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The rotational isomerism of calix[4]arene, 25,27-dihydroxy-26,28-dimethoxycalix[4]arene, and 25,26,27,28-
tetramethoxycalix[4]arene in different environments has been examined using sophisticated ab initio and DFT
calculations. Free energies in the gas phase, in chloroform, and in toluene have been calculated not only for
the minimum energy conformations cone and paco, which differ in the orientation of one phenol/anisole ring
with respect to the other three, but also for the transition state that connects these two minima. Results provide
a complete understanding of the changes induced by the partial or total OHf OCH3 replacement in the
calix[4]arene scaffold.

Introduction

Calixarenes, synthetic macrocyclic molecules built from
phenolic units, are used as building blocks in supramolecular
chemistry and selective ion binders. The simplest representation
of these macrocycles is the calix[4]arene (1), which consists of

four phenol units connected via methylene bridges in the ortho
positions with respect to the hydroxyl group. However, many
other compounds have been prepared by introducing selective
chemical modifications, the more common being at the phenolic
hydroxy groups, the para position of the rings, and the methylene
bridge.1-3

The methylene bridging groups, which allow the rotation of
the phenolic rings, provide a notable conformational flexibility
to 1 and its derivatives. Thus, the most relevant conformations
are those denoted cone and partial-cone (paco), which differ in
the orientation of one phenol ring with respect to the other three
(Figure 1). The dynamic equilibrium between the cone and paco
conformations have been studied in solution using NMR

spectroscopy.1,3 In the past decade, the cone-to-paco transition
of 1 and selected simple derivatives has been investigated using
theoretical methods. The aim of such studies was to understand
and rationalize the conformational characteristics of these
versatile molecules. Accordingly, the conformational inversion
of 1 was studied in a vacuum, benzene, and chloroform by
sophisticated molecular dynamics (MD) simulations.4 More
recently, the same authors reported the isomerization rate of
p-tert-butylcalix[4]arene (2) in a vacuum and in chloroform.5

The influence of the solvent on the conformational isomerism
of 1 and2 was also studied using the quantum mechanical and
semiclassical formalisms of a widely used continuum model.6

Furthermore, simple molecular mechanics calculations based
on energy minimization and conventional MD were performed
on derivatives of1.3e,f,7,8Ab initio calculations were also applied
on related calixarenes to study the complexation and other
aspects of these impartant compounds.

In this study, sophisticated quantum mechanical methods in
a vacuum and in solution are used to examine the changes
produced in the cone-to-paco conformational transition when
phenolic hydroxyl groups of1 are partially or totally replaced
by methoxy groups. For this purpose, ab initio Hartree-Fock
(HF) and density functional theory (DFT) calculations have been
performed on1 and two derivatives, i.e., 25,27-dihydroxy-26,-
28-dimethoxycalix[4]arene (3) and 25,26,27,28-tetramethoxycalix-
[4]arene (4). Results have been compared with available
experimental data on related compounds.

Methods

All the calculations were performed at the “Centre de
Supercomputacio´ de Catalunya” (CESCA) and “Centre Europeu
de Paral‚lelisme de Barcelona” (CEPBA) using Gaussian 98.9
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Figure 1. Characteristic conformations of calix[4]arene (1).
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Molecular Conformations. Three different conformational
states were considered for each compound. These were the cone,
the paco, and the saddle point conformations (Figure 1), the
latter being the transition state of the cone-to-paco conformation.
The cone and paco minimum energy conformations were derived
from full geometry optimizations, whereas an appropriate
constraint was applied to obtain the saddle conformation.

Gas-Phase Calculations.All the ab initio calculations were
performed at the HF level, whereas two different functionals
were employed for DFT calculations. More specifically, we used
the following combinations: the Becke’s three-parameter hybrid
functional (B3) with the Lee, Yang, and Parr (LYP) expression
for the nonlocal correlation (B3LYP);10 and the same functional
with the nonlocal correlation provided by Perdew and Wang’s
(B3PW91).11 In both HF and DFT calculations, 6-31G(d),
6-311G(d,p), and 6-311++G(d,p) basis sets were used.12,13

Frequency analyses were carried out to verify the minimum state
or saddle point nature of all the stationary points located during
HF/6-31G(d) and HF/6-311G(d,p) geometry optimizations.
However, frequency calculations were not possible for the
structures obtained using DFT methods, because they require a
very huge amount of computational resources. The computed
frequencies were used to obtain the zero-point vibrational
energies (ZPVE) and both the thermal and entropic corrections.
The conformational Gibbs free energies in the gas phase were
obtained by adding such statistical corrections to the gas-phase
electronic energies.

Solution Calculations. To obtain an estimation of the
solvation effects, single point calculations were also conducted
on the gas-phase optimized geometries using a self-consistent
reaction-field (SCRF) model. SCRF methods treat the solute at
the quantum mechanical level, and the solvent is represented
as a dielectric continuum. Specifically, we chose the polarizable
continuum model (PCM) developed by Tomasi and co-workers
to describe the bulk solvent.14 The PCM represents the polariza-
tion of the liquid by a charge density appearing on the surface
of the cavity created in the solvent, i.e., the solute/solvent
interface. This cavity is built using a molecular shape algorithm.
It should be emphasized that the reliability of this method to
describe the solvation effects on the conformational equilibrium
of calix[4]arene was recently proved.6

PCM calculations were performed in the framework of the
HF/6-31G(d) and B3LYP/6-31G(d) level using the standard
protocol and considering the dielectric constant of chloroform
(ε ) 4.9) and toluene (ε ) 2.4). The conformational free
energies in solution (∆Gconf) were estimated using the classical
thermodynamical scheme: the free energies of solvation (∆Gsol)
provided by the PCM model were added to conformational
Gibbs free energies in the gas phase.

Results and Discussion

Calix[4]arene (1). Table 1 lists the energies of the saddle
and the paco conformations relative to the cone one (∆Esadd

and∆Epaco, respectively) calculated using different theoretical
methods, which differ in the level used for geometry optimiza-
tion and/or energy evaluation. Table 2 shows the relative free
energies in the gas phase (∆Ggp

saddand∆Ggp
paco) calculated using

the HF/6-31G(d) and HF/6-311G(d,p) optimized geometries.
These results allow us to discern the influence of the compu-
tational method and the size of the basis set on the conforma-
tional inversion studied in this work.

As can be seen, B3LYP and B3PW91 geometry optimizations
led to similar values of∆Esadd and ∆Epaco, the differences
between the two functionals being small for both the 6-31G(d)

and 6311G(d,p) basis sets. Furthermore, within a given method
the relative energies decrease with the size of the basis set
independently of the level of geometry optimization. For
instance, the values of∆Epacoand∆Esaddobtained at the B3LYP/
6-31G(d)//B3LYP/6-31G(d) level, where this notation refers to
level of energy calculation//level of geometry optimization, are
2.4 and 2.1 kcal/mol, respectively, higher than the values derived
from B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) calculations.
On the other hand, the overall results displayed in Table 1 clearly
shows that the DFT relative energies are larger than the HF
ones independently of the method used for geometry optimiza-
tion. For example, HF/6-311++G(d,p)//HF/6-31G(d) and HF/
6-311++G(d,p)//B3LYP/6-31G(d) relative energies differ by
less than 0.2 kcal/mol, whereas comparison between the latter
level and the B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) one
reveals differences of 2.5 kcal/mol. Considering the size of the
molecules under study, the 6-311++G(d,p) basis set is expected
to be sufficiently extended and flexible to calculate properly
the electronic energy.

Comparison between the∆Ggp
saddand∆Ggp

pacopredicted at the
HF/6-31G(d)//HF/6-31G(d) and HF/6-311G(d,p)//HF/6-311G-
(d,p) levels (Table 2) reveals an excellent agreement, the largest
difference being 1.1 kcal/mol. Thus, reliable estimations of the
ZPVE and statistical corrections are derived from HF/6-31G-
(d) geometries. Considering the results displayed in Tables 1
and 2, our best ab initio and DFT estimates of the free energies
for the larger compounds will be obtained at the HF/6-311++G-
(d,p)//HF/6-31G(d) and B3LYP/6-311++G(d,p)//HF/6-31Gd)
levels, respectively: the energies provided by the 6-311++G-
(d,p) basis set will be corrected by addition of the ZPVE and
thermal and entropic contributions calculated using HF/6-31G-
(d) frequencies. Table 2 lists the∆Ggp

sadd and ∆Ggp
paco values

derived for1 using such procedures, as well as those estimated

TABLE 1: Gas-Phase Energies (kcal/mol) of the Paco and
Saddle Conformations Relative to the Cone Minimum of 1
Calculated Using Different Theoretical Methods

theoretical methoda ∆Epaco ∆Esadd

HF/6-31G(d)//HF/6-31G(d) 7.4 14.9
B3LYP/6-31G(d)//B3LYP/6-31G(d) 10.4 18.5
B3PW91/6-31G(d)//B3PW91/6-31G(d) 9.4 17.8
HF/6-311G(d,p)//HF/6-311G(d,p) 6.3 14.9
B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p) 9.1 16.9
B3PW91/6-311G(d,p)//B3PW91/6-311G(d,p) 8.0 16.1
HF/6-311G(d,p)//HF/6-31G(d) 6.3 14.9
HF/6-311++G(d,p)//HF/6-31G(d) 5.3 14.0
B3LYP/6-311G(d,p)//HF/6-31G(d) 9.3 16.7
B3LYP/6-311++G(d,p)//HF/6-31G(d) 7.7 15.5
HF/6-311G(d,p)//B3LYP/6-31G(d) 6.1 14.3
HF/6-311++G(d,p)//B3LYP/6-31G(d) 5.5 13.9
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) 9.2 17.1
B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) 8.0 16.4

a Level of energy calculation//level of geometry optimization.

TABLE 2: Free Energies in the Gas Phase (kcal/mol) of the
Paco and Saddle Conformations Relative to the Cone
Minimum of 1 Predicted by Different Theoretical Methods

∆Ggp
paco ∆Ggp

sadd

HF/6-31G(d)//HF/6-31G(d)a 5.8 13.6
HF/6-311G(d,p)//HF/6-311G(d,p)a 4.7 13.6
HF/6-311++G(d,p)//HF/6-31G(d)a 3.7 12.7
B3LYP/6-311++G(d,p)//HF/6-31G(d)a 6.1 14.2
den Otter et al.b (force-field) 7.9 13.1
Fischer et al.c (force-field) 8.9

a Level of energy calculation//level of geometry optimization and
frequency calculations.b Reference 4a.c Reference 7a.
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by other authors using force-field calculations.4a,7a The latter
agree very well with our quantum mechanical estimations.

Table 3 lists the free energies of solvation calculated for the
cone, paco, and saddle conformations (∆Gsol

cone, ∆Gsol
paco, and

∆Gsol
sadd) in chloroform and toluene. The PCM method was

applied within the HF/6-31G(d) and B3LYP/6-31G(d) frame-
works, the geometries optimized in the gas phase at the HF/6-
31G(d) level being used for such calculations. Although the
differences between the free energies of solvation predicted by
the two methods decrease with the molecular size of the solvent,
i.e., the largest difference is 0.4 and 1.1 kcal/mol in toluene
and chloroform, respectively, the agreement is very good. In
all cases the cone conformation presents the most favorable
interaction with the solvent, and the worst solvation is for paco.

The conformational free energies in chloroform and toluene
were computed by adding the free energies of solvation to the
relative free energies in the gas phase. Table 4 compares the
estimations for paco and saddle (∆∆Gconf

paco and ∆∆Gconf
sadd) rela-

tive to cone, which are based on the application of HF [gas
phase at HF/6-311++G(d,p)//HF/6-31G(d) and PCM at HF/6-
31G(d)] and B3LYP [gas phase at B3LYP/6-311++G(d,p)//
HF/6-31G(d) and PCM at B3LYP/6-31G(d)] quantum mechan-
ical methods, with experimental data15 and molecular dynamics
values.4a

As can be seen, NMR experiments indicate that∆∆Gconf
sadd is

1.0 kcal/mol larger in chloroform than in toluene.15 HF
calculations reproduce qualitatively this difference (2.3 kcal/
mol), whereas the B3LYP method underestimates it by 0.8 kcal/
mol. Similarly, comparison of the∆∆Gconf

sadd values indicates
that the agreement with experimental data is very good for both
HF and B3LYP values. Thus, the∆∆Gconf

sadd in chloroform and
toluene derived from HF calculations differ from the experi-
mental values by less than 1.3 kcal/mol, whereas application
of B3LYP calculations increases this threshold differences to
1.9 kcal/mol.

On the other hand, den Otter et al.4a investigated the
isomerization rate of1 in chloroform using classical molecular
dynamics simulations. The∆∆Gconf

sadd predicted by this force-
field method was in very good agreement with the experimental
value; i.e., they differ by only 1.3 kcal/mol, whereas∆∆Gconf

paco

is 1.1 and 0.6 kcal/mol larger than the HF and B3LYP
estimations, respectively. Although no force-field simulation has
been reported in toluene solution yet, den Otter et al.4a extended
their study to benzene solution. The values calculated for
∆∆Gconf

paco and∆∆Gconf
saddin the latter solvent, which is similar to

toluene, were 8.4 and 12.5 kcal/mol, respectively.
In summary, the overall of the results indicates that single

point calculations at the HF/6-311++G(d,p) level on HF/6-
31G(d) geometries provide reliable gas-phase energies, whereas
good solvation free energies are derived from PCM calculations
at the HF/6-31G(d) level. The excellent results provided by this
computational scheme are probably due to a cancellation of
errors. Despite this, such a computational procedure will be used
in the next sections to study the cone-to-paco conformational
transitions in3 and 4. However, to provide a deeper insight
about the influence of electron correlation in these conforma-
tional transitions, single point calculations have been also
performed in the gas phase at the B3LYP/6-311++G(d,p) level
using the HF/6-31G(d) geometries.

25,27-Dihydroxy-26,28-dimethoxycalix[4]arene (3).For this
compound two representative saddle and paco conformations
can be distinguished depending on the rotated ring. We have
denoted these states as saddleOH and pacoOH when the rotation
involves a phenol ring and as saddleOMe and pacoOMe when the
ring that changes the orientation with respect to the other three
contains a methoxy group (i.e., the rotation involves an anisole
ring). The five conformational states investigated for3 are
displayed in Figure 2. Table 5 shows the relative free energies
in the gas phase, and the conformational free energy differences
in chloroform and toluene are listed in Table 6.

The replacement of two hydroxyl groups by two methoxy
groups produces the loss of two O-H‚‚‚O hydrogen bonds.
Consequently, the distances between the oxygen atoms belong-
ing to adjacent rings are expected to increase with respect to1.
Thus, the four O‚‚‚O distances predicted for the cone conforma-
tion of 3 are 2.808, 3.003, 2.808, and 3.003 Å, in good
agreement with those reported for its X-ray molecular structure16

TABLE 3: Free Energies of Solvation (kcal/mol) in
Chloroform and Toluene Computed for the Cone, Paco, and
Saddle Conformational States of 1 by Using Different
Quantum Mechanical Frameworks of the PCM Model

solvent methoda ∆Gsol
cone ∆Gsol

paco ∆Gsol
sadd

chloroform HF/6-31G(d) -0.6 3.7 2.9
B3LYP/6-31G(d) 0.5 2.9 2.3

toluene HF/6-31G(d) 2.2 4.4 3.4
B3LYP/6-31G(d) 2.2 4.6 3.8

a Method used for PCM calculations in solution. The geometries
obtained in the gas phase at the HF/6-31G(d) level were used in all
cases.

TABLE 4: Conformational Free Energies (kcal/mol) in Chloroform and Toluene Solution of the Paco and Saddle
Conformations Relative to the Cone Minimum of 1 Provided by Different Theoretical Methods

solvent methoda ∆∆Gconf
paco ∆∆Gconf

sadd

chloroform HF/6-311++G(d,p)//HF/6-31G(d) [PCM-HF/6-31G(d)] 8.0 16.2
B3LYP/6-311++G(d,p)//HF/6-31G(d) [PCM-B3LYP/6-31G(d)] 8.5 16.0
den Otter et al.b (force-field) 9.1 13.6
expc (NMR) 14.9

toluene HF/6-311++G(d,p)//HF/6-31G(d) [PCM-HF/6-31G(d)] 5.9 13.9
B3LYP/6-311++G(d,p)//HF/6-31G(d) [PCM-B3LYP/6-31G(d)] 8.5 15.8
expc (NMR) 13.9

Experimental values obtained using NMR are included.a Method: gas-phase calculation [solution calculation].b Reference 4a.c Reference 15.

Figure 2. Characteristic conformations of 25,27-dihydroxy-26,28-
dimethoxycalix[4]arene (3).
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(2.86, 2.93, 2.92 and 2.96 Å), whereas those calculated for the
cone conformation of1 at the same level of theory are equal to
2.739 Å.

Inspection to the free energies in the gas phase (Table 5)
indicates that the values obtained at the HF/6-311++G(d,p)//
HF/6-31G(d) and B3LYP/6-311++G(d,p)//HF/6-31G(d) levels
are fully consistent. The cone conformation with the methoxy
groups pointing outward is the most stable conformation in the
gas phase, although pacoOH is only 0.7 kcal/mol less favored.
Thus, the change from cone-to-pacoOH produces the loss of
another O-H‚‚‚O hydrogen bonds, although this is partially
compensated for by a reduction in the electrostatic repulsion
between the oxygen atoms. Furthermore, it should be noted that
the extra-energy gain produced by the formation of four
consecutive hydrogen bonds in the cone conformation of1, i.e.,
hydrogen bonding cooperative effects,17 is absent in3, leading
to a reduction in the stability of its cone conformation.
Grootenhuis et al.7b used molecular mechanics calculations to
predict that cone and pacoOH are conformations of comparable
energy; i.e., a difference of 0.1 kcal/mol was obtained, in
agreement with the present calculations.

On the other hand, the free energy in the gas phase of the
pacoOMe conformation is around 6 kcal/mol, indicating that this
arrangement is considerably less stable than pacoOH. Interest-
ingly, the pacoOMe conformation contains two O-H‚‚‚O hy-
drogen bonds as the cone arrangement. This is because the
oxygen atom of the methoxy group acts as a hydrogen bond
acceptor of the two hydroxyl groups that act as donors; i.e.,
one of the two hydroxyl groups changes the orientation during
minimization (Figure 2). However, the repulsive steric interac-
tions produced by the methyl group of the rotated ring in the
cavity of the calix[4]arene are not compensated by this second
hydrogen bond, explaining the low stability of pacoOMe with
respect to pacoOH.

The conformational free energies in the gas phase of the
saddleOH transition state with respect to the cone conformation
range from 7.8 to 9.2 kcal/mol depending on the computational
method. These values are 4.4-6.4 kcal/mol smaller than those
predicted for the saddle of1 using the same methods. This
difference is probably due to the stability of the cone conforma-
tion that, as discussed above, is higher for1 than for 3.
Consequently, the isomerization barrier is lower for the latter
compound. On the other hand, the saddleOMe barrier is very
unfavored with respect to saddleOH, the values of∆Ggp

sadd-OMe

predicted at the HF/6-311++G(d,p) and B3LYP/6-311++G-
(d,p) levels being 23.4 and 28.6 kcal/mol, respectively. These

results indicate that the inward orientation of the methyl group
contained in the rotated anisole ring, i.e., filling the calix[4]-
arene cavity (Figure 2), produces strong repulsive interactions.

Results displayed in Table 6 indicate that the role of the
solvent on the conformational isomerism of3 is very small.
Thus, the free energy differences in solution, especially in
toluene, are similar to those obtained in the gas phase. Regarding
to the results, the largest difference was obtained for saddleOMe,
which is 1.9 kcal/mol more stable with respect to cone in both
chloroform and toluene solution than in the gas phase.

25,26,27,28-Tetramethoxycalix[4]arene (4).The lowest
cone conformation corresponds to that in which all the methoxy
groups point outward (cone°). To minimize the repulsive
interactions between the methoxy groups, the anisole rings are
slightly rotated with respect to the phenol rings of1 (Figure
3a). The O‚‚‚O distances predicted for the cone° conformation
of 4 are 3.195, 3.187, 3.195, and 3.187 Å, these values being
about 0.45 Å larger than those computed for1. The rotation of
one anisole unit, using as starting point the favored cone°
arrangement, produces a paco conformation with the methoxy
group pointing inward, which has been denoted pacoi. The
rotational isomerism processes cone° f pacoi is displayed in
Figure 3a and the free energies in the gas phase are listed in
Table 7. The free energy in the gas phase of pacoi is less favored
than that of cone° by 8.4 and 6.8 kcal/mol at the HF/6-311++G-
(d,p)//HF/6-31G(d) and B3LYP/6-311++G(d,p)//HF/6-31G(d)
levels, respectively. Saddlei, which connects cone° with pacoi,
is unfavored by 33.0 and 27.1 kcal/mol at the same levels of
theory. This energy barrier, which indicates that the cone° f
pacoi rotational isomerism is energetically forbidden, is even
∼4 kcal/mol higher than that calculated for3.

The effect of the chloroform and toluene solvents on the cone°
f pacoi process is showed in Table 8, which lists the
conformational free energy differences in solution. As can be
seen, the organic solvents tend to stabilize both the saddlei and
pacoi states by about 3 kcal/mol. In an early study, Iwamoto et
al.3g investigated the conformer distribution of4 in CDCl3 using
NMR. The authors found that the population of paco is higher
than that of cone by more than 2 times, indicating that the latter
conformation is less stable than the former, i.e., about 0.6 kcal/

TABLE 5: Free Energies in the Gas Phase (kcal/mol) of the PacoOH, PacoOMe, SaddleOH, and SaddleOMe Conformations Relative
to the Cone Minimum of 3 Predicted by Different Theoretical Methods

∆Ggp
paco-OH ∆Ggp

paco-OMe ∆Ggp
sadd-OH ∆Ggp

sadd-OMe

HF/6-31G(d)//HF/6-31G(d)a 1.7 6.5 9.2 29.1
HF/6-311++G(d,p)//HF/6-31G(d)a 0.7 6.5 8.7 28.6
B3LYP/6-311++G(d,p)//HF/6-31G(d)a 0.7 5.7 7.8 23.4
Grootenhuis et al.b (force-field) 0.1

a Level of energy calculation//level of geometry optimization and frequency calculations.bReference 7b.

TABLE 6: Conformational Free Energies (kcal/mol) in
Chloroform and Toluene Solutiona of the PacoOH, PacoOMe,
SaddleOH, and SaddleOMe Conformations Relative to the
Cone Minimum of 3

solvent ∆∆Gconf
paco-OH ∆∆Gconf

paco-OMe ∆∆Gconf
sadd-OH ∆∆Gconf

sadd-OMe

chloroform 0.6 5.5 7.7 26.7
toluene 0.9 6.4 8.7 26.7

a Gas-phase and PCM calculations at the HF/6-311++G(d,p)//HF/
6-31G(d) and HF/6-31G(d) levels, respectively.

Figure 3. Characteristic conformations of 25,26,27,28-tetramethoxycalix-
[4]arene (4).
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mol.3g Furthermore, paco was also identified by NMR and X-ray
crystallography as the preferred conformation of para-substituted
analogues of4.1b These experimental results are in contradiction
with the calculations presented in this study for the cone° f
pacoi rotational isomerism.

To explain the disagreement between the present quantum
mechanical calculations and the reported experimental data, the
rotational isomerism of4 was reinvestigated using as the starting
point the cone conformation with one methyl group pointing
inward (conei). This conformation, which is displayed in Figure
3b, is less favored than cone° by about 10-14 kcal/mol
depending on the quantum mechanical method (Table 7). The
rotation of the anisole unit with the methyl group pointing
inward results in paco°. Figure 3b shows the rotational isomer-
ism process conei f paco°, and Tables 7 and 8 include the
calculated free energies in the gas phase and solution.

It is worth noting that paco° is about 5-7 kcal/mol more
stable than pacoi in the gas phase. This fact is due to the steric
repulsions, which are considerably weaker in the former.
Moreover, the free energy in the gas phase of paco° is higher
than that of cone° by only ∼1.5 kcal/mol. Force-field calcula-
tions reported by Iwamoto et al.3g predicted that paco° is 0.3
kcal/mol more stable than cone°. Furthermore, the free energy
calculated in the gas phase for saddle° at the HF/6-311++G-
(d,p)//HF/6-31G(d) and B3LYP/6-311++G(d,p)//HF/6-31G(d)
levels is 17.6 and 13.8 kcal/mol, respectively, lower than
obtained for the saddlei barrier. Indeed the saddle° barrier
predicted for4 is similar to that calculated for1 using the same
quantum mechanical procedures.

Calculations in chloroform and toluene solutions predict that
paco° is less favored than cone° by 2.0 and 1.6 kcal/mol,
respectively. Thus, the stability of the former conformation in
chloroform solution is underestimated by 2.6 kcal/mol with
respect to the experimental measurements of Iwamoto et al.3g

This small difference is probably due to the limitations of the
continuun solvation model employed in this study, i.e., omission
of the interactions with the solvent molecules located in the
first solvation shell, a poor description of the cavity formed by
the phenol and/or anisole rings, etc. Indeed, it is known that
the cone-paco equilibrium distribution of many calix[4]arenes
is altered by the formation of host-guest complexes with solvent
molecules.1b,5,18Molecular dynamics simulations in chloroform
and benzene solutions showed that1 is able to capture a solvent
molecule from the bulk, even although this molecule is
exchanged regularly.4a In comparison with1, the tendency of4
to capture a solvent molecule is expected to be higher because,

as can be deduced from the O‚‚‚O distances, the central cavity
of the latter is bigger. Unfortunately, the PCM method neglects
the formation of such type of solute-solvent complexes, which
could alter the influence of solvation on the conformational
equilibrium of 4.

On the other hand, the barrier saddle° is lower that saddlei

by more than a half. The overall of the results displayed in
Tables 7 and 8 suggests that the complete rotational isomerism
for 4 is cone° f conei f paco°. The last two states are separated
by saddle°, whereas the transformation cone° f conei only
involves the rotation of the single bond that connects the ring
with the methoxy moiety. This path is in good agreement with
the experimental data reported by Iwamoto et al.3g

Conclusions
The replacement of two opposite hydroxyl groups of1 by

methoxy groups produces a partial disruption of the cyclic array
of intramolecular O-H‚‚‚O hydrogen bonds associated with the
cone conformation. Consequently, the stability of the paco
conformations relative to the cone minimum decreases. Thus,
the free energy of the pacoOH conformation with respect to the
cone one is about 3-6 kcal/mol smaller, depending on the
computational procedure and the environment, for3 than for1.
Furthermore, the energy barrier that separates the cone confor-
mation from the pacoOH one is smaller for3 than for1 by about
1-6 kcal/mol, depending on the method and the environment.
Therefore, our calculations predict that the equilibrium between
the cone and its inverted pacoOH conformation is more dynami-
cal for 3 than for1.

The total replacement of hydroxyl by methoxy groups, as
occurs in 4, enhances the relative stability of the paco
conformation with respect to the cone one. Thus, as a conse-
quence of the complete absence of O-H‚‚‚O interactions, the
latter conformation becomes even less favored in4 than in3.
Interestingly, the rotational isomerism cone°-to-paco° previously
requires that the methyl group belonging to the rotated ring
changes from an inward arrangement to an outward one.
Accordingly, the complete conformational transition could be
described as cone° f conei f paco°.
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