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Taking the possibility of different inclusion orientations into consideration, a nonlinear free energy relationship
model has been established by means of a genetic algorithm for the molecular recognition ofR- andâ-CD
with mono- and 1,4-disubstituted benzenes. The association constants (Ka) for the inclusion complexation of
R- andâ-cyclodextrin with a number of benzene derivatives were evaluated by the model from the substituent
molar refractionRm, hydrophobic constantπ, and Hammett constantσ, which respectively reflect the volume,
hydrophobicity, and electronic property of the substituents in the guest compounds. TheKa values calculated
by the model are quite close to those determined experimentally. It suggested that the van der Waals force,
hydrophobic interactions, and electronic effects comprise the main driving forces for CD molecular recognition.
Furthermore, van der Waals force plays a dominant role inR-CD complexation; on the other hand, van der
Waals force and hydrophobic interactions play the major roles inâ-CD complexation. The model is capable
of quantitatively estimating the orientation of guest compounds in CD cavities. The predictions in both driving
force and the orientation are in good agreement with the experimental studies.

1. Introduction

R- and â-cyclodextins (R- and â-CD) are macrocyclic
oligosaccharides containing six and sevenR-D-glucose units.
They are shaped like truncated cones with primary and second-
ary hydroxyl groups crowning the narrower rim and wider rim,
respectively. CD has a hydrophobic internal cavity of appropriate
dimension and can bind with various organic and inorganic
molecules to form inclusion complexes.1 This molecular rec-
ognition property of CD has attracted much attention, not only
due to its wide applications to pharmaceutical science, catalysis,
and separation technology2-4 but also because the inclusion
process is considered an ideal model mimicking the enzyme-
substrate interaction.5 Furthermore, CD inclusion complexes are
the most valuable models for understanding noncovalent
intermolecular interactions in aqueous solution.

The geometry of the inclusion system and the driving forces
leading to the complexation are the two aspects of main concern
in supramolecular chemistry. Information from model studies
on the complexation of CD has afforded a reasonable picture
of the nature of molecular recognition. Up to now, the driving
forces for the inclusion complexation of CD with substrates are
attributed to several factors, such as van der Waals force,6

hydrophobic interactions,7 hydrogen bonding,8 dipole-dipole,
and dipole-induced dipole interactions,9 steric effects10 and so
on.11 But the most important driving forces contributed to CD
complexation in aqueous solution were generally considered to
consist of van der Waals forces, hydrophobic interactions, and
electronic effects.11 However, there still remains no clear
agreement on the CD inclusion mechanism.11-15 The relative
contributions of the different driving forces are not well-known,
and a general model capable of separating these effects is yet
to be developed.16

Recently, quantitative studies of the inclusion complexation
of CD based on quantum or molecular mechanics calculations,12

multiple linear regression (MLR),13-15 and artificial neural
networks (ANN)17 were carried out extensively. Considerable
interests were devoted to the molecular recognition of mono-
and 1,4-disubstituted benzenes withR- andâ-CD,10-18 because
the complexation model possesses a relatively clear conforma-
tion18 and is therefore desirable for direct investigation of the
driving forces in the molecular recognition.

The quantum mechanics or molecular mechanics calculations
can evaluate both the stability and the geometry of the
complexes, which generally concluded that van der Waals force
is the most important driving force.12 However, the restriction
of many calculations to the gas phase greatly discounted their
reliability.11,12Linear regression analysis correlated the stability
of CD complexes with molecular or substituent size, surface
area, polarizability, hydrophobicity, etc.11,13-15 But since there
were not enough available data, the results were limited. Davies
et al.14 has collected a number of association constants ofR-
andâ-CD complexation with benzene derivatives. The logarithm
of the association constants for 48R-CD complexes showed a
good correlation coefficient (0.935) with the Hammettσ-con-
stants and molar refraction of substituents. But the same method
failed when applied toâ-CD complexation.14 In our previous
work, multiple linear regression and stepwise regression analyses
were performed on the binding ofR- and â-CD with 24
monosubstituted benzenes. The correlation coefficients were
0.94 and 0.96 forR-CD complexation, and 0.91 and 0.94 for
â-CD complexation, respectively.15 Although these regressions
have yielded some useful information, their empirical assign-
ment of the orientation of the complexation was neither
convenient nor soundly founded. Artificial neural networks
(ANN) enjoyed the advantage of automatic and quick predic-
tions. Our previous studies using ANN in the study of CD
complexation indicated that there exists a certain nonlinear
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relationship between the stability of CD complexes and the
properties of the guests.17 This nonlinear relationship, as revealed
by the present study, is caused by the existence of different
complexation orientations.

In the present study, we deduced a novel and reliable model
for the inclusion complexation ofR- andâ-CD with mono- and
1,4-disubstituted benzenes by taking the possibility of different
inclusion orientation into consideration. A genetic algorithm
(GA) was employed to optimize the model due to its nonlinear
nature. The association constants (Ka) for the inclusion of both
R- and â-CD with a number of mono- and 1,4-disubstituted
benzenes were successfully calculated by the optimized model.
The results are in good agreement with the experimental data.
Interestingly, this model can well predict the favorable orienta-
tions in CD binding with benzene derivatives, and the prediction
is in accordance with the experimental studies.

2. Theory and Method

2.1. Inclusion Models.CD usually functions as a one-site
ligand, and this site is the wider rim of the cavity.11 CD inclusion
complexes with guest molecules mainly have a stoichiometric
ratio of 1:1.11 The equilibrium equation is

Therefore,

However, binding of a mono- or 1,4-disubstituted benzene
(X-C6H4-Y) with R- and â-CD can form two isomeric
complexes, CD‚X-C6H4-Y and CD‚Y-C6H4-X, according
to which substituent is located in the cavity11,18 as shown in
Figure 1. Based on this view, the following equation was
obtained.

Then,

If we define microscopic binding constants as the follow-
ing:11

and

Thus,

From the above equations, it is clear that except forsyn-1,4-
disubstituted benzenes,KX and KY are not generally equal.
However, the case that one of them is overwhelmingly greater
than the other is not common either. Consequently, a quantitative
model for binding constants of CD binding with mono- and
1,4-disubstituted benzene is not safely right, if only the binding
position with larger microscopic binding constant is taken into
account. Unfortunately, most studies,10,11,13,14as well as our
previous work,15 overlooked this point. This argument prompted
us to seek a more general model, which takes both possible
binding sites into consideration.

The driving force (∆Gbinding) has been postulated for the
binding of CD with guest molecules.6,15

where∆GV, ∆GH, and∆GE represent the contribution of van
der Waals force, hydrophobic interactions, and electronic effects
to the stability of the complexes, which are respectively
correlated linearly with the substituent molar refractionRm,
hydrophobic constantπ, and Hammett constantσ (Table 1).19

Figure 1. Two isomeric complexes of CD with mono- and 1,4-
disubstituted benzenes.

TABLE 1: Substituent Rm, π, and σ Constants Used in This
Studya

no. substituent Rm π σ

1 H 0.34 0.00 0.00
2 F 5.17 0.14 0.06
3 Cl 9.83 0.71 0.30
4 Br 17.25 0.86 0.27
5 I 24.38 1.12 0.30
6 OCH3 9.44 -0.02 -0.32
7 OEt 13.86 0.44 -0.24
8 CO2Me 16.42 -0.01 0.39
9 COMe 13.00 -0.55 0.50

10 CN 7.79 -0.57 0.66
11 NO2 12.29 -0.28 0.78
12 COOH 13.07 -0.28 0.45
13 NH2 5.25 -1.23 -0.66
14 CH3 5.07 0.56 -0.17
15 OH 5.05 -0.67 -0.37
16 SCH3 14.94 0.62 0.00
17 CH2OH 9.31 -1.03 0.08
18 Et 9.77 1.02 -0.15
19 i-Pr 14.48 1.40 -0.15
20 CH2Cl 14.11 0.17 0.18
21 NHEt 14.69 0.13 -0.61
22 NHMe 9.96 -0.36 -0.84
23 NMe2 14.48 0.18 -0.83
24 NHCOMe 15.04 -0.97 0.00
25 CtCH 8.52 0.40 0.23
26 CHO 8.78 -0.65 0.22
27 CO2Et 20.59 0.45 0.45

a The parameters are cited from ref 19.
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For CD binding with mono- and 1,4-disubstituted benzenes, we
can obtain

where X represents the substituent inside the CD cavity andf
reflects the contribution of the phenyl ring. Similarly, when Y
is the substituent inside the CD cavity,

As a result,

Obviously, this equation is nonlinear and its optimization is
different from linear cases. Although several traditional methods
are applicable, they are mostly based on gradient descent
techniques and hence easily trapped in the local minimum of
the hypersurfaces. Thus, as an efficient approach, the genetic
algorithm is employed in this study.

2.2. Genetic Algorithm. Recently, the genetic algorithm
(GA), founded upon the principles of natural evolution,20 has
attracted tremendous interest in many different fields. As a high-
performance stochastic search algorithm, GA is capable of
handling combinatorial and numerical globe minimum optimi-
zation problems. It is also convenient to the users that GA does
not require the calculation of the parameter derivatives. Actually,
GA can be seen as an evolutionary process in which a set of
candidate solutions to a problem evolves over a sequence of
generations. During each generation, the “fitness” values of the
set of solutions are evaluated and the better solutions with higher
“fitness” values will enjoy a higher possibility of existence in
the evolution.

The main idea and procedure of the genetic algorithm can
be summarized as shown in Chart 1. In this procedure, the
initialization step randomly creates an initial population of
solutions, which are usually defined as certain bytes of binary
or decimal codes, respectively. The “fitness” values of the

candidate solutions are evaluated by a certain problem-specific
fitness function. The solutions with higher “fitness” values are
selected to form the next generation according to a certain
proportion. Some pairs of candidate solutions are randomly
chosen from the newly selected generation. Parts of their codes
are exchanged and thus generate new solutions. This step is
generally called crossover. Meanwhile, a new solution can also
be generated by randomly changing some codes of an old
candidate solution to random values. This procedure is often
named mutation. All the newly engendered solutions by
crossover and mutation are added to the new generation of
solutions. The new generation is then subjected to the next
sequence of evolution until certain termination criterion is
satisfied.

In the domain of chemistry, GA has been successfully applied
to various areas, such as conformational analysis, atomic and
molecular clusters, chemical dynamics, protein folding, QSAR,
etc.21 Herein, GA strategy is used to optimize the coefficients
in the above equations. The program, written in Borland C++

3.1, was run on an 80586 personal computer. The fitness
function is taken as

The equations optimized by GA for calculation ofKa values as
follows:

and

3. Results and Discussion

3.1. Driving Force for CD Inclusion Complexation. The
Ka values for the inclusion complexation ofR- andâ-CD with
benzene derivatives were calculated by eqs 1 and 2 from the
substituent parametersRm, π, andσ (see Table 1). The results
are summarized in Tables 2 and 3.

Plotting the lnKa values calculated by eqs 1 and 2 against
experimental data gives straight lines (Figures 2 and 3), which
fit the following equations:

From Figures 2 and 3, it can be seen that the slope of the
line for R-CD is unity and forâ-CD is approximately unity
both with good correlation coefficients. It is obvious that the
calculation results are remarkable. Moreover, due to their
simplicity and clear physical meaning, the models offer valuable
insights into the roles played by the driving forces in the process
of host-guest complexation.

CHART 1

ln KX ) -
∆Gbinding

RT
) aRmX + bπX + cσX + dσY + f

ln KY ) aRmY + bπY + cσY + dσX + f

Ka ) KX + KY ) eaRmX +bπX +cσX +dσY +f +

eaRmY +bπY +cσY +dσX +f

Fitness(a,b,c,d,f) ) ∑
i)1

N

[ln Ka(obs)i - ln Ka(calc)i]
2

Ka(R - CD) ) e0.166RmX +0.139πX +1.44σX -1.27σY +2.51 +

e0.166RmY +0.139πY +1.44σY -1.27σX +2.51 (1)

Ka(â - CD) ) e0.073RmX +0.640πX +0.507σX -0.506σY +4.02 +

e0.073RmY +0.640πY +0.507σY -0.506σX +4.02 (2)

For R-CD,

ln Ka(obs)) 1.00 lnKa(calc)+ 0.01

(r ) 0.92,sd) 0.46,n ) 56)

For â-CD,

ln Ka(obs)) 0.94 lnKa(calc)+ 0.37

(r ) 0.92,sd) 0.25,n ) 46)
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The inclusion complexation ofR- and â-CD with benzene
derivatives is affected by the substituent molar refractionRm

of the guest molecules. SinceRm well reflects the volume and
polarizability of the substrate, it has been expected that the CD
inclusion complexation is affected by van der Waals force,
which primarily consists of induction and London dispersion
which depend on the guest volume and polarizability.6,15 The
larger theRm value, the larger the volume and the polarizability
of the compound, and hence the larger the van der Waals force.
According to eqs 1 and 2, the coefficients for theRm (0.166 for
R-CD and 0.073 forâ-CD) are positive; therefore, increasing
Rm leads to increasing stability of the CD complexes in this
work.

It is well-known that CD has remarkably large dipole
moments which point from the wider rim toward the narrower
rim.9,11 Therefore, the influence of the electronic effect on the

TABLE 2. ln Ka Values Calculated by eq 1 and the
Experimental Data for the Inclusion Complexation of r-CD
with Mono- and 1,4-Disubstituted Benzenes

no. X Y ln Ka(obs) ref lnKa(calc) lnKX ln KY

1 F H 3.68 15 3.79 3.48 2.49
2 Cl H 4.72 15 4.76 4.68 2.19
3 Br H 6.29 15 5.92 5.89 2.22
4 I H 7.09 15 7.16 7.16 2.19
5 Cl Cl 5.42 22 4.99 4.30 4.30
6 Br Br 6.93 22 6.24 5.55 5.55
7 I I 8.34 22 7.47 6.78 6.78
8 Cl F 4.17 22 4.80 4.60 3.10
9 Br F 5.52 22 5.88 5.81 3.13

10 I F 6.89 22 7.10 7.08 3.10
11 OCH3 OCH3 4.02 23 4.72 4.02 4.02
12 OEt OEt 4.85 23 5.53 4.84 4.84
13 CO2Me CO2Me 6.14 23 6.00 5.31 5.31
14 CH3 NH2 4.05 23 4.22 4.02 2.47
15 Cl NH2 5.53 23 5.54 5.52 1.88
16 CN NH2 6.11 23 5.54 5.52 1.42
17 NO2 NH2 6.45 23 6.49 6.48 1.27
18 I OH 7.75 23 7.63 7.63 2.34
19 Cl OH 5.61 23 5.21 5.15 2.34
20 Br OH 6.56 23 6.38 6.36 2.38
21 CN OH 5.06 23 5.19 5.15 1.89
22 NO2 OH 5.99 18 6.13 6.11 1.73
23 COOH NHCH3 7.17 23 6.38 6.36 2.33
24 COOH F 6.22 23 5.31 5.22 2.91
25 NO2 COOH 5.86 23 5.45 5.07 4.31
26 SCH3 CH2OH 4.44 10 5.31 4.98 4.03
27 Br SCH3 5.74 10 6.17 5.89 4.74
28 SCH3 Cl 5.04 10 5.38 4.70 4.68
29 SCH3 NH2 4.62 10 4.90 4.25 4.17
30 CH3 H 3.60 15 3.70 3.19 2.78
31 H H 3.35 15 3.26 2.57 2.57
32 Et H 4.60 15 4.30 4.06 2.76
33 CH3 CH3 4.28 15 4.10 3.40 3.40
34 i-Pr H 4.56 15 5.01 4.90 2.76
35 OCH3 H 4.95 15 4.04 3.62 2.97
36 OEt H 5.14 15 4.71 4.53 2.87
37 CH2OH H 4.57 15 4.22 4.03 2.47
38 CH2Cl H 5.32 15 5.20 5.14 2.34
39 CHO H 4.62 15 4.34 4.20 2.29
40 COMe H 4.94 15 5.35 5.32 1.93
41 CO2Me H 5.36 15 5.83 5.81 2.07
42 CO2Et H 5.89 15 6.66 6.65 2.00
43 CN H 4.36 15 4.73 4.68 1.73
44 NHEt H 4.85 15 4.49 4.09 3.34
45 H NHMe 4.42 15 4.03 3.63 2.91
46 NMe2 H 5.15 15 4.38 3.75 3.62
47 NHCOMe H 4.63 15 4.97 4.88 2.57
48 CtCH H 4.46 15 4.44 4.32 2.28
49 CH3 OH 3.92 24 4.05 3.65 2.93
50 H OH 3.61 25 3.58 3.03 2.72
51 OH OH 3.18 25 3.89 3.19 3.19
52 COOH H 5.82 26 5.33 5.29 1.99
53 COOH OH 6.07 26 5.79 5.76 2.15
54 COOH NH2 6.22 27 6.14 6.13 1.69
55 CHO OH 4.20 18 4.76 4.66 2.44
56 H NH2 4.03 28 3.68 3.40 2.26

Figure 2. ln Ka values calculated by eq 1 vs those determined
experimentally.

TABLE 3. ln Ka Values Calculated by eq 2 and the
Experimental Data for the Inclusion Complexation of â-CD
with Mono- and 1,4-Disubstituted Benzenes

no. X Y ln Ka(obs) ref lnKa(calc) lnKX ln Ky

1 H H 4.79 22 4.74 4.05 4.05
2 CH3 H 4.94 22 5.13 4.67 4.13
3 C2H5 H 5.80 22 5.58 5.31 4.12
4 CtCH H 5.44 15 5.31 5.02 3.93
5 H OH 4.77 29 4.73 4.24 3.78
6 OCH3 H 5.34 15 5.08 4.54 4.21
7 OC2H5 H 5.66 29 5.50 5.19 4.17
8 CH2OH H 4.96 15 4.74 4.08 4.01
9 CH2Cl H 5.63 15 5.50 5.25 3.96

10 CHO H 5.01 15 4.86 4.36 3.94
11 COMe H 5.24 15 5.17 4.87 3.80
12 CO2Me H 5.76 15 5.60 5.41 3.85
13 CO2Et H 6.29 15 6.15 6.04 3.82
14 CN H 5.14 15 4.92 4.56 3.71
15 H NH2 4.83 30 4.67 4.38 3.29
16 H NHCH3 4.87 15 5.00 4.47 4.09
17 NHC2H5 H 5.38 15 5.35 4.89 4.36
18 N(CH3)2 H 5.38 29 5.33 4.77 4.47
19 NHCOCH3 H 5.06 15 4.99 4.50 4.05
20 NO2 H 5.63 15 5.34 5.14 3.65
21 F H 4.51 15 4.99 4.52 4.02
22 Cl H 5.17 15 5.56 5.35 3.90
23 Br H 5.77 15 6.09 5.97 3.91
24 I H 6.74 15 6.73 6.67 3.90
25 COOH H 5.88 31 5.29 5.03 3.82
26 CH3 CH3 5.48 22 5.45 4.75 4.75
27 Cl Cl 5.77 22 5.89 5.20 5.20
28 Br Br 6.85 22 6.53 5.83 5.83
29 I I 7.31 22 7.21 6.52 6.52
30 CH2OH OH 4.98 32 4.91 4.68 3.33
31 C2H5 OH 6.20 32 5.68 5.50 3.85
32 NO2 OH 5.50 32 5.46 5.32 3.38
33 I OH 6.86 33 6.90 6.86 3.62
34 I F 6.23 22 6.74 6.64 4.37
35 NO2 NH2 5.72 32 5.54 5.47 2.89
36 CH3CO OH 5.02 34 5.26 5.06 3.52
37 Br OH 6.10 35 6.23 6.16 3.64
38 CH3O OH 5.09 35 5.10 4.73 3.94
39 OH OH 4.73 25 4.66 3.96 3.96
40 Cl OH 5.55 18 5.67 5.53 3.62
41 CH3 OH 5.34 18 5.17 4.85 3.86
42 COOH OH 5.06 32 5.39 5.21 3.55
43 Cl NO2 5.04 36 5.66 4.95 4.98
44 NO2 COOH 5.39 37 5.47 4.91 4.63
45 CHO OH 4.96 18 4.89 4.54 3.66
46 COOH NH2 5.21 27 5.45 5.36 3.05
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complexation of CD with guest compounds is expected, and
the antiparallel arrangement of the dipoles between the host and
the guest favors binding.18 Hammettσ constants of the substit-
uents were usually chosen as a measure of the electronic
properties of the guest molecules.11 Generally speaking, the
substituent located near the narrower rim of the CD cavity with
largerσ value or located near wider rim of the CD cavity with
smaller σ value favors the inclusion binding.23 Interestingly,
herein the coefficients forσX andσY obtained in eqs 1 and 2
are positive and negative, respectively (1.44 and-1.27 for
R-CD, and 0.507 and-0.506 for â-CD), indicating that the
substituent X with positiveσ value and thus electron withdraw-
ing will positively contribute to the complexation, while the
substituent Y with positiveσ value will negatively contribute
to the complexation. This perfectly offers additional confidence
in the above argument.

It has been noted that the hydrophobicity of the guest plays
an important role in CD complexation. The contribution of
hydrophobicity to the complexation of CD with guest com-
pounds mainly comes from the entropy gain in the inclusion
process when a hydrophobic guest breaks down the water cluster
and penetrates into the apolar cavity of CD.11 Since the
substituent hydrophobic constantπ is a good measure of
hydrophobicity, it is feasible to be employed in the study of
the role of the hydrophobic effect in the molecular recognition.
The substituents with largerπ values are more hydrophobic and
therefore are strongly driven into the hydrophobic cavity of CD
from the water environment. The positive sign of theπ
parameters in eqs 1 and 2 (0.139 forR-CD and 0.640 forâ-CD)
indicates that the more hydrophobic the substituents, the better
the binding. This result is in perfect agreement with previous
studies.8

The constant terms in eqs 1 and 2 are 2.51 and 4.02 forR-
andâ-CD, respectively. It indicates that the phenyl ring exerts
more effects inâ-CD than inR-CD complexation, since the
bigger cavity ofâ-CD allows the aromatic ring to be embedded
deeply, and thus a stronger interaction between the phenyl ring
and the internal wall of the cavity occurred.

Admittedly, there would be still other driving forces con-
tributing to the binding of CD with guest compounds. The most
significant one of them is hydrogen bonding. However, it has
been indicated that the contribution of the hydrogen bonding
to CD inclusion in aqueous solution is not important.13 The
semiempirical formulas (eqs 1 and 2) were successful in
calculation of theKa values, although only van der Waals forces,
hydrophobic interactions, and electronic effects were concerned.

Therefore, the contribution of the hydrogen bonding is ommitted
in this work.

3.2. Relative Importance of Each Factor.To examine the
importance of the role played by each factor, the following
equations that useRm, σ, andπ as input parameters, respectively,
were also optimized by the genetic algorithm for the same
samples. The optimum coefficients and the correlation coef-
ficients are summarized as follows:

Based on the analyses above, it can be seen that theRm plays
the most significant role in bothR- and â-CD complexation,
which confirmed the importance of the van der Waals force in
the CD inclusion complexation.6

However, the relative importance of theπ and σ constants
are different betweenR- and â-CD. In R-CD complexes, the
electronic effect is more important than the hydrophobic effect.
However, the hydrophobic effect contributes more than the
electronic effect inâ-CD complexation because the cavity of
â-CD is larger than that ofR-CD.11 A tighter contact results in
stronger electronic interactions, while a deeper inclusion of a
guest in an apolar cavity is more affected by the hydrophobic
properties.

3.3. Guest Orientation in the Complexation.The study on
the orientation of the guest inR- and â-CD cavities is very
important in the molecular recognition and the chemical
reactions catalyzed by CD and its derivatives.38 Experimental
methods,11,39 such as NMR and X-ray analyses, can only be
applied to a rather limited range of cases. However, the study
of the dependence of the complex stability on the host-guest
structure can alternatively provide useful information about the
orientation.11 It has been suggested that the nonpolar group of
the guest compound would locate near the narrower rim of the
CD cavity, and the polar group of the guest compounds would
locate near the wider rim of the CD cavity.11,23Davies et al.10,14

considered the electronic effect to be more decisive and therefore
suggested that uncharged guests are embedded in the CD cavity
so that the guest dipole is antiparallel to the host, with electron-
withdrawing substituents located in the narrower end of the
cavity. Lichtenthaler and Immel40 argued that the complemen-
tarity of hydrophobic and hydrophilic sites is important in
determining host-guest orientation. Although all of these
empirical rules can be helpful to decide the orientations in the
complexation, they are of qualitative nature and only applicable
to limited circumstances.

Figure 3. ln Ka values calculated by eq 2 vs those determined
experimentally.

ln Ka(R-CD) ) ln[e0.180RmX +2.61 + e0.180RmY +2.61]

(r ) 0.82,n ) 56)

ln Ka(R-CD) ) ln[e0.720πX +4.38 + e0.720πY +4.38]

(r ) 0.28,n ) 56)

ln Ka(R-CD) ) ln[e2.17σX -0.10σY +4.21 + e2.17σY -0.10σX +4.21]

(r ) 0.48,n ) 56)

ln Ka(â-CD) ) ln[e0.114RmX +3.75 + e0.114RmY +3.75]

(r ) 0.82,n ) 46)

ln Ka(â-CD) ) ln[e1.15πX +4.71 + e1.15πY +4.71]

(r ) 0.72,n ) 46)

ln Ka(â-CD) ) ln[e0.496σX -0.361σY +4.79 + e0.496σY -0.361σX +4.79]

(r ) 0.28,n ) 46)
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The model developed in this study offers quantitative
information on the CD host-guest orientation. The microscopic
binding constantsKX and KY reflect the stability of the two
possible isomeric complexes. Comparison betweenKX andKY

can determine which substituent (X or Y) of the guest (X-
C6H4-Y) is more favorable to be included within the CD cavity.
Therefore, the orientation of the guest compound in theR- and
â-CD cavities can be quickly predicted by eqs 1 and 2 from
the substituentRm, π, andσ constants. TheKX andKY values
calculated for each complex are listed in Tables 2 and 3 forR-
andâ-CD systems, respectively.

The p-substituted benzoic acids generally have much larger
microscopic binding constants for COOH group (KCOOH) than
thep-substituent, which indicates that the carboxyl group locates
deeply in the CD cavity more favorably. The same observation
was also reported by Connors.23 The NMR studies showed that
R-CD and â-CD complexation with benzoic acid took the
orientation in which the carboxyl group located near the
narrower rim of the cavity.41 It is also reported that the carboxyl
group in thep-hydroxybenzoic acid directed the narrower rim
of the CD cavity.41c

The nitro-substituted benzenes generally take the orientation
that the nitro group is inserted into the cavity, mainly because
the nitro group is strongly electron withdrawing.18,42

For binding ofp-substituted phenols andp-substituted anilines
with R- andâ-CD, the dominant binding site is thep-substituent.
The results are also in agreement with the studies by Connors
et al.11,23 These phenomena are mainly due to the small size,
the high hydrophilicity, and the high electron-releasing proper-
ties of OH and NH2 groups.1H and13C NMR experiments and
CPK model studies supported this interpretation.18,33

Interestingly, for inclusion complexation ofR-CD with
p-fluorophenol,KF ) 51.4 L/mol andKOH )14.1 L/mol from
calculation by the models. It indicates that F mainly locates
inside theR-CD cavity and OH outside theR-CD cavity. This
finding is not in agreement with the report by Shibakami and
Sekiya based on their X-ray study.43 However, it has been noted
that the guest orientation in the solid state is different within
the solution. A very recent NMR study indicated that in aqueous
solution multiple configurations are possible in a supramolecular
complex and hence should be given much caution.44

4. Conclusion

Cyclodextrin complexation is one of the most valuable models
for understanding the molecular recognition. We presented novel
and reasonable equations to predict the driving forces and the
guest orientation for the complexation ofR- and â-CD with
mono- and 1,4-disubstituted benzenes. The calculation results,
in great agreement with the experimental studies, suggested that
the van der Waals forces, hydrophobic interactions, and
electronic effects comprise the primary driving forces for the
inclusion process; the relative contributions of these driving
forces are somewhat different forR-CD andâ-CD systems.
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