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ABSTRACT: b-Cyclodextrin (b-CD) is used as the host molecule to study the inclusion of a series of bent [bisphenol
A (BPA) and fluorinated bisphenol A (FBPA)] or linear [biphenol (BIP) and isopropylphenol (IPP)] phenol derivatives.
Experimental and theoretical investigations reveal that the complexes with the bent BPA and FBPA molecules are
more stable than those with the linear IPP and BIP molecules. This stability difference is attributed to differences in the
geometries which, in the case of bent molecules, seems to prevent the unthreading of the guest. The optimized
geometry of the BIP/b-CD complex shows a particularly strong deviation of the principal axis of BIP from the vertical
symmetry axis (C7) of b-CD. For bent molecules, the same sort of deviation is due to the second aromatic residue,
which is outside the cavity, approaching the wider rim of the b-CD, probably because of van der Waals interactions. In
the FBPA/b-CD system, experimental results (19F NMR) and DFT (MPWB1K//AM1) calculations demonstrate a
different complexation mode from that of the three other systems, with high interaction energy, the phenol residues are
located outside the b-CD cavity but fluorinated alkyls are inside. This agreement indicates that MPWB1K/6-31G(d)
single point calculation based on AM1 geometries is a useful predictive tool for such series, even for systems as large
as ours. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Over the past two decades, a major research interest in the
field of supramolecular chemistry has been the design and
synthesis of structures using the molecular recognition of
small guest molecules by large hosts.1 Non-covalent
intermolecular interactions are used to synthesize supra-
molecular assemblies such as rotaxanes, polyrotaxanes,
and catenanes.2–4 A variety of macrocyclic host
molecules are able to form inclusion complexes with
organic compounds. So far, among these host molecules,
cyclodextrins are the most popular and have been
employed to form inclusion complexes with a variety
of organic compounds in water. Hydrophobic forces are
mainly responsible for driving a guest into the cavity.5

Depending on the nature and the size of guest, several
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types of host–guest complexes between these organic
guests and cyclodextrins with 1/1, 1/2, 2/1, and 2/2
stoichiometries have been observed,5–7 and many com-
plexes have been used in applications such as pharma-
ceutics,8,9 biomimetic chemistry,10 catalysis,11 and che-
mical analysis.12

Bisphenol A (BPA) is an important industrial
intermediate very widely used to manufacture polycar-
bonate,13 polyethers,14 polyesters,15 epoxy resins and
coatings,16 polysulfones,17 and other useful products.
Since it is slightly toxic to fish and invertebrate species18,
its concentration in the environment is regularly surveyed
and, therefore, new analysis techniques for BPA traces
have been proposed. Kitano et al. studied the inclusion of
bisphenol derivatives with several b-cyclodextrins using
2-anilinonaphthalene-6-sulfonic acid as probe,19 as well
as the inclusion of bisphenols in self-assembled mono-
layers of thiolated b-cyclodextrin (b-CD) on a gold
electrode.20 Del Olmo et al.21 proposed the use of b-CD
inclusion complexes to analyze BPA residues in water by
spectrofluorimetric measurements. They reported a
J. Phys. Org. Chem. 2007; 20: 30–43
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complex of 1/1 stoichiometry between BPA and b-CD,
with a high association constant, but no explanation was
proposed concerning the origin of this high value as
compared to results on other aromatic compounds with
b-CD. In a study of cyclodextrin complexation by pairs
with or without a phenolic hydroxyl group,22 it was
reported that additional hydrogen bond formation does
not necessarily lead to enhanced stability of the com-
plexes, due to the compensation between the enthalpic
and entropic terms.23 Consequently, the origin of the
stability of BPA phenol derivative is still under dis-
cussion. In this work, we aim to investigate by spectro-
fluorimetry and 1H NMR spectroscopy the formation, the
stoichiometry, and the stability of inclusion complexes
formed in aqueous solution between b-CD and four
phenol derivatives: 4,40-isopropylidenediphenol (BPA),
4,40-(hexafluoroisopropylidene)diphenol (FBPA), IPP,
and BIP. The stability of the complexes was studied
with respect to two parameters (i) the molecular
geometry, for which reason two bent molecules (BPA
and FBPA) and two linear ones (IPP and BIP) were
investigated, (ii) the presence of alkyl and phenol
moieties; hence three molecules with alkyl side-chains
were investigated: BPA, FBPA, and IPP.

The use of molecular modeling techniques for the study
and investigation of the properties and 3D structures of
such complexes has dramatically increased in recent
years.24,25 The combination of experimental and com-
putational studies has been recognized as a powerful tool
for the study of their geometries.26 A molecular modeling
study of complexation of benzoic acid and phenol with
CDs using the AM1 method was reported by Ming-Ju
Huang et al.27 They show that the phenol hydroxyl group
prefers to face the wider rim in the b-CD complex. We
report here the results of semi-empirical molecular orbital
calculations (in the gas phase and in the presence of
solvent) performed by the AM1 method to investigate the
formation of inclusion complexes between these phenol
derivatives as guests and b-CD. Additionally, we analyze
theoretical 1H NMR chemical shifts for this phenol series
at the Density Functional Theory (DFT) level.
Figure 1. Excitation (lexc¼ 276 nm) and emission
(lemis¼305 nm) curves of saturated aqueous BPA
(10�5 M) solution at various b-CD concentrations (from 0
to 2 10�3 M)
RESULTS AND DISCUSSION

Spectrofluorimetry measurements

All phenols have strong absorption and emission bands in
the UV-visible region; therefore, their interactions with
b-CD can be studied without adding any chromophoric
dyes.28 The Benesi–Hildebrand method29 was used to
determine the stoichiometry and the association constants
from fluorimetric measurements of the guest/b-CD
systems. In all the systems, for 1/(I�I0) versus 1/
[b-CD], there are good linear correlations but not for 1/
(I�I0) versus 1/[b-CD]2. This indicates that only species
Copyright # 2007 John Wiley & Sons, Ltd.
of 1/1 stoichiometry are obtained, despite the high
[guest]/[b-CD] ratios used.

In the case of the BPA/b-CD system, used by Del Olmo
et al.,21 the highest [BPA]/[b-CD] ratio was 0.83, whereas
we started our experiments using a high concentration
ratio: [BPA]/[b-CD]¼ 20 corresponding to a low b-CD
concentration of 5 10�7 M. Even under these conditions,
the fluorescence of BPA increases (Fig. 1), indicating a
great affinity between BPA and b-CD. In this case, the
binding constant at 25 8C is the same as that reported by
Del Olmo et al.21 This value is high for complexes based
on non-covalent interactions.30–32

A great affinity is also observed in the FBPA/b-CD
system. Indeed, at low concentration of [b-CD]¼ 5�
10�7 M, there is a fluorescence increase (not shown). The
binding constants K obtained by fluorimetric measure-
ments at 25 and 35 8C for BPA/b-CD and FBPA/b-CD
systems are given in Table 1 with the corresponding
calculated thermodynamic data (DG 8, DH 8, and DS 8). In
the same Table 1 are listed the corresponding values for
BIP/b-CD and IPP/b-CD obtained under the same
experimental conditions. For these last two systems,
the fluorescence emission of mixed solutions is practi-
cally constant up to a guest/b-CD ratio of 1, and increases
for higher ratios.

Guest þ b-CD Ð
k1

k�1

Guest=b-CD (1)

The formation of inclusion complexes between the
phenol derivatives and b-CD is favored in aqueous
medium since the free energy variation is exergonic in all
systems, as shown in Table 1. The stability constants of
the two bent bisphenol (BPA and FBPA)/b-CD systems
are higher than those for the complexes of linear guest
(BIP, IPP)/b-CD systems. The stability constant K is the
ratio between the threading rate constant k1 and the
J. Phys. Org. Chem. 2007; 20: 30–43
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Table 1. Thermodynamic data for the equilibrium of b-CD with the various guests at 25 and 35 8C in aqueous medium

Guest

BPA FBPA BIP IPP

T8C 25 35 25 35 25 35 25 35

10�3K (M�1) 80� 12 61� 10 30� 8 8.0� 0.5 3.7� 0.6 2.9� 0.8 1.7� 0.7 1.3� 0.4
DG 8 (kJ mol�1) �28.0� 0.4 �28.2� 0.4 �25.6� 0.7 �23.0� 0.2 �20.3� 0.4 �20.4� 0.7 �18.4� 1.2 �18.5� 0.9
DH 8 (kJ mol�1) �20.7 �100.1 �19.8 �16.6
DS 8 (J mol�1 K�1) 24.4 �250.5 2.2 6.0
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dethreading rate constant k�1 in equilibrium (1), K¼ k1/
k�1. This ratio which indicates that the threading process
is more rapid than the dethreading one in all the systems
(K> 1), is greater for both bent molecules (BPA and
FBPA) than for the linear ones (BIP and IPP). This can be
explained by a more difficult dethreading process for bent
molecules against threading one, whereas this is the less
frequent case in linear molecules since this ratio is not as
high as for bent molecules.

For three systems BPA/b-CD, BIP/b-CD, and IPP/
b-CD, the reaction enthalpies show comparable values
(DH 8 varies from �17 to �21 kJ mol�1). The more
exothermic values (more negative by about 4 kJ mol�1)
for BPA and BIP may be explained by the existence of
two hydrogen-binding sites in BPA and BIP as compared
to the IPP molecule, in which only one hydroxyl group is
available.22 Moreover, the entropic contribution
originates from breaking of the solvent shell (a favorable
entropy term) and from the binding process (unfavorable
entropy term).33 In these three systems (BPA/b-CD, BIP/
b-CD, and IPP/b-CD), the entropic compensation is
slightly favorable, and indicates that a gain in disrupting
the solvent shell is sufficient to offset the entropy loss
resulting from binding.

However, the FBPA/b-CD system shows markedly
different behavior in the DS 8 and DH 8 values. Indeed, the
entropic contribution in the FBPA/b-CD system is very
negative, indicating that the entropy loss is large. The
hydrophobicity of the FBPA molecule, which is greater
than that of the three other phenol derivatives,34,35

markedly disrupts the solvent sphere around free FBPA,
whereas the formation of the complex leads to a better
organization of the solvent shell. Concomitantly, a more
Table 2. Experimental and calculated 1H NMR chemical shifts dH (p
the presence of b-CD in D2O

BPA FBPA

Ha Hb CH3 Ha

Free guest
dH exptl 6.82 7.20 1.61 6.90
dH calc 5.93 6.62 5.75
dH guest/b-CD 6.77 7.16 1.70 6.89

Copyright # 2007 John Wiley & Sons, Ltd.
exothermic enthalpy term (about four times higher than
that of the other three systems) is obtained, arising from
the stronger hydrophobic interaction resulting from the
threading of the hydrophobic FBPA inside the b-CD
cavity.36
1H NMR measurements on phenol derivatives

In order to assign unambiguously the 1H NMR signals and
to detect the interaction site of the aromatic ring in the
phenol derivatives, chemical shifts were calculated for
each of the aromatic protons. The calculated 1H NMR
chemical shifts (d1

H) for the various phenols are listed in
Table 2. The experimental values are obtained in solution,
whereas the molecule is assumed to be isolated in the
calculations. Nevertheless, the shifts of the Ha, Hb,
and CH3 protons are in the range of the appropriate
experimental values. Note that the shifts of the ortho and
meta protons of the phenyl groups were averaged out,
assuming rapid rotation around the C—O axis in each
case. Clearly, the results indicate that the most upfield
hydrogens are the Ha atoms and the most downfield ones
are the Hb atoms.

Except for FBPA, some tendencies appear clearly in the
other systems: the 1H NMR signals of the aromatic
protons of free guests (Ha and Hb in Scheme 1)
in D2O appear as two sharp doublets (not shown). When
the b-CD concentration increases, the Ha and Hb signals
are slightly shifted upfield (Table 2) and become broader
especially in the case of BPA and IPP, indicating
formation of inclusion complexes in fast exchange with
free b-CD. In contrast, in the FBPA/b-CD system, no
pm) of the aromatic part of the free phenol derivatives and in

BIP IPP

Hb Ha Hb Ha Hb CH3

7.33 6.98 7.53 6.85 7.22 1.18
6.54 6.05 6.75 5.96 6.58
7.33 6.97 7.41 6.79 7.12 1.24
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aromatic proton signal is changed (Table 2), indicating
that they do not interact with b-CD. For the two guests
IPP and BPA, the CH3 protons are shifted downfield,
indicating the involvement of the CH3 moieties inside the
b-CD cavity (Table 2).
1H NMR measurements on cyclodextrin

The 1H NMR signals of b-CD without guest and in the
presence of the different phenol derivatives are presented
in Fig. 2 on the same scale, in order to display the
influence of the guest on the cyclodextrin protons.
Generally, there are three groups of protons which are
involved in host–guest inclusion compounds based on
b-CD.37

The H3 and H5 protons located in the cavity of b-CD
(Scheme 1) are shifted upfield in all the systems. This was
taken as evidence for complex formation,38 giving strong
indications of the insertion of these guests into the b-CD
cavity (Scheme 2). However, the H3 proton in the case of
the FBPA/b-CD system is more shifted than that in the
other three systems. Probably, this proton is influenced by
aromatic and non-aromatic groups; this indicates that the
interaction of the first three guests (BIP, BPA, and IPP)
involves the inner cavity more than does FBPA, and that
FBPA interacts with b-CD from its wider rim. Moreover,
the two H6,60 protons located in the narrower rim of the
Copyright # 2007 John Wiley & Sons, Ltd.
b-CD molecule are generally shifted when inclusion
concerns this rim or when the guest is deeply inserted into
the cavity. In our case, these two protons are affected in
BIP/b-CD, BPA/b-CD, and IPP/b-CD systems, but are
unchanged in the FBPA/b-CD complex. This again
indicates that the inclusion of all the guests is deep and
involves the narrower rim, except for FBPA, where it
seems that inclusion is not deep and that the interaction
occurs far from these protons. The H2 and H4 protons,
which are located outside the cyclodextrin cavity, are only
shifted in the BPA/b-CD and FBPA/b-CD systems,
especially in the latter. This seems to indicate that the
interaction between FBPA and b-CD occurs more outside
the cavity than inside it (cf. H2 and H4 proton signals), and
appears to be quite different from that of the other three
guests (Scheme 2).

In addition, 1D-ROESY experiments were performed
to obtain more detailed information on the molecular
geometry of these complexes.39 Aromatic protons or
methyl groups were selectively excited and the response
of the various b-CD protons observed. Table 3 lists the
ROE enhancements, and Fig. 3 depicts the 1D-ROESY
spectrum of BPA.

For the IPP/b-CD complex, selective excitation of Ha

and Hb produced ROE signals for all the protons inside
the cavity; no ROE was observed for H2 and H4. This
indicated that IPP is completely included in the cavity.
The relatively large ROE values observed for H3, after
J. Phys. Org. Chem. 2007; 20: 30–43
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selective excitation of CH3, indicate that the phenol
moiety of IPP is near the narrower rim and that the methyl
groups are near the wider one (Table 3).

In the case of the BPA/b-CD complex, the ROE
response was very similar for the aromatic proton
pairs Ha, Hb with H5, H3 (5.2; 5.9% for Ha and 5.3;
4.1% for Hb); the ROE value for H6,60

and Ha shows that
BPA is deeply inserted. The selective excitation of CH3

gave enhancement exclusively on H3. No ROE signal was
observed between H6,60

and CH3 (Table 3, Fig. 3). These
results show that complexation occurs through the
inclusion of the phenyl moiety in the hydrophobic cavity
of b-CD and that the molecule enters the cavity very
deeply and from the wider rim.

For the BIP/b-CD complex, selective excitation of Ha

and Hb produced ROE signals for all the protons inside
the cavity and also with H6,60

; no ROE was observed
for H2 and H4. This result shows that BIP is deeply
included in the cavity (Table 3).

For the FBPA system, selective excitation of Ha and Hb

produced ROE for H3, H2, and H4. The larger ROE values
observed for H4 indicate that Ha is located outside the
cavity nearer to H4 than to H3. No ROE was observed
for H5 and H6,60

. The average distance between Ha and the
protons H2 and H4 should be larger than that between Hb
Copyright # 2007 John Wiley & Sons, Ltd.
and the same proton because their ROE values are about
six times larger.

To investigate the nature and the location of the
interaction between b-CD and FBPA, we studied the
19F NMR signal of free FBPA and FBPA in the presence
of increasing concentrations of b-CD (Fig. 4).

The spectra show that there are no separate resonances
for the fluoromethylene group of FBPA in the free and
included states for the two ratios,40,41 and indicates that
exchange between the environments is fast on the NMR
time scale, according to Eqn (1).

Some broadening of the fluoromethylene group signal
of FBPA is observed in the presence of b-CD. For a 1/1
ratio of FBPA/b-CD, the width at half-height is greater
(42.4 Hz) than that of free FBPA (5 Hz). This signal
represents the superposition of the spectrum of bonded
and free FBPA species. However, for a 1/6 ratio, the width
at half-height is 29.3 Hz, indicating that the equilibrium is
displaced towards the complex, resulting in fewer free
molecules.11 Alderfer et al.42 in the study of the inclusion
of 4-fluorophenol in the cavity of a-CD in aqueous
solution, reported that the hydrophilic OH of the phenol is
outside the hydrophobic cyclodextrin cavity, while the
fluorine atom is located inside, and that complexation is
mainly driven by dispersive and hydrophobic inter-
J. Phys. Org. Chem. 2007; 20: 30–43
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actions. In our case, the chemical shift of the
fluoromethylene group of FBPA goes downfield when
b-CD is added. This suggests that the inclusion of this
group in the cavity is favored by hydrophobic interactions
between fluoromethylene and b-CD (Scheme 2).
Molecular orbital modeling studies of the
guest/b-CD complexes

Since the b-CD structure exhibits some flexibility43 and
among the various possible geometries, two different
conformations of b-CD (labeled as gg, tg) were chosen to
Table 3. ROE enhancements (%) obtained on selective excitation

BPA FBPA

Ha Hb CH3 Ha Hb

H3 5.2 5.3 11.5 4.7 2.9
H5 5.9 4.1 2.9 — —
H6,60 0.5 — — — —
H2 — — 1.1 3.5 0.4
H4 — — 1.2 6.8 1.1

Copyright # 2007 John Wiley & Sons, Ltd.
model the complex (Scheme 1). Our primary purpose is to
explore how complexation properties can be modulated
by the host conformation. The values of the intergluco-
pyranose bonds and torsion angles involving the
C(4)—O(4)—C(10) reflect the macrocyclic confor-
mations. The gg and tg conformations show a regular
conformation of the glucopyranosyl rings, that is, with C7

symmetry. The gg and tg conformations differ mainly in
the O(6)—C(6)—C(5)—O(5) dihedral angle which
reflects the conformation of the C(5)—C(6) bond in
glycopyranose residues. In the gg conformation, this
dihedral angle is �81 8 with the O—H bond oriented
parallel to the glucopyranose ring and directed toward the
of aromatic protons or methyl groups of different complexes

IPP BIP

Ha Hb CH3 Ha Hb

1.3 1.5 2.7 1.1 1.6
2.3 2.5 0.8 1.5 2.3
0.8 0.6 0.2 0.6 0.8
— — — — —
— — — — —

J. Phys. Org. Chem. 2007; 20: 30–43
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O(5) of the adjacent glucose residue (Scheme 1). The
O(50) . . .H—O(6) and O(50). . .O(6) distances are 2.21
and 3.10 Å, respectively, suitable for hydrogen bond
formation. In the tg conformation, the O(6)—
C(6)—C(5)—O(5) angle is 106 8 and the O(6)—C(6)
bond is directed towards the inside of the cavity. In this
conformation, the O(6)—H bond is directed toward the
O(60) of the adjacent glucopyranose residue. The
(a)

(b)

(c)

ppm (t1)
-64.00-63.50

29.3 Hz

Figure 4. Effect of b-CD on the 19F NMR (282.35 MHz) spectra of
and (c) FBPA/b-CD: 1/6

Copyright # 2007 John Wiley & Sons, Ltd.
O(60) . . .H—O(6) and O(6) . . .O(60) distances are 2.16
and 3.10 Å, respectively. Another type of hydrogen bond
occurs in this conformation and involves the H(6) and
O(60) atoms (H(6) . . .O(60)¼ 2.23 Å). Calculations
indicate that the gg conformation, which is found to be
the more stable in solution, is not the most stable in the
gas phase, whereas the tg conformation is more favorable
in the gas phase. However, the solvent effect strongly
-64.50

42.4 Hz

5.0 Hz

FBPA in D2O at 25 8C: (a) without b-CD, (b) FBPA/b-CD: 1/1,

J. Phys. Org. Chem. 2007; 20: 30–43
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stabilizes the gg conformation of b-CD, since many
hydrogen-bonding interactions with the solvent can occur
with the primary OH groups oriented towards the exterior
of the cavity. To estimate the solvent effect on the relative
energies of both conformer, we performed, therefore, the
enthalpies of solvation are �385 and �310 kJ mol�1 for
the gg and the tg conformers, respectively (MPWB1K/
6-31G(d) single-point calculations using the COSMO
solvation model).

The initial geometries of guest/b-CD complexes are
constructed by bringing the guest up to the cavity. For the
BPA/b-CD and FBPA/b-CD complexes, a preliminary
study was undertaken on the host to ensure that the most
stable conformation was taken to construct the complex.
Among all possible conformations (defined by the torsion
angles f1 and f2 between the plane defined by the
C—C(CH3)2—C angle and those of the aromatic rings;
see some particular conformations in Scheme 3), the C2

conformation was found to be the most stable at the AM1
and B3LYP/6-31G(d) levels of calculation.

Two orientations of the guest were considered. In the
first orientation, named ‘head-first,’ an aromatic ring is
introduced into the cavity leaving the alkyl groups
outside. The second orientation, ‘tail-first,’ involves
the inclusion of the methyl groups in the cavity leaving
the phenol groups more or less outside (Scheme 2). The
energy change associated with complexation can be
expressed using the following Eqn (2). The interac-
tion energy (DE11) is defined as the difference between
the energy of the complex (when the guest is inside the
cavity) and the sum of the energies of the isolated host and
guest.

DE11 ¼ Ecomplex � Eguest � Eb-CD (2)

where Ecomplex, Eguest, and Eb-CD are the total energies of
the 1/1 complex, of the free guest, and of the free host
(b-CD), respectively. It should be kept in mind that the
OHHO
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CH3H3C
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Scheme 3. Possible conformations with different sym-
metries of BPA. Relative energies (in kJ mol�1 and calculated
at the B3LYP/6-31G(d) level of calculation) of the conformer
are given in brackets
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calculated values of interaction energies cannot be
directly compared with the experimental data obtained
in aqueous solution. Our calculations are performed on
molecules in the gas phase, without thermal correction of
the energy and entropy. However, the calculations can
reflect the stabilization forces established in the cavity
after inclusion, which contribute to the total formation
enthalpy, DHf 8, of the complex. Although the formation
enthalpies can be easily calculated by semi-empirical
methods, such thermodynamic parameters are not directly
accessible by ab initio or DFT calculations. The
thermodynamic data require much more effort at the
Hartree–Fock or DFT levels. Therefore, we use the
interaction energies to quantify the interaction between
guest and host in the optimized geometries.
Interaction energies

Table 4 contains the interaction energies, DE11, of the
inclusion complexes of BPA, FBPA, BIP, and IPP with
b-CD in the ‘head-first’ and ‘tail-first’ orientations of the
guest (Scheme 2). Two sets of interaction energies, DE11,
are reported in Table 4 corresponding to the gg and tg
conformations (Scheme 1).

AM1 calculation. In Table 4, AM1 results reveal that
the energies of the complexes are consistently lower than
the sum of the energies of the corresponding isolated host
and guest, and the interaction energies range from S8.2 to
S24.5 kJ molS1. However, the interaction between host
and guest in the complex strongly depends on the
conformation of the host. When b-CD is in the gg
conformation, a marked preference for the inclusion of
the guest in the ‘tail-first’ orientation is found, and in
vacuum, the interaction energies are in the order
FBPA�BPA< IPP. The tg conformation shows an
opposite preference for the guest orientation, since the
calculations suggest that the more stable structure is
obtained when the phenol group is included in the
hydrophobic cavity (‘head-first’) and the interaction
energies are found in the order FBPA<BIP�BPA< IPP.
Beyond the preference for the ‘head-first’ orientation, the
tg conformation allows to obtain complexes having a
stronger interaction, and the interaction energies with the
tg conformation are more than 5 kJ molS1 lower than with
gg. Probably the deeper penetration of the guest into the
cavity (see optimized geometries in the next section) in
the tg conformation makes it possible to establish a larger
number of van der Waals interactions. Whatever the
orientation of the host with respect to the cavity, the
results indicate that bent guests interact more strongly
than linear ones when b-CD is in the gg conformation,
that is, the most stable conformation in solution, and the
overall order of interaction energies is FBPA�B-
BPA<BIP< IPP which is in good agreement with the
experimental findings.
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Table 4. Interaction energies (DE11 in kJ mol�1) of the 1/1 complexes in two orientations

BPA FBPA BIP IPP

Head-first Tail-first Head-first Tail-first Head-first Head-first Tail-first

Gas phase
AM1

DE11(gg) �11.4 �20.3 �9.5 �20.4 �8.2 �12.1 �13.1
DE11(tg) �21.4 �19.0 �24.5 �16.2 �22.9 �17.9 �16.0

MPWB1K//AM1
DE11(gg) �41.4 �45.8 �34.9 �57.0 �28.2 �28.9 7.5
DE11(tg) �46.2 �57.6 �41.1 �68.5 �36.7 �34.2 �42.5

Water
MPWB1K//AM1

DE11(gg) �13.3 �23.6 �6.6 �29.5 6.5 �3.8 12.4
DE11(tg) �13.1 �34.4 �10.5 �38.0 �13.7 �8.8 �25.8
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DFT calculation. The interaction energies calculated
with the meta hybrid functional MPWB1K are signifi-
cantly more negative than the AM1 values. As the
functional MPWB1K allows a better description of the
non-bonded interactions and especially weak inter-
actions, this result strongly suggests that the complexa-
tion process is driven by weak interactions such as
dispersive forces.44 Considering the most stable gg
conformation in solution for better comparison with
experimental results, DFT calculations indicate an order
of interaction energies (FBPA<BPA<BIP� IPP) which
is in agreement with experimental results. Interestingly,
addition of a phenolic substituent to IPP leads to the
highest interaction energies with b-CD. This result
indicates that the phenolic group of BPA which is not
included in the cavity nevertheless plays a specific
stabilizing role in the complexation process.

The FBPA/b-CD system is somewhat surprising in that
the interaction energy increases markedly when electron
correlation (through MPWB1K/6-31G(d) calculations) is
taken into account (DE11¼S57.0 and S68.5 kJ molS1

for the complex with b-CD in the gg and tg conformation,
respectively). Furthermore, the interaction energy result-
ing from the ‘tail-first’ orientation is considerably smaller
than for the ‘head-first’ orientation. This result strongly
suggests that the mode of inclusion is somewhat different
from that of the other guests and that the inclusion of
FBPA most probably involves the threading of the alkyl
group rather than the OH group, as concluded from the
NMR experiments.

Solvent effects. In order to check the role of the
solvent, which is known to have very large effects on
complex formation and energy variation, we represented
the solvent by the continuum model (COSMO model).
The resulting interaction energies increase markedly and
become positive in some cases. The results confirm,
however, the order of interaction energies found in the gas
phase. However, the results in solution can be considered
Copyright # 2007 John Wiley & Sons, Ltd.
as indicative and show some tendencies, even if solvent
reorganization involved in the solvation process is not
considered in the model: bent molecules interact more
strongly with b-CD than linear ones, while for FBPA/
b-CD system, the ‘tail-first’ is the more stable orientation.
Furthermore, the failure of the continuum solvation
model in the study of supramolecular systems has been
mentioned recently,45 suggesting that an explicit
solvation model should be used in combination with
the continuum model to obtain quantitative results.
Optimized geometries of the complexes

The optimized geometries of the complexes are displayed
in Fig. 5 for BPA/b-CD, FBPA/b-CD, and IPP/b-CD and
in Fig. 6 for BIP/b-CD. The depth of inclusion of the guest
in the host cavity can be defined as the distance separating
the barycenter of the cyclodextrin (this point almost
coincides with the barycenter of the seven glycosidic
oxygen atoms) and the para carbon of the phenol group
located inside the cavity. The measured distances in the
14 possible complex structures are presented in Table 5
(taking into account the gg and tg conformations of b-CD,
as well as the ‘head-first’ and ‘tail-first’ inclusions of the
guest in the cavity). The geometry of the complex
depends on the nature of the guest and, if we consider first
the ‘head-first’ orientation, the depth of inclusion ranges
from 1.55 to 2.88 Å. This indicates partial inclusion of the
phenolic group in the cavity (the half height of b-CD is
about 3 Å). Except for IPP, the guest is found to be
inserted more deeply into the cavity when b-CD adopts
the tg rather than the gg conformation. This result can be
explained by the change in the shape of b-CD when the
intramolecular hydrogen bonds between primary
hydroxyl groups are established. Indeed, in this confor-
mation the cone shape is more pronounced and the
diameter of the wider rim increases, which allows deeper
penetration. In this respect, the effect of the b-CD
J. Phys. Org. Chem. 2007; 20: 30–43
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Figure 5. Optimized structure of guest/b-CD inclusion complexes (AM1 calculations). For the complexes involving BPA, FBPA,
and IPP compounds, the ‘head-first’ and ‘tail-first’ complexes are displayed on the left and right, respectively
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Figure 6. Optimized structure of BIP/b-CD inclusion complexes (AM1 calculations)
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conformation is particularly spectacular when BIP is
included in the cavity, since the distance of inclusion
decreases from 2.88 to 1.81 Å. It should be also noted that
the direction of approach of BIP strongly deviates from
the vertical symmetry (C7) axis of the b-CD, which
suggests attractive interactions between the aromatic
rings of BIP and both the hydrophobic cavity and the
wider rim of b-CD. For BPA, FBPA, and IPP in the
‘head-first’ orientation, the phenolic group is almost
aligned with the vertical axis of b-CD, and close contact
with cyclodextrin involves the methyl or CF3 groups.
CONCLUSIONS

From a general point of view, the present experimental
and theoretical investigation provides a comprehensive
picture of the interactions of some phenolic derivatives
with b-CD, highlighting the following aspects: (i) the
binding mode and stoichiometry of the inclusion
complexes of phenolic derivatives with b-CD, (ii) the
interactions involved in the complexation process, (iii)
the influence of the b-CD conformation and the guest
structure on the binding energy.

More precisely and in agreement with the results of Del
Olmo et al. on the BPA/b-CD system, our study on the
interaction between b-CD and phenol derivatives show
that complexes with BPA, and with fluorinated FBPA are
able 5. Calculated distances d between the para carbon of the phenol group and the barycenter of the seven glycosidic
xygens of b-CD

BPA FBPA BIP IPP

g
Head-first 2.11 2.33 2.88 1.55
Tail-first 2.58 3.20 2.76

Head-first 2.10 2.22 1.81 2.10
Tail-first 2.95 3.56 3.61
T
o

g

tg
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more stable than those with IPP and BIP. This difference
between the bent and linear molecules originates from the
difference in geometries which, in the case of bent
molecules, seems to enhance its interaction of the guest
with b-CD and to prevent its unthreading. Moreover, in
the optimized geometry of the BIP/b-CD complex, a
particular strong deviation of the principal axis of BIP
from the vertical symmetry axis (C7) of b-CD occurs
(Fig. 6). For bent molecules, the same sort of deviation is
due to the second aromatic residue, which is located
outside the cavity, approaching the wider rim of b-CD
(Fig. 5), probably because of the van der Waals
interactions. The stability of the complexes of b-CD
with linear molecules is comparable to that with other
linear aromatic compounds such as biphenyl, bithio-
phene, nitrophenol . . .Moreover, in the FBPA/b-CD
system, both experimental results and theoretical calcu-
lation show a different complexation mode from that of
the other three systems. Indeed, the ‘tail-first’ complexa-
tion mode is the most probable one, where complexation
occurs through the wider rim of the cavity, the fluorinated
alkyl groups interacting with the b-CD inner cavity. This
complexation mode is deduced from experimental
measurements (NMR) and is also predicted by DFT
calculations. DFT calculations indicate high interaction
energy comparable to the formation enthalpy deduced
from experimental results on the FBPA/b-CD system.
This agreement indicates that DFT calculations
J. Phys. Org. Chem. 2007; 20: 30–43
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(MPWB1K//AM1) are a useful predictive tool for such
series. It has been reported as suitable for describing weak
non-covalent interactions for simple systems,46 and also
seems to be useful for systems as large as ours.
EXPERIMENTAL

Chemicals

BPA and FBPA (Acros) were purified by double
recrystallization from toluene (Merck); IPP (Aldrich)
was purified by sublimation at 50 8C; BIP (Acros) was
purified by recrystallization from ethanol; b-cyclodextrin
(Sigma) was used as received. Distilled water was
purified by a Millipore system and was used for aqueous
solutions.
Spectrofluorimetric measurements

Fluorescence spectra were obtained with an Aminco–
Bowman series 2 luminescence spectrometer equipped
with a thermostated cell-carrier. An initial 10�2 M
solution of guest (g) in ethanol was prepared. From this
solution, we prepared a 10�5 M solution of guest
in H2O. Different concentrations of b-CD were prepared
(4� 10�2 M, 10�3 M, 10�4 M). For 10 mL of the aqueous
guest solution, small amounts of the aqueous solution of
b-CD were added to obtain different [guest]/[b-CD] ratios
with a constant concentration of the guest at
about 10�5 M. The maximum volume added did not
exceed 400mL. Fluorescence measurements were per-
formed on 3 mL samples at two temperatures, 25 and
35 8C.
NMR measurements

1H NMR spectra at 25 8C were recorded on a Bruker
DRX500 spectrometer at 500 MHz with a TXI probe.
Saturated solution (1.5 mL) of guest in D2O was prepared.
To this solution, small amounts of b-CD were added
successively at different [guest]/[b-CD] ratios. Chemical
shifts (d) are given in ppm with respect to solvent
(dHDO¼ 4.78). 19F NMR spectra were run on a Bruker
CXP NMR spectrometer at 282.35 MHz locked on
the D2O deuterium frequency. 1D ROESY experiments
used the standard Bruker ‘selrogp’ pulse program, with a
300 ms spinlock pulse for mixing, and a recycling time of
4.57 s.
Computational details

The molecular orbital study was performed on each
isolated phenol derivative and on its 1/1 inclusion
complexes with b-CD.
Copyright # 2007 John Wiley & Sons, Ltd.
Calculations on guests. Calculations were performed
using the AM147 method implemented in the AMPAC
package.48 The minimum of the potential energy surface
as well as characteristic points on this surface were further
optimized using the more refined DFT method with the
B3LYP functional49 and 6-31G(d) basis set.50 The DFT
results reported here were obtained using Gaussian 98.51

Isotropic NMR chemical shielding was also evaluated for
each compound by means of the GIAO (Gau-
ge-Independent Atomic Orbital) method52 as imple-
mented in Gaussian 98. Chemical shifts di were calculated
by subtracting the appropriate isotropic part si of the
shielding tensor from that of a standard compound sst,
that is, di¼ sstS si (ppm). The isotropic shielding
constant calculated for TMS using the same method
and the same basis set was 32.18 ppm for the 1H nucleus.

1/1 Complexes of phenol derivatives with
b-CD. The b-CD complexes consist of 180 atoms, which
makes the use of sophisticated methods such as ab initio
calculations, computationally time-expensive and
impractical for exploring the potential energy surface
for such large systems. Therefore, we used the
semi-empirical AM1 method to optimize the geometries
of the inclusion complexes. This method was chosen
because it has been proven that it is able to reproduce
satisfactorily the experimental geometry for such
molecules.53 Furthermore, it has been shown that AM1
calculations are better able to treat long-range dispersion
interactions, generally denoted as van der Waals
interactions, than PM354 calculations. While no specific
parameters are included in semi-empirical energy
functions to express the dispersion term, previous studies
indicate that AM1 produces qualitative results to describe
this effect.55 The geometry of b-CD was fully optimized
without imposing any symmetry restrictions and this was
followed by harmonic frequency analysis to ensure that
the stationary point located was the true minimum (all
eigenvalues of the Hessian matrix were positive). The
starting geometry for b-CD used before optimization was
based on its crystallographic structure as determined by
X-ray diffraction data in the Cambridge data bank.56 All
geometry optimizations were carried out considering
molecules in the gaseous state. The inclusion complex
was constructed from separately AM1-optimized b-CD
and the corresponding guest geometries. A preliminary
calculation was undertaken to determine the orientation
of guest inclusion. It is found that the approach of the OH
group of the phenol through the wider rim of b-CD is
more favorable in energy than through the narrower, with
an energy difference of 3.3 kJ molS1. On the basis of this
result, it was assumed that in all the guest/b-CD systems,
complexation occurs only through the wider rim of the
cavity.

Finally, DFT single-point calculations using the
6-31G(d) basis set were performed on the AM1-
optimized geometries of complexes, both in vacuo and
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Figure 7. Energy profiles as a function of H . . .H intermolecular distance between two methane molecules arranged in a
staggered orientation. Ordering of the profiles at 2 Å from top to bottom: MPWB1K/6-31G(d)//AM1, MPWB1K/6-31G(d), MP2/
6311G(d,p), AM1, and PM3

42 S. CHELLI ET AL.
in water solution by using the COSMO57 continuum
solvation model based on the self-consistent reaction
field. Although current density functionals can describe
hydrogen bonds with good accuracy,58 they fail to do so
for the description of van der Waals interactions.59 In
recent years, new density functionals have been devel-
oped that allow the correct treatment of the non-bonded
interactions such as van der Waals interactions. There-
fore, we used the MPWB1K60 hybrid meta GGA
functional since it was recommended recently as the
best of 44 DFT methods tested. Among 44 tested DFT
methods, MPWB1K was found to give the best
performance for weak interactions. More generally, it
has been shown from experiment that short-range H . . .H
intermolecular interactions between guest and host are
important in controlling the geometry of the complex.
Therefore, we determine the CH4 dimer interaction
potential energy surface with different methods to
evaluate the performance of our methodology, that is,
the combination of AM1 semi-empirical method for
geometries optimization with MPWB1K for single point
calculation.

The interaction of methane dimer in staggered
orientation as a function of H . . .H distance is displayed
in Fig. 7. The energy profile calculated at the MP2/
6-311G(d,p) level of calculation is taken as the reference.
The MP2/6-311G(d,p), MPWB1K/6-31G(d), and
MPWB1K/6-31G(d)//AM1 show similar smooth repul-
sion profile with a minimum located at 2.8 Å and an
interaction energy in the range of S0.68 to S0.5 kJ/mol.
PM3 predict an unphysical minimum (at 1.7 Å with
interaction energy of S9.30 kJ/mol), while an excellent
Copyright # 2007 John Wiley & Sons, Ltd.
agreement between MPWB1K/6-31G(d) and MP2/
6-6311G(d,p) is obtained. The AM1 calculations shows
weaker repulsion than MP2/6-311G(d,p) having a
minimum at 2.2 Å and interaction energy of S0.99 kJ/
mol. In conclusion, the combination of AM1 geometries
with single point MPWB1K/6-31G(d) seems a valuable
methodology to quantify the long-range H . . .H inter-
molecular interactions for large host–guest systems.
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