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Abstract 

Semiempirical calculations on cyclomaltoheptaose ( PCD), 1,7dioxaspiro[5S]undecane (l), 
nonanal (Z), and the inclusion complexes of /3CD with 1 and 2 were carried out using the AM1 
method. The structure of PCD after complete geometry optimization was in very good agreement 
with crystallographic structures. Moreover, the calculated dipole moment of PCD was found to 
depend strongly upon the orientation of the primary hydroxyl groups. Different possible positions 
of the guest molecules in the PCD cavity were examined, a few of them resulting in a gain of 
energy. These corresponded to partial inclusion of 1 from the secondary side but total inclusion of 
2. Conclusions regarding the geometries of the complexes were in satisfactory agreement with the 
dominant structures in aqueous solutions as derived from NMR experiments. Thermodynamic data 
(AH’, AS’) in aqueous solutions were obtained from van’t Hoff plots using ‘H NMR, and were 
compared with the computed heats of formation. The forces responsible for host-guest association 
are discussed in the light of the above results. 
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1. Introduction 

Cyclodextrins (CDs) are a family of cyclic oligosaccharides which possess a signifi- 
cant complexing ability with a large number of organic molecules [I]. Owing to their 
symmetrical shape, defined by a hydrophobic cavity enclosed between two hydrophilic 
rims, they are considered good models to study and understand weak intermolecular 
interactions and recognition mechanisms. Theoretical calculations on either the parent 
CDs or their complexes have been carried out mainly at the molecular mechanics level 
[2]. Quantum mechanical calculations are not common in this field. A few semiempirical 
calculations using the CNDO/2 method [3] have been reported for several complexes. 
Recently, AM1 calculations on CY-, p-, and y-cyclodextrins have appeared in the 
literature [4]. However the geometries obtained do not compare well with the X-ray 
structures, since one or two glucose residues are twisted, resulting in distortions of the 
overall circular shape. Finally, ab initio methods have never been attempted, since such 
computations require very long CPU time due to the large number of atoms involved. In 
our continued effort [5] to probe and understand the requirements of inclusion of 
molecules into cyclodextrins, we considered the use of the AM1 semiempirical SCF-MO 
method [6] which in its updated versions [7] would provide a better quality of data than 
molecular mechanics, and would be feasible regarding the time demand of the calcula- 
tions. Besides, it is known that AMl, widely used for a variety of molecules, has a 
tested ability to represent geometries and dipole moments well. Furthermore, in a study 
of tetrahydropyranyl systems [8] it has been suggested as an alternative to ab initio 
methods, especially in cases where the use of the latter are not possible. Use of AM1 in 
other supramolecular systems has also been reported [9]. In this study we have used 
AM1 to model PCD, 1,7-dioxaspiro[55]undecane (l), nonanal (2) (Scheme l), and the 
corresponding inclusion complexes which were obtained from a variety of calculated 
positions in the /?CD cavity. The geometrical results are compared with X-ray [lo] and 
neutron diffraction [ 1 l] data of PCD and with NMR-derived structures of the complexes 
[5b]. In addition, the calculated energy data are compared with experimentally measured 
thermodynamic parameters. 

-CHO 

9 7 5 3 1 

WD 2 

Scheme 1. 
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2. Experimental 

MO calculations.-The calculations were carried out using the AM1 method pro- 
vided with MOPAC6 [7] (vectorized version VAMP 4.4 [12]) on a CONVEX C3820 
super computer. Visualization of each structure was done using the COORDS program ‘. 
The construction of the initial cy-n-glucose repeating unit was based on average 
crystallographic data [ 131 and was carried out using the following initial values: bonds, 
C-C, 1.52 A; C-O(H), 1.43 A; C-5-0, 1.45 A; C-1-0, 1.42 A; C-H, 1 .lO A; O-H, 
0.95 A; angles, C-C-H and C-C-C, 109.5”; C-O-C 112.9”; C-O-H 107.0”; C-C-O, 
110.0”. Dihedral angles were set to k 60”, f 120”. The oligosaccharide was then built by 
successive additions of the glucose residue. The interglucosidic C-O-C angle was 
initially set to 119” and, with each added glucose residue, it was slightly modified, so 
that a cyclic structure was finally obtained. Simultaneously, the torsion angles C-2-C- 
l -0-4’-C-4’( cp) and H-4’-C-4’-0-4-C- 1 (primed atoms refer to the adjacent glucose 
residue) were set to - 128.5” and 5.4”, these values determining the tilting of glucose 
residues to the narrower primary rim. Geometry optimization was carried out taking into 
account the seven-fold symmetry (C,) of PCD. This output was used as a new input for 
full optimization, without any symmetry considerations CC,). The corresponding CPU 
times were 5113.6 and 11,688.5 s, respectively. The guest molecules, 1,7- 
dioxaspiro[5.5]undecane (1) and nonanal (2), were constructed using the same bond 
lengths and angles as above. In addition, 1 was built as the diaxial, diequatorial, and 
axial-equatorial conformer. Optimization of 1 and 2 required 21.5 and 9.0 s of CPU 
time, respectively. For the construction of the complexes, each guest molecule was 
positioned by calculating geometrically the coordinates of their atoms from an imaginary 
point, whose position was also determined geometrically, as the center of the heptagon 
defined by the O-4 atoms. The resulting entity was checked each time with COORDS, 
and the whole was then optimized, with PCD in a C, symmetry. A large number of 
positions were examined in this manner for each complex, from which those resulting in 
unfavorable intermolecular distances were rejected. The finally chosen and optimized 
structures that comply with van der Waals distances were visualized using the program 
0 [ 141 on a Silicon Graphics Crimson workstation. The resulting AE values ( AE = 
E complex - Epcll - E,,,,,) were computed by taking the differences in either the total 
energy or the heats of formation. For all complexes the CPU times ranged from 10,000 
to 12,000 s. 

NMR measurements.-The experiments were carried out in D,O on a Bruker AC 250 
spectrometer using commercial materials and standard acquisition and processing param- 
eters as described before [5a]. The association constants were calculated from the 
observed chemical shift displacements of H-3 or H-5 of PCD during a titration 
procedure, as reported previously [5a,b], using 5 and 3.5 mM solutions of PCD with 1 

’ COORDS is a program, written by J.W., that converts polar to Cartesian coordinates, allows the automatic 
rotation of atoms or groups to optimize the interatomic lengths within the system being considered, changes 
bond lengths and/or angles to force ring closure, and displays the system as a two-dimensional projection 
using QCPE 349. 
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Table 1 
The energy minimization results for /3CD, 1, and 2 

PCD a PCD b 1 2 

Total (eV) energy 
Heat of formation kJ/mol) 
Dipole moment (D) 
Ionization potential (eV) 

- 17.566546 17566.575 - 2015.088 - 1722.394 
- 6886.47 - 6889.28 -502.13 - 374.29 

2.9 2.8 0.4 2.8 
10.82 10.82 10.35 10.57 

a Optimization carried out with symmetry CC,). 
b Optimization carried out without symmetry (C, 1. 

and 2, respectively [5b]. At temperatures 298, 308, 318, and 328 K the measured values 
for pCD/l were 1160, 1020, 850, and 730, respectively, and for @CD/Z were 2380, 
2010, 1520, and 1180, respectively. The solubilities of 1 and 2 in water are very small, 
but both materials were solubilized by formation of the complexes at the above 
concentrations, to a degree corresponding to a @CD-guest ratio of 4:3. Addition of 
more guest led to the formation of a precipitate. 

3. Theoretical calculations 

pCD.-The results of calculations of the @CD molecule, with symmetry (C,) and 
without any symmetry (C,), are collected in Table 1. The heats of formation differ by 
less than 3 kJ/mol (0.72 kcal/mol), whereas the dipole moments are practically the 
same. The overall geometry obtained (Fig. 1) is in very good agreement with the X-ray 
structure [lo]. Specifically, the calculated bond lengths and angles (Fig. 2a) are in 
excellent agreement with the crystallographic data (Fig. 2b), thus indicating a correct 
representation of the repeating unit. The lengths of the C-H and O-H bonds are 
1.12-1.13 and 0.97 A, respectively, and the H-C-C and H-O-C angles are 108.0- 
111.1” and 107.2-lOS.l”, respectively. The bond lengths are identical in both runs of 
PCD, whereas the bond angles differ by only f0.2” in the fully optimized case. The 
calculated torsion angles are shown in Table 2. The numbers in the columns indicate that 
the incorporation of symmetry results in very minor changes in some of the dihedral 
angles, without alterations of the overall structure. 

The angle 0-6-C-6-C-5-0-5, which reflects the conformation about the C-5-C-6 

(b) 

Fig. I. PCD after AM1 optimization; views (a) along the cavity axis, from the primary side and (b) 
perpendicular to the cavity axis, so that the o-D-glucopyranosyl ring is seen clearly. 
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Fig. 2. Bond lengths (A) and angles (“) of PCD (a) calculated by AM I (C, ) and (b) X-ray results [ 101. 

bond, was found to be - 81.5” and indicates a gauche-gauche arrangement (Fig. 3a). 
The above are in full agreement with the crystallographic data [lo] as well as with 
solution measurements 1151, but in contrast to the literature AM1 calculations [4] on 
PCD, according to which the lowest energy conformation about C-5-C-6 is rruns- 
gauche (experimentally not observed) and the torsion angles show large deviations from 
the statistical mean, resulting in a twisted structure. 

The values of the angles and torsion angles involving the C-4-0-4-C- 1’ interglucose 
bridge reflect the macrocyclic conformation. Fig. 2 shows that the calculated data are in 
good agreement with the X-ray results [lo], which suggests that AM1 is able to 
reproduce satisfactorily the experimental data for such macrocycles. Thus, the O-4 
atoms form f regular heptagon for both the fully and the C, optimized macrocycle 
(radius 5.04 A, side 4.37 A, and 128.6”), whose center may be considered as the center 
of the cavity. The geometrical features of the void space are illustrated in Fig. 3b, and 

Table 2 
Torsion angles (“1 of the glucose residue of PCD after geometry optimization with AMl. The numbers in 
parentheses are the variation between extreme values 

C7 Cl x-rays a C7 Cl 

C-l-C-2-C-3-C-4 - 54.4 - 53.8 (0.2) 
C-2-C-3-C-4-C-5 51.2 57.6 (0.3) 
c-3-c-4-c-5-o-5 - 58.0 -58.1 (0.3) 
C-4-C-5-0-5-C-l 57.3 56.9 (0.3) 
C-5-0-5-C-l-C-2 -55.1 - 54.6 (0.3) 
C-6-C-5-0-5-C-l 179.8 180.0 (0.0) 
O-2-C-2-C-3-C-4 - 171.5 - 174.3 (0.0) 
o-3-c-3-c-4-c-5 170.8 173.7 (0.0) 
O-4’ -C- 1 -C-2-C-3 63.4 62.8 (0.1) 
0-5-C- 1 -C-2-C-3 52.1 52.6 (0.1) 
0-6-C-6-C-5-0-5 -81.5 - 80.7 (0.3) 
c-2-c- l-o-4’-c-4’( cp) - 132.6 - 132.8 (0.3) 
c-l-o-4’-c-4’-C-3’($) 127.4 127.6 (0.3) 

- 54.1 
55.4 

- 56.5 
60.0 

- 60.4 

56.5 
_b 

- 129.3 
128.3 

H-1-C-l -C-2-C-3 166.4 164.6 (0.1) 
H-2-C-2-C-3-C-4 65.5 65.5 (0.0) 
H-3-C-3-C-4-C-5 - 62.7 - 62.7 (0.0) 
H-4-C-4-C-5-0-5 63.3 63.4 (0.2) 
H-5-C-5-0-5-C- 1 - 63.5 - 63.3 (0.0) 
H-6-C-6-C-5-0-5 156.6 159.1 (0.3) 
H-6’ -C-6-C-5-0-5 35.3 36.8 (0.3) 
H-O-2-C-2-H-2 - 177.6 - 177.4 (0.3) 
H-O-3-C-3-H-3 166.3 166.2 (0.8) 
H-O-6-C-6-C-5 - 87.5 - 87.8 (0.5) 
H-4’ -C-4’ -0-4 _C_ 1 7.9 8.1 (0.3) 

a Ref. [lo]. 
b Due to disorder and inward rotation of O-6-C-6, a crystallographic mean value is not given. 
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(a) @I 

Fig. 3. (a) The gauche- gauche conformation about the C-5-C-6 bond, and (b) internal dimensions (A) of the 
PCD cavity, van der Waals distances included. 

the two narrowest regions, defined by the circles of H-3 and H-5, are located near the 
secondary and primary side, respectively. The circular structure of the macrocycle is 
stabilized by the interglucose hydrogen bonds between secondary hydroxyl groups. The 
O-2 . . . O-3’ distance, close to the mean crystallographic value, verifies the existence of 
H-botds between adjacent glucosyl residues. The actual O-2-H . . . O-3’ distance is 
2.20 A, corresponding to a normal H-bond and in agreement with the neutron diffraction 
data [ 111, and the angle O-2-H . . . O-3’ is 104.8”, at the lower limit of such reporttd 
angles (101-180”) [11,16]. On the other hand, the distance O-3’-H.. . O-2 is 3.19 A, 
suggesting that no H-bond is formed, unlike in the solid state [ 111, where both types of 
intramolecular H-bonds have been identified. Finally, the hydrogen atoms in O-2-H and 
O-3-H are oriented truns to H-2 and H-3, a fact indicated by the values of the torsion 
angles H-O-2-C-2-H-2 and H-O-3-C-3-H-3 (Table 2). 

Optimization of the dihedral angle H-O-6-C-6-C-5 (Table 2) led to an orientation 
of the O-H bond parallel to the pyranose ring and directed tooward the O-5 of the 
adjacent glucose residue. The distance O-5’ . . . H-O-6 is 2.27 A, nearly 2uitable for 
hydrogen-bond formation. The corresponding O-5’ . . . O-6 distance is 3.09 A, the angle 
O-5’ . . . H-O-6 is 141.7” (Fig. 4a), and the calculated dipole moment is 2.9 D (Table 
1). The calculation was repeated with the angle H-O-6-C-6-C-5 set at 180” and not 
optimized, in which case the dipole moment rose to 14.9 D, whereas the other data for 
the molecule remained unchanged (Fig. 4b). There is, therefore, a direct dependence of 

HCi bH Hd 

(a) 
2.9 D T 

Fig. 4. The dipole moments of /3CD calculated 
perpendicular and (b) parallel to the cavity axis. 

bH Hd bH 

14.9 D 1‘ 
(b) 

with the direction of the primary hydroxyl groups (a) 
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Table 3 
Atomic charges of PCD, 1 ‘, and 2 

PCD PCD 1 1 2 

C-l 0.11 H-l 0.14 O-I - 0.30 H-2a 0.08 C-l - 0.23 
C-2 -0.01 
c-3 -0.01 
C-4 - 0.02 
C-5 -0.01 
C-6 -0.01 
O-2 -0.31 
o-3 -0.31 
o-4 - 0.30 
O-5 - 0.29 
O-6 -0.32 

H-2 
H-3 
H-4 
H-5 
H-6 
H-6’ 
H(O)-2 
H(O)-3 
H(O)-6 

0.13 c-2 - 0.02 H-2e 0.1 I c-2-b: -0.16 
0.15 c-3 - 0.20 H-3a 0.09 c-9 -0.21 
0.11 c-4 -0.15 H-3e 0.09 O-I - 0.29 
0.11 C-5 -0.17 H-4a 0.10 H-I 0.09 
0.08 C-6 0.20 H-4e 0.08 H-2-8 0.08 
0.12 H-5a 0.09 H-9 0.07 
0.24 H-5e 0.10 
0.21 
0.2 I 

’ Axial and equatorial positions of H atoms are denoted as a and e, respectively. 

the calculated dipole moments on the orientation of the primary hydroxyl groups, which 
easily explains the very large values previously reported (13.9-20 D) using the 
CND0/2 method [3a]. In those calculations the primary O-H bonds had been arbitrar- 
ily oriented parallel to the axis of the cavity whereas the orientation of the secondary 
hydroxyl groups had been fixed to represent the O-2 . . . H-O-3’ hydrogen bonding. 
Furthermore, we have found that @CD with an optimized H-O-6-C-6-C-5 dihedral 
angle is more stable than the PCD having the primary OH groups perpendicular to the 
rim, by 52.54 kJ/mol. This corresponds to a gain of 7.50 kJ/mol per glucose residue, a 
value suited to the energy gained by the formation of a weak H-bond [17]. These results 
indicate that AM1 may detect these favorable H-bond interactions, although supporting 
experimental evidence does not exist. In solution, however, the orientations of the 
primary OH groups are strongly influenced by the solvent, the guest, and the momentary 
conformations of the C-5-C-6 bond, and therefore the resulting dipole moment should 
vary between the above extreme values. The small deviation of the 0-6-C-6-C-5-0-5 
value from the ideal - 60” can thus be explained in terms of a slight rotation of the 
O-6-H bond in order to establish contact with its neighboring O-5’ (Fig. 4). Finally, the 
calculated atomic charges of PCD are reported in Table 3. 

1,7-dioxaspiro[5Slundecane (1) and nonanal (2).-Molecules 1 and 2 were subject 
to full geometry optimization, and the resulting bond lengths and angles are shown in 
Fig. 5. (For the sake of clarity, atoms belonging to the guest molecules are denoted with 
italics.) In both molecules, C-H bonds and H-C-C angles were similar to PCD, i.e., 
I. 12 A and 108-l 1 l”, respectively. The corresponding torsion angles are given in Table 
4. The calculated most stable conformation of 1 is the one with both oxygen atoms in 

Fig. 5. Bond lengths (A) and angles (“1 of 1 and 2 as calculated by AMI. 
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Table 4 
Torsion angles (“) of 1 and 2 after optimization with AMI * 

1 2 

C-4-C-5-C-6-O-I 47.9 
C-5-C-6-O-I-C-2 -51.7 
C-6-O-l-C-2-C-3 56.6 
0-7-C-6-O-I-C-2 65.8 
C-8-0-7-C-6-0-1 66.5 
C-9-C-8-0-7-C-6 54.0 
C-10-C-9-C-8-0-7 -55.2 
C-II-C-IO-C-Y-C-8 53.6 
H-2e-C-2-0-I-C-6 b 180.0 
H-2a-C-2-0-I-C-6 h -61.6 
H-3e-C-3-C-2-0-I 180.0 
H-3a-C-3-C-2-0-I 63.4 
H-4e- C-4 - C-3 - C-2 b 180.0 
H-4a-C-4-C-3-C-2 b 61.3 
H-5e - C-S- C-4-C-3 b 180.0 
H-5a- C-5- C-4-C-3 b - 70.4 

O-l-C-l-C-2-C-3 
C-l-C-2-C-3-C-4’ 
C-7-C-8-C-Y- H-9 
H-l-C-l-C-2-C-3 
H-2-C-2-C-3- C-4 
H-2’ - C-2 - C-3-C-4 
H-3 - C-3 - C-4 - C-5 d 
H-3’ - C-3 - C-4- C-5 d 
H-8-C-8-C-9-H-9 
H-8’-C-8-C-9- H-9 
H-9’-C-9- H-9-C-8 
H-9” -C-9- H-9-C-8 

- 180.0 
- 180.0 
- 180.0 

0.0 
- 58.7 

58.8 
- 58.6 

58.7 
- 58.6 

58.7 
- 58.6 

58.6 

a Axial and equatorial positions of H atoms are denoted as a and e, respectively. 
b The values are the same for the corresponding angles in the second ring. 
’ The values are the same for C-2 through C-6. 
d The values are the same for H-4,4’ through H-7,7’. 

axial positions (diaxial conformer), which is more stable by 8.17 k.l/mol than the 
axial-equatorial conformer and more stable by 25.39 k.I/mol than the diequatorial 
conformer. Note that each of the above conformations was retained after complete 
geometry optimization. These computational results are in agreement with the results 
obtained by Deslongchamps and co-workers from low-temperature solution NMR work, 
which indicated that the diaxial conformer is the only one observed, even at tempera- 
tures as low as 160 K, giving a simple five-line 13C NMR spectrum, in a solvent of high 
dielectric constant [ 181. The strong preference for this conformer is attributed to the gain 
due to the anomeric effect and reduced 1,3-diaxial stereoelectronic interactions [ 191. In 
Fig. 6a, the center of mass of this conformer is shown, whose coordinates (0.46 A on the 
C’, axis) are used later for the construction of the complexes. 

The calculated energy data and dipole moments are given in Table 1. The dipole 

(a) W 

Fig. 6. (a) The spiroacetal molecule with its center of mass Kl shown and (b) the translation of 2 along the 
cavity axis; K is the center of PCD. 
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D 

C 

E 

Fig. 7. AMI optimized structures of the complexes with 1 in five positions. 

moment of nonanal is in remarkably good agreement with experimental values reported 
for aliphatic aldehydes [20], whereas that of the spiroacetal is very small and similar to 
those of non-polar molecules. Finally, the atomic charges of 1 and 2 are given in Table 
3. 

p CD / 1,7-dioxaspiro[5.5Iundecane.-The computations on this complex were per- 
formed for PCD taking into account a C, symmetry and not C,. There is a twofold 
decrease in computational time for the former case (Table 11, whereas, as discussed 
above, the resulting structural information is the same for both. The most stable 
conformer of 1 (diaxial) was positioned in a manner not to violate the minimum van der 
Waals distances. Specifically, four positions of 1 were studied, in yhich 1 enters the 
cavity from the secondary side and its center (Fig. 6a) is located 0.81 A (position A), 2.5 
A (position B), and 3 A (positions C and D) from the plane defined by the O-4 atoms of 
PCD. In a fifth position E, 1 approaches from the primary side and its center is at a 
distance of 7 A from that plane (Fig. 7). The O-l-C-2-C-4-C-5 plane of the included 
ring is perpendicular to the cavity axis in position B and C, whereas in D, this plane is 
tilted by 90” so that the oxygen atom is directed towards the secondary hydroxyls. The 
results of the calculations are summarized in Tables 5-7. 

Bond lengths and angles of the guest and the repeat unit in the host are similar to 
those in the uncomplexed species. However, the features reflecting the macrocyclic 
conformation have been changed upon complexation in each of the five positions (Table 
5). The shortest intermolecular distances between host and guest are shown in Table 6. 
The energies obtained after the calculations (Table 7) show that stabilization is gained 
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Table 5 
Geometrical data for /3CD/l complexes in five different guest positions 

A B C D E 

C-I-O-4’ -C-4’ (“I 116.5 116.4 116.4 116.2 116.3 
cp (“) - 124.4 - 131.1 - 131.8 - 131.5 - 129.9 
9 (“I 122.0 127.3 128.6 127.5 126.2 

0-2-O-3’ (A, 2.77 2.90 2.91 2.90 2.87 

Table 6 
Nearest neighbors (H- H I 2.6 .& and H-C I 2.9 A) between atoms of PCD (H) and 1 (H, C) for the five 
different guest positions 

A B C D E 

H-3 H-2, H-10, H-2, H-4, H-10 H-2, H-3. H-4 H-2. H-3, - 
H-11. C-II H-11. C-2, C-3, C-II H-l I, C-3 H-11, C-3 

H-5 H-2, H-3, H-4, H-5. H-2, H-3, H-4, C-3 H-2, H-3, H-4, C-3 H-3, C-3 H-3 
H- 11. C-3, C-4 

H-6 - _ H-2, H-3, H-4 

Table I 
The energy minimization results of pCD/l for the five guest positions 

A B C D E 

Total (eV) energy - 19581.652 - 19581.721 - 19581.724 - 19581.688 - 19581.660 
Heat of formation k.l/mol) - 7390.36 - 1397.02 - 7397.27 - 7395.26 - 7391.03 
AE (kJ/mol) - 1.76 - 8.42 - 8.67 - 6.66 -2.43 
Dipole moment (D) 3.0 2.6 2.6 2.6 3.9 

via complexation for all five positions, since the difference in energy (AE), between 
each complex and the sum of the free species, is negative. The most stable adducts 
correspond to positions B, C, and D, the former two being very close in energy. The 
least favored, in spite of its numerous van der Waals contacts, is position A, which 
corresponds to the relatively deep inclusion of 1 in the cavity. In this guest disposition, 
the glucose residues have been tilted (Table 5), as a consequence of the need to widen 
slightly the primary side to accommodate 1, and the secondary diameter narrowed. 
Overall, it proved difficult to achieve a position inside the cavity without serious 
violations of the van der Waals distances. Complexes B, C, and D show that the 
optimum position for the guest molecule does not involve total inclusion of one 
tetrahydropyranyl ring: they rather define a region whose occupation by 1 will result in a 
stable adduct. The approach of 1 from the primary side, on the other hand, is confined to 
a region rather far from the cavity. Energy is gained for that position too, as some 
contacts are established between 1 and H-6,H-5. The AE values calculated for all 
complexes are small. In our MO calculations the molecules are presumed isolated, free 
of solvent effects and thermal motion; entropy and solvation energy contributions are 
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(a) (b) 

Fig. 8. NMR derived structures in aqueous solution of (a) the adduct pCD/l and (b) the adduct /3CD/2. 

therefore not involved. The difference between our computed and literature experimental 
values of standard free energy (ranging from 10 to 30 kJ/mol), can be considered 
reasonable, and in the right direction. Finally, the calculated most stable structures for 
the complexes (B, C/D, and E) are similar to those obtained by NMR experiments [5b] 
(Fig. 8a), in that binding from the secondary side leaves one ring of 1 totally outside the 
cavity and, at the same time, the primary side approach, suggested by NMR, is not ruled 
out by AMl. 

p CD / nonanal.-Nonanal was placed in eight different positions relative to the O-4 
plane of /3CD (C,). In four of them (A-D), the carbonyl group is below this plane; in 

E(D) F(C) 

G(B) H(A) 

Fig. 9. AM1 optimized structures of the complexes with 2 in eight different positions, with the CHO group at 
the secondary side (A-D) and at the primary side (E-H). 
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Table 8 
Geometrical data for PCD/2 complexes in eight different guest positions 

A B C D E F G H 

C-1-0-4’ -C-4’ (“1 116.3 116.3 116.2 116.3 116.3 116.3 116.3 116.2 
cp (“) - 131.4 - 131.6 - 131.8 - 131.3 - 131.7 - 131.4 - 130.8 - 131.2 
* (“I 127.4 127.4 126.2 127.4 127.4 127.4 127.4 126.2 

0-2-O-3’ (A, 2.90 2.9 I 2.91 2.90 2.91 2.90 2.89 2.90 

the remaining four (E-H), it is above this plane. Positions B-D and F-H were derived 
from A and E by successive translations of nonanal by 2.5 A (Fig. 6b) along the cavity 
axis, starting from the center K of the cavity. Optimization of the resulting complexes 
(Fig. 9) provided the data in Tables 8-10. The geometrical features (bond lengths, 
angles) of /3CD and 2 were very similar to those of the free molecules. The macrocyclic 
conformation (Table 8) did not change in any of the eight positions, reflecting the ample 
space provided in the cavity for the linear guest. The nearest host-guest atoms are 
shown in Table 9. The energy minimization results (Table 10) show that complex 
formation is slightly favored in position B and more favored in position A (methyl group 
in the cavity), but that H (carbonyl group approaches the primary rim) is much more 
preferred, probably due to the presence of a greater number of significant (H-C and 
H-O) van der Waals contacts observed for this position, as compared with the others. 
There is no indication of a H-bond between the carbonyl group and the primary 
hydroxyl groups, since the closest 0 . . . H-O-6 distance is 4.66 A. On the other hand, 
destabilization is observed for C, D, F, and G; all these AE values are, however, very 
close to zero, indicating no net preference for any of these positions. The above 
calculations show that the large unoccupied space in the cavity would permit folding of 
the alkyl chain. These results suggest, as a realistic structure for the complex, one in 
which the carbonyl group approaches the primary side and the methyl group is in the 
cavity. Such a model would require coiling of the methylene chain and at the same time 
increase the number of stabilizing contacts. Similar conclusions were obtained by NMR 
experiments (Fig. 8b) [5b] in aqueous solution. 

4. Thermodynamic measurements 

The complexes pCD/l and pCD/2 were further studied by measuring their 
standard free energies of formation in solution. The association constants (K), obtained 

Table 9 
Nearest neighbors (H- H I 2.6 A, H-C and H- 0 I 2.9 A) between atoms of PCD (HI and 2 (H, C, or 0) 
for the eight different guest positions 

A B C D E F G H 

H-3 H-7 H-l H-3 
H-5 H-9 H-7 H-5 H-3 H-7 H-5 H-3 H-l, O-I, C-l 
H-6 H-5 H-5 H-3 H-I 
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WC 7.2 

7.0 

6.8 

6.6 

3.00 3.05 3.10 3.15 3.20 3.25 3.M 3.35 3.40 

Fig. 10. Plot of In K vs 1 /T for pCD/l and /3CD/2 in deuterium oxide solution. 

from ‘H NMR spectra [5a,b] at four different temperatures in D,O, were used to 
construct the respective van’t Hoff plots (Fig. IO), and the resulting thermodynamic data 
are given in Table 11. In both complexes there is a decrease in the standard free energies 
AC’, as expected, in view of the large association constants of the two complexes. 
Complex formation is favored mainly in terms of enthalpy, the contribution of the 
entropy being negligible for pCD/2, but appreciable for pCD/l. Negative enthalpy 
change is a consequence of the expulsion of the high-energy water molecules [21] from 
the /3CD cavity, just prior to the entrance of a guest, and the establishment of stabilizing 
van der Waals forces. Full insertion, therefore, of a guest molecule, as in pCD/2, is 
expected to result in a larger AH” change than partial insertion, observed in /?CD/l. 
Guest inclusion is also associated with an entropy decrease [21]; on the other hand, 
removal of the water molecules from the cavity and of the guest’s hydration sphere is 
also associated with an entropy increase, typical of hydrophobic binding [21,22]. The 
respective entropy changes for pCD/l and pCD/2 can thus be attributed to partial vs 
total guest inclusion. In addition, enthalpy/entropy [23] compensation is observed, as in 
the vast majority of cyclodextrin complexes, the phenomenon stemming from a common 
inclusion mechanism for binding, irrespective of guest. Hydrophobic forces associated 
with the change in solvation of each molecule are thought to be responsible for the 
compensation effect observed in aqueous systems [24]. Moreover, the complexes under 
study were not formed in dimethyl sulfoxide and this is also in support of the above. The 
results of the calculations cannot be directly compared to the data obtained in the 

Table 11 
Binding constants and thermodynamic data of the complexes a 

K (M ’ ) at T (K) AH0 AS0 AC0 AEb 

298 308 318 328 

PCD/l 1160 1020 850 730 - 12.74 16.0 - 17.51 - 8.67 
PCD/2 2380 2010 1520 1180 - 19.33 0.0 - 19.35 - 7.75 

‘AH’, AC’, AE in U/mol, AS” in J/mol K; AC0 at 298 K 
’ The lowest value computed for each complex. 
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aqueous system, but they do reflect the stabilizing forces established in the cavity after 
inclusion, which contribute to the total AH0 for each complex. 

The observations outlined above lead to the conclusion that primarily hydrophobic 
forces are responsible for complex formation. Other forces, such as formation of 
H-bonds and electrostatic dipole-dipole interactions, cannot drive guest inclusion, but 
contribute to its stabilization in a certain position. 

5. Conclusions 

The present work demonstrates that the semiempirical MO method AMI can be 
satisfactorily utilized for the study of PCD and its complexes. The optimized molecular 
geometry of PCD compares very well with crystallographic data. The value of its dipole 
moment depends on the direction of the primary hydroxyl groups, which changes with 
the surroundings (solvent, guest). The most energetically favored structures of the 
complexes with 1 and 2 calculated by AM1 are similar to experimental structures, 
obtained by NMR. Finally, experiments in aqueous solution indicate that formation of 
the complexes is driven primarily by hydrophobic forces. 
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