )  
0 . 4 2 9 ( 4 )  
0 . 4 7 0 ( 6 )  
0 . 5 7 2 ( 4 )  
0.  623 ( 4 )  
0 . 5 7 7 ( 4 )  
0 . 4 4 3 ( 6 )  

0 . 6 4 0 5 ( 9 )  
0 . 7 8 1 5 ( 1 6 )  
0 . 8 3 1 2 ( 1 1 )  
0 . 7 3 g 6 ( 3 0 )  
0 . 7 4 3 7 ( 1 2 )  
0 . 7 2 7 4 ( 1 2 )  
0 . 6 1 9 5 ( 9 )  
0 . 7 9 9 3 ( 1 2 )  
0 . 7 8 3 9 ( 9 )  
0 . 9 1 3 0 ( 1 1 )  

0 . 9 8 1 4 ( 8 )  
0 . 9 2 9 3 ( 1 2 )  
0 . 8 4 9 9 ( 8 )  
1 . 0 3 2 6 ( 1 3 )  
1 . 0 4 2 4 ( 9 )  

0 . 0 3 5 (  1) 
0 . 1 1 g ( 3 )  
0 . 7 7 2 ( I )  
0 . 5 4 4 (  I ) 
0 . 1 5 9 (  1) 
0 . 3 2 9 (  1) 
0 . 2 5 6 ( 2 )  
0 . 1 3 1 ( 2 )  
0 . 4 5 4 (  1 ) 
0 . 2 1 9 ( 2 )  
0 . 5 5 5 ( 2 )  
0 1 9 5 ( 2 )  
0 469 ( 2 )  
0 5 1 3 ( 3 )  
0 0 2 2 ( 2 )  
0 0 9 8 ( 3 )  
0 0 3 2 ( 3 )  
0 3 8 5 ( 3 )  
0 3 4 6 ( 3 )  
0 8 1 4 ( 3 )  
0 2 5 2 ( 1 1 )  
0 3 0 7 ( 5 )  
0 5 6 3 ( 7 )  
0 5 1 9 ( 5 )  
0 8 9 4 ( 7 )  
0 7 5 0 ( 7 )  
0 8 1 9 ( 4 )  
0 7 0 4 ( 6 )  
0 . 4 9 9 ( 3 )  
0 . 4 3 9 ( 5 )  
0 . 4 5 7 ( 6 )  
0 . 5 0 5 ( 6 )  
0 . 5 7 6 ( 7 )  
O. 575 ( 4 )  
0 .501 ( 5 )  

2 . 5 6  
3.71 
2.11 
2 . 6 7  
2 . 0 8  
2 . 2 2  
3 . 1 4  
2 . 1 6  
2 . 9 0  
1 .53 

1 . 8 0  
I .88 
2 . 0 5  
2 . 5 7  
3 . 1 6  

5 4 
20 

7 8 
4 3 
6 3 
T 9 

1 6 5  
8 4 
5 8 

1 1 8  
1 0 5  
1 3 4  
1 1 2  
1 6 6  
1 4 0  
1 8 8  
1 5 9  
26 4 
21 8 
21 8 
26 6 
t 8 0  
25 4 
1 8 9  
I O 0  
1 1 2  

7 9 
1 1 3  

9 7 
19 
25 9 
21 9 
24 9 
1 5 9  
23 5 
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TABLE I. continued 

C8A1 
C9A1 
01A1 
02A1 
03A1 
04A1 
C1A2 
C2A2 
C3A2 
C4A2 
C5A2 
C6A2 
C7A2 
C8A2 
C9A2 
01A2 
02A2 
03A2 
04A2 
C1A3 
C2A3 
C3A3 
C4A3 
C5A3 
C6A3 
C7A3 
01A3 
02A3 
03A3 
C1A4 
C2A4 
C3A4 
C4A4 
C5A4 
C6A4 
C7A4 
01A4 
02A4 
03A4 
C1A5 
C2A5 
C3A5 
C4A5 
C5A5 
C6A5 
C7A5 
01A5 
02A5 
03A5 

O0 
O0 
O0 
O0 
O0 
O0 
O0 
O0 

.00 

.00 

.00 

.00 
,00 
.00 
.00 
.00 
.00 
.00 
.00 

0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 . 3 3  
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 
0 33 

- 0 .211  (6) 
- 0 . 2 5 8 ( 3 )  
- 0 . 2 2 6 ( 3 )  
-0  2 4 2 ( 4 )  
-0  151 ( 2 )  
-0  2 1 9 ( 5 )  

0 5 4 6 ( 2 )  
0 551 ( 2 )  
0 481 ( 2 )  
0 4 0 4 ( 4 )  
0 3 9 7 ( 4 )  
0 4 6 7 ( 2 )  
0 6 1 8 ( 2 )  
0 6 7 4 ( 2 )  
0 763 2) 
0 607 3) 
0 690 1 ) 
0 627 1 ) 
0 648 2) 
0 . 2 2 2  7) 
0 . 2 1 6  6) 
0 . 2 1 0  8) 
0 . 1 9 6  5) 
0 . 1 9 3  5) 
0 . 2 0 9  5) 
0 . 2 3 8 ( 5 )  
0 . 2 5 4 ( 3 )  
0 . 2 3 4 ( 3 )  
0 . 2 3 4 ( 4 )  
0 . 2 ! 0 ( 5 )  
0 1 9 8 ( 6 )  
0 2 0 2 ( 5 )  
0 2 1 5 ( 4 )  
0 2 2 6 ( 5 )  
0 2 1 5 ( 6 )  
0 211 ( 6 )  
0 2 3 5 ( 4 )  
0 1 9 8 ( 3 )  
0 1 8 4 ( 3 )  
0 2 0 8 ( 5 )  
0 221 ( 6 )  
0 . 2 3 4 ( 8 )  
0 . 2 3 9 ( 6 )  
0 . 2 3 6 ( 5 )  
0 . 2 1 5 ( 8 )  
0 . 1 8 6 ( 7 )  
0 . 1 8 0 ( 3 )  
0 .201 ( 3 )  
0 . 2 0 3 ( 3 )  

0 3 0 8 ( 5 )  
0 1 9 9 ( 4 )  
0 501 ( 4 )  
0 3 5 0 ( 6 )  
0 3 2 6 ( 2 )  
0 3 6 9 ( 5 )  
0 9 0 8 ( 3 )  
0 8 7 8 ( 3 )  
O. 824 ( 4 )  
0 . 8 0 3 ( 7 )  

0.827(8) 
0 . 8 8 8 ( 3 )  
0 . 9 5 7 ( 3 )  
0.981 ( 2 )  
0 . 9 9 2 ( 2 )  
0 . 9 8 4 ( 3 )  
0 . 9 6 7 ( 2 )  
0 . 8 9 0 (  1 ) 
1 . 0 4 6 ( 2 )  
0 6 5 8 ( 8 )  
0 7 5 0 ( 6 )  
0 7 9 3 ( 9 )  
0 7 3 9 ( 5 )  
0 6 4 4 ( 6 )  
0 6 0 5 ( 6 )  
0 606 ( 6 )  
0 532 ( 3 )  
0 641 ( 3 )  
0 5 2 7 ( 5 )  
0 5 6 5 ( 6 )  
0 756 ( 7 )  
0 8 1 9 ( 6 )  
0 7 8 8 ( 5 )  
0 6 9 9 ( 6 )  
0 . 6 3 5 ( 7 )  
0 . 5 9 5 ( 7 )  
0 . 5 2 9 ( 5 )  
0 . 6 1 8 ( 4 )  
0. 788 ( 4 )  
0 . 6 8 8 ( 6 )  
0 . 6 2 9 ( 7 )  
O 5 4 3 ( 1 0 )  
0 5 1 5 ( 7 )  
0 5 7 7 ( 6 )  
0 6 6 0 ( 1 0 )  
0 783 ( 8 )  
0 7 9 7 ( 4 )  
0 859 ( 3 )  
0 6 4 2 ( 4 )  

0 . 2 7 2 ( 6 )  
0. 206 ( 4 )  
0 . 5 3 7 ( 3 )  
0 460 ( 6 )  
0 3 7 2 ( 3 )  
0 2 4 0 ( 5 )  
1 045 ( 3 )  
0 9 5 6 ( 2 )  
0 857 3) 
0 845 5) 

0 932 5) 
1 029 3) 
1 . 155 3) 
0 . 9 7 8  3) 
1 .014 3) 
1 .227 3) 
1 174  1) 
0 966 1 ) 
0 981 2) 
0 712 9) 
0 732 7) 
0 8 2 0 ( 1 0 )  
0 . 8 7 7 ( 6 )  
0 . 8 5 0 ( 7 )  
0 .771 ( 7 )  
0 . 6 2 3 ( 6 )  
0. 625 ( 4 )  
0 . 5 4 8 ( 4 )  
0. 777 ( 5 )  
0 . 7 4 3 ( 6 )  
0 . 7 6 8 ( 7 )  
0 . 7 1 3 ( 6 )  
0 . 6 2 7 ( 5 )  
0 6 0 2 ( 6 )  
0 6 5 3 ( 7 )  
0 8 0 2 ( 7 )  
0 7 8 5 ( 5 )  
0 8 7 9 ( 4 )  
0 8 5 0 ( 4 )  
0 7 7 2 ( T )  
0 8 3 2 ( 7 )  
0 8 0 0 ( 1 1 )  
0 7 t 0 ( 7 )  
0 6 5 5 ( 7 )  
0 681 (10)  
0 8 0 6 ( 9 )  
0. 888 ( 4 )  
0 . 7 7 6 ( 3 )  
0 . 9 1 2 ( 4 )  

29.1 
19.1 
2 9 . 0  
3 5 . 7  
17 .6  
31 .6 

8 . 7  
8 . 3  

1 3 5  
27 4 

31 2 
1 2 0  
1 1 3  

T 8 
g 0 

25 3 
8 6 
6 5 

1 2 6  
g g 

T T 
11 g 

6 0 
7 . 4  
7 . 4  
6 . 6  
5 . 7  
5 . 4  
9 . 9  
6 . 8  
8 . 0  
6 . 9  
5 . 3  
6 . 2  
8 . 3  
8 . 4  
9 . 0  
7 . 4  
7.1 
7 . 0  
8 . 5  

13.1 
8 . 0  
7.1 

12 .5  
10 .5  

6 . 4  
5 . 3  
6 . 7  
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(a)  (c) 

2 ~ " ~  13-CyD(I) .h 

(b) ~ ] ) '  

w ( , ~ ~  13- C YD (2) (~__~f~i~ 

07625 W(2L } 
W( 23~,~ 06125 

. ......... ~.~,, �9 -W(IO) 

r ] 

/ ......' 

w{~ ...... i;eW.)oG3,s 
0621S 

Aspirin (I) 

Salicylic acid 

Aspirin(2) 

Fig. 1 (a),(b) The structure of B-CyD'aspirin complex (i) and (2), 
viewed from the primary hydroxyl side of each B-CyD, respectively. (c) 
The molecular structure of (B-CyD)2(aspirin) 2 salicylic acid complex. 
Aspirin and salicylic acid are drawn by full lines and circles. One of 
the statistically disordered salicylic acid at three sites is shown in 
the center of 6-CyD dimer. 

TABLE II. The bond lengths and angles and their mean values of the 
host 6-CyD(1) and (2). 

CYCLODEXTRIN NO 
BOND o 

LENGTH(A)  1 
C1-C2 1 .44 
C1-05 1 .46 
C2-02 1.42 
C2-C3 1 .54  
C3-03 1 .45 
C3-C4 1 .54  
C4-04 t . 4 3  
C4-C5 1 .55 
04 -C l  1 .42 
C5-05 1.4Z 
C5-C6 1 .55 
C6-06 1 .40 

ANGLE( o ) 
05-C1-C2 109 
04-C1-C2 110 
04 -C1-05  106 
01 -C2-02  111 

�9 1 

D-GLUCOSYL RES 
2 3 

1.53 1 55 1 
1.43 1 30 1 
1 .44  1 41 1 
1 .53 1 52 1 
1 .42 1 44 1 
1.52 1 53 I 
I .42 I 46 
1 .54 1 56 
1 . 4 5  1 42 
1 . 4 4  1 46 
1 ,58  I 54 
1 .39 1 45 

DUE 
4 

53 1 
40 1 
40 1 
51 1 
41 1 
51 

1 41 
1 53 
1 42 
1 46 
1 55 
1 4 1  

5 6 
54 1.51 
40 1 .45 
45 1 .43 
52 1 .53 
44 1.41 

1 56 1 .55  
1 .44  1 .30  
1 .55  1 .53 
1 .46 1 .43 
1 .47 1 .47 
1 .54  1.61 
1.41 1 .35  

7 M E A N  

1.52 1 .52 
1 .40 1 .42 
1 .43 1 .43 
1 .48 1 .52  
1 .40  1 .42 
1.51 1 .53 
1 .43  t . 4 3  
1 .50 1 .54  
1 .48 1 .44  
1 .46 1 .45 
1 .57 1 .56  
1 .43 1 .40  

10g 110 110 108 110 110 110 
100 107 108 100 108 107 108 
lOg I I I  111 113 106 111 110 
109 110 l og  lOg 108 110 109 

RMS 
0 04 
0 03 
0 02 
0 02 
0 02 
0 02 
O 02 
0 02 
0 02 
0 02 
0 02 
0 03 
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TABLE II. continued 

C1-C2 -C3  111 
0 2 - C 2 - C 3  108 
C 2 - C 3 - 0 3  108 
C 2 - C 3 - C 4  107 
0 3 - C 3 - C 4  109 
C 3 - C 4 - 0 4  108 
C3 -C4 -C5  108 
0 4 - C 4 - C 5  106 
C4-04 -C1  116 
C 4 - C 5 - 0 5  II0 

C 4 - C 5 - C 6  111 
0 5 - C 5 - C 6  107 
C5-05-CI 115 

C 5 - C 6 - 0 6  108 

10g 
1 0 
108 
107 
1 0 
106 
1 0 
108 
1 6 
1 0 
1 1 
105 
114 
1 3 

109 
112 
10g 
107 
10g 
106 
109 
107 
117 
107 
10g 
105 
1 6 
112 

110 108 113 112 110 2 
114 109 113 113 111 2 
108 108 109 111 109 1 
109 106 107 109 107 1 
110 106 110 110 109 2 

108 104 108 107 107 I 

110 108 107 1 1 1  109 1 
lOT 105 110 107 107 1 
119 114 11T 118 117 2 

110 lOg 110 111 109 1 
111 112 110 113 111 1 
106 104 103 105 105 1 
114 113 112 114 114 1 
110 111 111 I0g 111 2 

CYCLODEXTRIN NO. 2 
BOND 

LENGTH 
C1-C2 
C1 -05  
C 2 - 0 2  
C2-C3 
C3 -03  
C3-C4 
C 4 - 0 4  
C4-C5 
04-C1 
C5 -05  
C5-C6 
C 6 - 0 6  

ANGLE 
0 5 - C 1 - C 2  
0 4 - C 1 - C 2  
0 4 - C 1 - 0 5  
C l - C 2 - 0 2  
C l - C 2 - C 3  
0 2 - C 2 - C 3  
C 2 - C 3 - 0 3  
C 2 - C 3 - C 4  
0 3 - C 3 - C 4  
C 3 - C 4 - 0 4  
C 3 - C 4 - C 5  
0 4 - C 4 - C 5  
C 4 - 0 4 - C l  
C 4 - C 5 - 0 5  
C 4 - C 5 - C 5  
0 5 - C 5 - C 6  
C5 -05 -C1  
C 5 - C 6 - 0 6  

D-GLUCOSYL RESIDUE 
1 2 3 4 5 6 7 MEAN RMS 

1 46 1 50 1 50 1 54 1 . 5 8  1 . 5 4  1 . 5 4  1 . 5 2  0 . 0 4  
1 47 1 
1 41  1 
1 5 4  1 
1 4 5  1 
1 54 1 
1 41  1 
1 5 4  1 
1 4 3  1 
1 43 1 
1 5 4  1 
1 4 3  1 

43 I 

43 I 

54 I 

45 I 

50 1 
44 1 
54 1 
45 1 
45 1 
54 1 
45 1 

39 1 
43 I 
51 1 
42 1 
55 1 
43 1 
55 1 
43 1 
50 1 
61 1 
45 1 

39 1 . 4 0  1 . 4 4  1 . 4 3  1 . 4 2  0 . 0 3  
42 1 . 4 3  1 . 4 8  1 . 4 3  1 . 4 3  0 . 0 2  
50 1 . 4 9  1 . 5 2  1 . 4 6  1.51 0 . 0 3  
45 1 . 4 6  1 . 4 3  1 . 4 7  1 . 4 5  0 . 0 2  
55 1.51 1 . 5 2  1 . 5 4  1 . 5 3  0 . 0 2  
42 1 . 4 6  1 . 4 4  1 . 4 3  1 . 4 3  0 . 0 2  
53 1 . 5 6  1 . 5 3  1 . 5 7  1 . 5 5  0 . 0 2  
43 1.41 1 . 4 4  1 . 4 5  1 . 4 3  0 .01  
42 1 . 4 5  1 . 4 5  1 . 4 3  1 . 4 5  0 . 0 2  
54 1 . 5 2  1 . 4 8  1 . 5 2  1 . 5 4  0 . 0 4  
40 1 . 4 5  1 . 3 5  1 . 3 9  1 . 4 2  0 . 0 4  

112 
109 
107 
111 
1 1 1  
111 
110 
108 
108 
109 
10T 
108 
11T 
109 
1 1 1  
105 
114 
110 

109 
109 
110 
110 
110 
110 
108 
107 
109 
106 
112 
106 
11T 
1 1 0  
113 
105 
114 
110 

110 110 106 lOT 108 109 2 
lOT 108 lOT 10g 107 108 1 
1 1 0  1 1 0  1 1 1  10g 109 10g 1 
i12 112 108 108 108 II0 2 

112 10g 109 110 110 110 1 
109 111 110 110 113 111 1 
111 109 108 110 110 109 1 
lOT 10g 108 lOT 110 108 1 
106 109 106 109 108 108 1 
108 10g 109 lOT 108 108 1 
108 109 108 113 108 109 2 

104 109 106 lOT 109 107 2 
115 114 116 119 116 116 1 
108 111 109 108 110 109 1 
112 111 113 112 111 112 1 
104 106 104 109 105 106 1 
114 116 117 117 116 116 1 
104 112 111 113 112 110 3 
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This rigid hydrogen bond network plays an important role to stabilize 
the B-CyD dimeric structure. Two guest aspirin molecules are included in 
each dimeric B-CyD, with their hydrophobic benzene ring protruding into 
the hydrophobic ~-CyD cavities and leaving their hydrophilic groups 
outside the cavities and at the primary hydroxyl 06 sides. The aromatic 
rings of aspirin(1) and (2) are stabilized mainly by van der Waals 
contacts with the inner surface of B-CyD(1) and (2), respectively, and 
the carboxyl groups are linked to the primary hydroxyl groups of B-CyDs 
via water molecules by hydrogen bonding. The bond lengths and angles of 
the guest aspirins (Asp(l) and (2)) included in the B-CyD dimer are 
not significantly different from those obtained by the structure 
analysis of a free aspirin crystal [ 6 ]. Judging from the bond lengths 
and angles about the carboxyl group for both Asp(l) and (2); C-O = 1.29 

o 

and ]..24 A, C-C-O = 118~ ~ for Asp(l) and C-O = 1.26 and 1.24 A, C-C- 
O = 119 ~ and 120 ~ for Asp(2), respectively, the carboxyl group of the 
aspirin may be deprotonated into a carboxylate anion of aspirin (Asp-). 
The existence of Asp- is not abnormal, because neutral or anionic guests 
can be included in the host CyD. Comparing the included aspirins with 
free aspirin, interesting differences are found in two dihedral angles 
i.e. I) the dihedral angle between a plane formed by the benzene ring 
and that by the carboxylgroup (DAI), 2) the dihedral angle between the 
benzene plane and the plane of the acetyl group (DA2): DAI = 18.8 ~ , 
9.6 ~ , and 2.0~ DA2 = 88.1~ ~ and 84.7 ~ for Asp(1), Asp(2), and 
aspirin free, respectively. For DAI, the carbonyl group and the benzene 
ring are not parallel but rotated about ten to twenty degrees to one 
another in the included aspirins. On the other hand, DA2 is nearly equal 
with Asp(1) and free aspirin, but is different between Asp(]) and (2), 
and also Asp(2) and free aspirin. In conclusion, these differences can 
not be uniquely reduced to the effect of the inclusion or by the packing 
force which is mainly hydrogen bonding in this case, but we can point 
out that the guest molecule changes their conformation to make a best 
fit to its host structure. On the other hand the acetyl groups of the 
guest aspirin do rot take part in hydrogen bonding. Further the 
remaining guest molecule is included in the center of the B-CyD dimer. 
We found it to be hydrolyzed aspirin, that is salicylic acid. Because of 
the disorder in the salicylic acid, at the initial stage we could not 
assign it unambiguously. But by putting it to three different positions 
statistically, our assignment was comfortably completed as shown in Fig. 
3. As we only used aspirins as the guest ligand in the preparation of 
the complex crystals, the resultant salicylic acid must have been 
produced by the hydrolysis of the aspirin molecules. As the hydrolysis 
of aspirin occurs only in aqueous solution, it is not certain whether 
the secondary hydroxyl groups of $-CyD have catalyzed the reaction or 
not. It seems to be the reason why a salicylic acid was selectively 
included, because the sandwiched area of the B-CyD cavity is too narrow 
for an aspirin molecule to be included. But this area is nearly round 
and too wide to fix a salicylic acid in one position, and it takes three 
positions statistically so as to increase van der Waals contacts between 
the host and guest molecules. 
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�9 ' . W(14) : ~20}  " " . . '  , 

G 1 B-cya{l) 

�9 . . ,  . . . ,  . .  

5 ~-CyO(2) 

11 w(241 

Fig. 2. Hydrogen bond networks among the secondary hydroxyl groups of 
B-CyD(1) and (2), together with the hydrogen bonds to the crystalline 
water molecules. Thick dotted lines mean hydrogen bonding in the range 
from 2.4 to 3.0 A and thin dotted lines, which are used only for the 
bondings among the secondary hydroxyl groups, are in the range from 3.0 
to 3.2 A. 

TABLE III. The connection table for the hydrogen bondings about water 
o 

molecules in the range from 2.4 to 3.0 A. 

From To 

W(1) -- W(5), W(8), 0621, 0662 w(j2) 
W(2) -- W(7), W(17),0261 

W ( 1 6 )  . . . .  W ( 2 1 )  . . . . .  0 2 3 2  W(3) -- W(II),W(25),W(28),0651,0642 :.:'.... 
W(4) -- W(9), 0641, 0612, 0652 
W(5) -- W(1), W(12),W(15),0671 o211 .... :,w(~2) ..... wo4) 

W(6) -- W(12),0322, 0252 w({9) 
W(7) -- W(2), W(19),0312, 0262 
W(8) -- W(1), 0631, 0(2)A2 

W ( 1 8 )  . . . . . .  W ( 2 3 ) = : : "  ~ 2 ) A 1  

W(9) -- W(4), 0631, 0661 ..... 12.11~ff:O{1)A1 
W(IO) -- W(18),0632, 0672 
W(II) -- W(3), W(14),0622 o762 ..... :W{24)'" 

W(12) -- W(5), W(6), W(21),0251 
W(13) -- 0231, O371 w(2o) 
W(14) -- W(II),W(22),0272 "" ...o652 

W ( 2 6 )  . . . . .  W(15) -- W(5), W(16),W(20),0611 / "-4~.o5% .'"" 
W(16) -- W(21),W(22),W(15) 

1 . 5 8 A /  W ( 2 B ) "  
W(17) -- W(2), 0212, 0332 ..w(~?).~t64 % "... 
W(18) - -  W(IO),W(23),W(24),0612 o6""" ~ w(3) 
W(19) -- W(7), W(22),0362 1.29A"~ . - "  

W(20) -- W(15),W(26),0641 w(25) .... 
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Fig. 3. Space-filling drawings of disordered salicylic acid at three 
positions in B-CyD moiety of the dimeric B-CyD. Each salicylic acid has 
the occupancy of 0.33. 

~b 

/ 4- o 

(b) 

(a) 

Fig. 4. PaCking of B-Cy~ dimers (a) A projection of the packing of 
B-CyD dimers along the c -axis. (b) A projection of B-C~D(2) in the 
original and B-CyD(1) in the next unit cell along the a -axis. 
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This sandwiched area formed by OH--O hydrogen bonds among the secondary 
hydroxyl groups of the dimeric B-CyD, may be rather hydrophobic, because 
there are no hydrogen bondings between the hydroxyl groups of salicylic 
acid and those of 6-CyDs. To ensure the existence of the salicylic acid, 
we performed a quantitative analysis of the salicylic acid content of 
the complex crystals. The resultant content of salicylic acid was 47% of 
all of the guest molecules, which was much larger than 1/3, but this 
deviation may be attributed to the experimental error, because aspirin 
could be hydrolyzed rapidly in aqueous solution. In an asymmetric unit, 
there exist one of the host-guest molecular complex and substantially 
23.3 water molecules, which are disordered at 28 positions, are 
surrounding it. These water molecules play the important roles of the 
mediators which construct the host matrix structure or connect the host 
and guest molecules, and also the spacer which fills the packing spaces 
among the B-CyD dimeric units as shown in Figs. 1 and 4. The networks of 
the water molecules are shown in TABLE III. The packing of the structure 
is shown in Fig. 4. A channel type structure is constructed by two g- 
CyDs forming a dimer and this channel is closed by the dimer unit of the 
next unit cell just to enclose the guest molecules into their host 
dimeric B-CyDs. 

On the basis of our structure analysis of the ~-CyD'aspirin complex 
crystal, we now want to discuss here how the host B-CyD plays an 
important role to prevent the guest aspirin from the hydrolysis 
reaction. On the mechanism of the hydrolysis of aspirin, the classical 
general base catalysis of the attack by water which is activated by the 
carboxylate anion is generally accepted [7]. On the basis of this 
mechanism, the protectional function of hydrolysis of aspirin by B-CyD 
can be related to the following structural features: i) As shown in 
Fig.l and also as mentioned above, the guest aspirin is included in the 
host B-CyD with its benzene ring protruding into the hydrophobic B-CyD 
cavity. The carboxyl group is at the primary hydroxyl group side of ~- 
CyD and is deprotonated into the carboxylate anion which is connected to 
the neighbouring upper or lower ~-CyD unit by hydrogen bonds through 
water molecules, for example, Asp(1)-'"W(23)'"W(18)'"O6 of upper ~- 
CyD and Asp(2)-"'W(8)'"06 of lower ~-CyD. Probably, the negative 
charge of the carboxylate anion is compensated by protonation of the 
neighbouring water molecules into H30+ such as W(23) + or W(24) + and 
W(8) § in the crystalline state. The existence of H30+ is supported by 
the following strong hydrogen bonds of CO0-'"W(23)=2.41, 2.62 A, COO- 
""W(8)=2.77 A. If this crystal structure persists in solution, the 
classical general base catalysis of the attack by water activated by the 
carboxyl anion can not be possible. 2) When the crystalline waters are 
removed but the same type of inclusion as mentioned in I) is maintained 
even in solution, the hydrolysis of aspirin will be performed on the 
proposed mechanism but must proceed much slower than that without 
~-CyD, because of the difficulty in movement of the aspirin included by 
6-CyD. 
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On the contrary, B-CyD catalyzes the hydrolysis of phenylesters in 
alkaline solution [8,9]. In this case, the catalysis is thought to be 
caused by the anionized secondary hydroxyl groups of B-CyD and the guest 
phenylesters are included in the host B-CyD with their functional groups 
at the host secondary hydroxyl side. Our study is not for this case 
because of crystallization at pH=2.3, but we suppose that there may be 
the following two great changes in inclusion phenomena in alkaline 
solution: i) aspirin can be included in B-CyD with its benzene ring 
protruding from the secondary hydroxyl side. 2) the head-to-head dimeric 
structure of 6-CyD will not be formed because of lack of hydrogen bonds 
among the hydroxyl groups of each 6-CyD and this results in producing a 
lot of anionized secondary hydroxyl groups of B-CyD. 
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