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Comparative study of calix[4]arene derivatives:
implications for ligand design
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Abstract

The first comparative theoretical study of three parent calix[4]arene analogues (calix[4]arene, thiacalix[4]arene, and homooxa-
calix[4]arene) has been performed using molecular dynamic simulations and density functional theory (MPWB1K/6-311G**//B3LYP/
6-311G**) methods. The theoretical observations herein including optimized geometry, polarity, and atomic charge data provide that
homooxacalix[4]arene would offer more efficient platform for metal ion recognition compared to thiacalix[4]arene or calix[4]arene.
� 2008 Elsevier Ltd. All rights reserved.

Keywords: Calix[4]arene; Thermodynamic stability; DFT calculation
OH

OH HO

HO OH

OH HO

HO

O

tetrahomodioxacalix[4]arenecalix[4]arene

S

S S
OH

OH HO

HO

thiacalix[4]arene
Molecular recognition phenomena play a major role in
the field of supramolecular chemistry and of biological pro-
cesses. Molecular systems with preorganized and effectively
functionalized recognition unit for guest molecules are
ideal for host–guest interactions. In this regard, calixarenes
1, composed of four phenol units connected by ortho-
methylene bridges, provide particular promise due to their
versatility and utility as complexation ability, conforma-
tional flexibility, and reactivity, and their applications in
a wide diversity of areas as receptors, building blocks,
ion transports, and sensors.1,2 Recently, the replacement
of the bridging methylene linkages by hetero atoms has
attracted considerable interest on the new members of the
calixarene family. Thiacalix[4]arenes 2 in the presence of
sulfur atoms instead of methylene groups exhibit novel
structural and functional features including easy oxidation
of sulfur bridges and extra binding sites, which make these
compounds very interesting with potential applications in
host–guest chemistry.3–7 Four distinctive conformations
of thiacalix[4]arene are available as cone, partial cone,
1,2-alternate, and 1,3-alternate, as in the case of calix[4]-
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arene. The different thiacalix[4]arene conformations have
been achieved by appropriate functionalization. One of
the most interesting features of the thiacalix[4]arene deriv-
atives is metal ion shuttling through the aromatic cavity.8

This phenomenon intrigued us to study the fundamental
physical nature of the conformation features and the bind-
ing ability of the parent thiacalix[4]arene using more recent
computational methods. On the other hand, tetrahomodi-
oxacalix[4]arenes 3, containing two extra oxygen atoms in
the macrocyclic ring, can provide larger cavity, greater flex-
ibility, and extra coordination sites for guest complexation
compared to classical calix[4]arenes9–12 (Fig. 1). Although
tetrahomodioxacalix[4]arene derivatives have been synthe-
sized and several experimental attempts have been made
O
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Fig. 1. Schematic representation of calix[4]arene derivatives.
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Fig. 3. Four available conformations of thiacalix[4]arene optimized at the
B3LYP/6-311G** level are shown. For each structure, top and side views
are displayed. Hydrogen bonds are shown in dashed lines at the top view.
Hydrogen atoms are omitted for clarity except the phenolic hydrogens.

Fig. 4. Five available conformations of tetrahomodioxacalix[4]arene
optimized at the B3LYP/6-311G** level are shown. For each structure,
top and side views are displayed. Hydrogen bonds are shown in dashed
lines at the top view. Hydrogen atoms are omitted for clarity except the
phenolic hydrogens.

Table 1
Relative energies (kcal/mol) for 1 are listed at the B3LYP/6-311G** and
MPWB1K/6-311G**//B3LYP/6-311G** level of theory

B3LYP/
6-311G**

MPWB1K/
6-311G** a

Dipole
moment

Cone (1a) 0.0 0.0 1.8
Partial cone (1b) 9.2 7.3 1.0
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to determine the conformational preference depending on
the substituents,13,14 only one theoretical study on the con-
formational preference and thermodynamic stability for 3

was reported by us.15 Here, we report the first comparative
theoretical investigation on the conformational characteris-
tics for three basic parent calix[4]arene analogues, 1–3, by
using molecular dynamics (MD) simulations and density
functional theory (DFT) methods. The main purpose of
this work is threefold. Firstly, it is to provide the subse-
quent comparison of thermodynamic stability sequence
for three calix[4]arene derivatives with more recent and
accurate DFT functional. Secondly, it is to give theoretical
understanding of the physical nature and the stability
order, which can be applied to understand the complexa-
tion behavior. Lastly, the theoretical results herein can be
used to the experimental host design based on calix[4]arene
macrocycles with various cavity sizes, depths, and polarity.

Despite the superior performance of DFT methods in
numerous energy assessments and molecular structure pre-
dictions, there is increasing awareness that B3LYP can fail
badly in describing the energies of non-bonded interac-
tions, hydrogen bonded systems, and larger molecules.16

Based on the recent work that the hybrid meta-GGA such
as MPWB1K and MPW1B95 may provide more accurate
assessments of weakly bound systems and better descrip-
tions of intramolecular non-bonded interactions,17,18

MPWB1K hybrid functional was chosen to compute the
conformational equilibrium energy gap of calix[4]arene
analogues and compared to the B3LYP functional.19 While
thiacalix[4]arene allows four conformations: cone, partial
cone, 1,2-alternate, and 1,3-alternate similar to calix[4]-
arene (Figs. 2 and 3), tetrahomodioxacalix[4]arene can
adopt five conformations with two different 1,2-alternate
conformations, C-1,2-alternate and COC-1,2-alternate, as
shown in Figure 4. 13d The relative energies20 for 1–3 are
summarized in Tables 1–3.

The theoretically predicted stability order for 1 is
cone > partial cone > 1,2-alternate > 1,3-alternate at the
MPWB1K/6-311G**//B3LYP/6-311G** level (Table 1). It
is different from the previous report that the stability order
for 1,3-alternate and 1,2-alternate is reversed at the
B3LYP/6-31G* level.25a The lowest energy structure is
optimized to be the cone (1a) and this is in agreement with
the experimental observation.25b The cyclic array of intra-
Fig. 2. Four available conformations of calix[4]arene optimized at the
B3LYP/6-311G** level are shown. For each structure, top and side views
are displayed. Hydrogen bonds are shown in dashed lines at the top view.
Hydrogen atoms are omitted for clarity except the phenolic hydrogens.

1,2-Alternate (1c) 12.2 10.6 0.0
1,3-Alternate (1d) 15.5 12.1 0.0

Dipole moments (in D) calculated at the B3LYP/6-311G** level are listed.
a Geometry optimized using B3LYP/6-311G** level.
molecular hydrogen bonds in 1a attributes to the thermal
stability in a gas phase (Fig. 2). The average hydrogen
bond distance between phenolic groups in 1a is optimized
to be 1.70 Å. The energy difference between 1a and 1b is
7.3 kcal/mol at the MPWB1K/6-311G**//B3LYP/
6-311G** level, which is smaller to the energy gap deter-
mined by experiment.25b Direct comparison with experi-



Table 2
Relative energies (kcal/mol) for 2 are listed at the B3LYP/6-311G** and
MPWB1K/6-311G**//B3LYP/6-311G** level of theory

B3LYP/
6-311G**

MPWB1K/
6-311G** a

Dipole
moment

Cone (2a) 0.0 0.0 5.7
Partial cone (2b) 9.1 7.2 2.2
1,2-Alternate (2c) 13.3 11.8 0.0
1,3-Alternate (2d) 12.3 10.1 0.0

Dipole moments (in D) calculated at the B3LYP/6-311G** level are listed.
a Geometry optimized using B3LYP/6-311G** level.

Table 3
Relative energies (kcal/mol) for 3 are listed at the B3LYP/6-311G** and
MPWB1K/6-311G**//B3LYP/6-311G** level of theory

B3LYP/
6-311G**

MPWB1K/
6-311G**a

Dipole
moment

Cone (3a) 0.0 0.0 2.2
Partial cone (3b) 9.1 8.5 4.4
C-1,2-Alternate (3c) 1.8 3.0 0.0
1,3-Alternate (3d) 10.8 14.1 0.0
COC-1,2-Alternate (3a) 18.5 19.2 0.0

Dipole moments (in D) calculated at the B3LYP/6-311G** level are listed.
a Geometry optimized using B3LYP/6-311G** level.
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mental data is not valid due to the solvent effect in experi-
mental data. All structural parameters of 1a are in excellent
agreement with the X-ray data25b that the average differ-
ences between X-ray and B3LYP/6-311G** optimized
geometry in bond distances and in angles are within
0.01 Å and 2�, respectively.

The first synthesis of 2 was reported in 1998 and X-ray
diffraction study revealed that 2 adopts a cone conforma-
tion in the solid state.3 The theoretically predicted stability
order for 2 is cone > partial cone > 1,3-alternate > 1,2-
alternate and this order is in agreement with the previous
work7a although the MPWB1K/6-311G** functional17

reduces the energy gap between the conformers. The struc-
tural parameters of 2a are in excellent agreement with the
X-ray data3 that the average differences between X-ray
and B3LYP/6-311G** optimized geometry in bond dis-
tances and in angles are within 0.02 Å and 1�, respectively.
Despite the highest dipole (5.7 D), 2a is 7.2 kcal/mol lower
in energy than the second most stable conformer, 2b. As
shown in Figure 3, the cavity shape of 2a is very similar
to that of 1a with fourfold symmetry. The average H bond
distance between phenolic groups in 2a is 1.87 Å, which is a
bit longer than that in 1a indicating larger cavity size of 2a.
The CHELPG atomic charge26 computed for sulfur atoms
(�0.15e) in 2a implies that thiacalix[4]arene may offer extra
binding sites for metal ion recognition. Overall, introduc-
ing sulfur atoms in a cavity induces higher dipole, larger
cavity size, accordingly longer hydrogen bonding between
phenolic groups, resulting in greater flexibility and polarity
in thiacalix[4]arene compared to calix[4]arene.

Although the crystal structure for tetrahomodioxa p-t-
butylcalix[4]arene was reported to adopt a distorted
cone,12a no experimental structure has been reported for
the simplest form of tetrahomodioxacalix[4]arene, 3a, due
to its synthetic difficulty. The theoretically predicted order
of stability for 3 is cone > C-1,2-alternate > partial
cone > 1,3-alternate > COC-1,2-alternate and it is in agree-
ment with the previous B3LYP/6-31G*//RHF/6-31G*

calculation result.15 As shown in Figure 4, the most stable
conformer 3a adopts the orientation that allows the forma-
tion of a cyclic array of intramolecular H bonds in the
cavity. Four phenolic groups in a macrocycle of 3a act
simultaneously as donor and acceptor to form four hydro-
gen bonds with a distance of 1.79 or 2.33 Å. Additionally,
two ether linkages in the cavity allow two hydrogen bonds
with phenolic hydrogen with a distance of 1.98 Å. Overall,
the shape of the cone is distorted by the formation of
six hydrogen bonding array including two bifurcated
hydrogen bonds.

The second lowest energy-minima structure for 3 is
found to be C-1,2-alternate, 3c. The distorted geometry
due to –CH2OCH2– linkage is reserved to allow four
hydrogen bonds (1.80 Å in average) between the phenolic
hydrogen and the ether oxygen, but the cyclic H bonding
array linking the four phenolic groups is no longer avail-
able in 3c. The shape of 3c is characterized to maximize
the number of H bonds and to minimize the electrostatic
repulsion between phenol rings. Overall, 3c is 3.0 kcal/
mol higher in energy than that for 3a. The partial cone,
3b, is found to be 8.5 kcal/mol higher in energy than that
for 3a. Although there are four H bonds (1.91 Å in aver-
age) in 3b, unavoidable electrostatic repulsions to maximize
H bonds contribute to the high energy and large dipole
moment. The CHELPG charge26 for ether oxygens in 3a

is computed to be quite negative (�0.44e). The theoretical
observations herein including optimized geometry, polar-
ity, and atomic charge data provide that tetrahomodioxa-
calix[4]arene would offer tighter binding and more
effective cavity for metal ion recognition compared to
thiacalix[4]arene or calix[4]arene.

In summary, the first comparative study on the
conformational features and relative thermodynamic
stabilities of calix[4]arene, thiacalix[4]arene, tetrahomo-
dioxacalix[4]arene has been performed using molecular
dynamics simulations and density functional theory
(MPWB1K/6-311G**//B3LYP/6-311G**) in a gas phase.
The recent hybrid meta-GGA functional, MPWB1K, was
used for more accurate assessment for the relative stability
of adoptable conformers. The cone is computed to be the
most stable in all cases, in accordance with the available
experimental observations. The substitution of methylene
group with sulfur atom or dimethyleneoxa bridge induces
the larger cavity size, conformational mobility, and polar-
ity. Introducing the dimethyleneoxa bridges in the macro-
cycle (3) additionally increases the number of hydrogen
bonding patterns and provides more efficient platform for
metal ion recognition due to the extra oxygen binding sites.
The conformational analyses show that the geometry and
stability of the conformation are mainly determined by
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the intramolecular hydrogen bonding patterns displayed by
the phenolic groups and potential hydrogen acceptors in
the cavity.
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