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Abstract

High level DFT was applied to study structure and conformational equilibrium of amino and mercaptocalix[4]arenes possessing
methylene groups or sulfur atoms at their four junctions. All the calculations point to cone and 1,3-alternate as the most stable con-
formers for sulfur and methylene bridged compounds, respectively. The presence of four sulfur atoms in place of the methylene
bridges can lead to novel features in the complexation with transition metals. The host—guest 1:1 complexes between Zn>" and each
conformer of tetraaminothiacalix[4]arene were also investigated at the same DFT level. The four nitrogens of amino groups play a
dominant role in the interaction with Zn?>" via distorted tetrahedral coordination for 1,3-alternate, or distorted square planar for
partial cone and I,2-alternate. On the other hand, the 2:1 complexes with cone show that the sulfur bridges can also bind Zn*"
and contribute to form two sets of five-membered chelated rings with two N donor atoms.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Molecular recognition plays an extremely important
role in chemistry and biochemistry, especially in the fast
growing field of supramolecular host-guest chemistry
[1]. One interesting class of supramolecular systems is
the macrocyclic calixarenes that are widely used as effec-
tive host compounds for various guest species such as
cations, anions, and neutral molecules [2-4]. The
increasing interest on calixarenes is certainly due to their
versatility in terms of complexation capability, conform-
ational flexibility and reactivity, and they have been ap-
plied in a wide range of areas as catalysis, host—guest
chemistry, molecular recognition, separation chemistry,
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selective ion transport and sensors [2,3,5]. The most well
known member of this class is calix[4]Jarene which
comprises cyclic tetramers of phenol units linked by
ortho-methylene bridges and reveals a basket-shaped
molecular structure [6]. In addition, calix[4]arenes have
been widely used as a molecular platform for the design
and construction of different kinds of new excellent
receptors in molecular recognition by easy chemical
modifications [3,7]. By complete or partial functionaliza-
tion of the lower (phenolic OH groups) and/or upper
rims (the p-position), a wide variety of calix[4]arenes
has been obtained [2,3,6,8]. The replacement of methyl-
ene junctions between the phenolic moieties by hetero
atoms has been recently reported [9,10], in particular
the remarkable thiacalix[4]Jarenes where sulfur atoms
are used in place of the four methylene bridges [11-
15]. NMR study has shown that thiacalix[4]arene is
much more flexible in solution than parent calix[4]-
arene [11]. The flexibility increases with the number of
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additional binding sites at sulfur bridges. The complex-
ation ability of thiacalix[4]arenes towards neutral mole-
cules [12,13], or metal ions, especially transition metal
ions [14-16], has also been investigated. A study of the
extraction with transition metal ions shows that thiaca-
lix[4Jarene formed 1:1 complexes with divalent metal
ions M*" [Co?*, Cu®", Zn>"] by ligating sulfurs in addi-
tion to the adjacent two phenoxide oxygens to form two
sets of five-membered chelated rings as evidenced by the
NMR study of the diamagnetic Zn>* complex [14c].

Theoretical calculations based on full geometry
optimizations by density functional theory (DFT)
methodology are now feasible and are being applied
successfully to investigate the properties of calix[4]ar-
ene derivatives and, in particular, the complexation
with charged species [17-22]. Structure and conforma-
tional equilibrium of thiacalix[4Jarene derivatives
namely tetraaminothiacalix[4]Jarene (1) and tetramerca-
ptothiacalix[4]arene (2) have been the subject of a pre-
vious theoretical study in gas-phase [22]. In this work,
apart from the application of new DFT functionals in
gas phase, we have studied the influence of two differ-
ent solvents (chloroform and dichloromethane) on the
conformational equilibrium of these thiacalix[4]arenes
by means of a polarizable continuum model. On the
other hand, structures of the corresponding methylene
bridged compounds, namely tetraaminocalix[4]arene
(3) and tetramercaptocalix[4]arene (4) were also inves-
tigated to analyze the effect of bridges counterparts.
The structures of the four main conformers of each
compound are presented in Fig. 1. The main goal of
this study is to understand how the presence of differ-
ent substituents at the lower rim and methylene junc-
tions modifies their conformational flexibilities and
binding abilities and selectivities, which is a funda-
mental aspect in complexation of supramolecular com-
pounds. The interest on the transition metal zinc in
the chemical and biochemical systems grew due to
its ability to coordinate with a variety of ligands in
different structural patterns, and it has been used in
a wide diversity of chemistry fields as catalysis, metal-
loenzymes, complexation of macrocyclic ligands,
organometallic and bioinorganic systems [23,24]. In
this study, structural and energetic data for the com-
plexes formed between the zinc cation and each con-
former of compound 1 are also reported, which may
open new perspectives in host-guest supramolecular
chemistry based on aniline rather than phenol. High
level DFT calculations are applied for the first time
to study the complexation of this thiacalix[4]arene
derivative with a transition metal ion. In addition,
we hope that the understanding of the complexation/
recognition process from a microscopic point of view
will provide a new progress for the design and devel-
opment of sophisticated sensors at molecular level in
future.
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Fig. 1. Structural formula of each conformer of compounds 1-4.

2. Computational methodology

The structures of the four main conformers of 1, 2, 3
and 4 were initially obtained by complete optimization
without any constraints at the restricted Hartree—Fock
(RHF) level with the 6-31G(d) basis set. These geome-
tries were then used as input for final optimizations with
the 6-31G(d,p) basis set at DFT level, using the Becke’s
three parameter hybrid exchange functional [25] com-
bined with the Lee, Yang and Parr correlation func-
tional [26] (B3LYP). The electronic energies of these
optimized structures were also calculated by single point
calculations with the B3LYP and the Becke’s three
parameter hybrid exchange functional [25] and Perdew
and Wang’s 1991 correlation functional [27] (B3PW91)
with the 6-311G(d,p) basis set. New exchange and corre-
lation functionals provided by GAUSSIANO3 program
[28] were also tested, namely OPTXPBE (Handy’s
OPTX modification of Becke’s exchange functional
and Perdew, Burke and Ernzerhof’s 1996 gradient-cor-
rected correlation functional) [29,30] and PBEPBE (the
1996 exchange and correlation functionals of Perdew,
Burke and Ernzerhof) [30] with the same 6-311G(d,p)
basis set. In order to include the electrostatic influence
of the solvent in liquid phase (chloroform and dichloro-
methane), the integral equation formalism of the polar-
izable continuum model (IEF-PCM) [31] was employed
at B3BLYP/6-31G(d,p) level.
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The geometry of the complexes of each conformer
of 1 with Zn** were optimized at B3LYP/DFT level.
The 6-31G(d,p) basis set was used for H, C, N and S
and the combination of double zeta valence basis set
(DZ) and Los Alamos effective core poten-
tial,(LANL2DZ), [32] basis set was used for Zinc.
The binding energy was calculated as the difference be-
tween the total energy of the complexes and the sum of
the total energies of the metal ion and the most stable
conformer of the isolated ligand. The basis-set super-
position error (BSSE) in the binding energy was esti-
mated with the new counterpoise correction method
which automates the geometry optimization of the
complexes on potential surfaces that are corrected for
this error [33]. All the calculations were performed with
the GAUSSIANO3 software [28].

3. Results and discussion
3.1. Structure and hydrogen bonding

The DFT optimized structures of the four con-
formers cone, partial cone (paco), 1,2-alternate (1,2-
alt) and 1,3-alternate (1,3-alt) of all the compounds
were obtained at B3LYP/ 6-31G(d,p) level. Unfortu-
nately, none of them have been experimentally
achieved yet, though very similar compounds with
tert-butyl groups at para position were synthesized,

namely the tetraamino-p-fert-butylthiacalix[4]arene
[34], tetramercapto-p-tert-butylthiacalix[4]arene [35],
and tetramercapto-p-tert-butylcalix[4]Jarene [36]. Com-
pounds 1 and 2 have been the subject of a previous
theoretical analysis in gas phase [22]. In order to keep
consistency in the present comparative study of the
compounds 1-4, the results for the conformational
equilibrium of 1 and 2 were checked using the new
features of GAUSSIANO03.The structures of cone con-
formers of all the four compounds are depicted in
Fig. 2, and the values obtained at B3LYP/6-
31G(d,p) level for some relevant geometrical parame-
ters are presented in Table 1. The results indicate that
sulfur bridged compounds (1 and 2) have a larger
cavity than the corresponding methylene bridged com-
pounds (3 and 4). The distances between the two dis-
tal and the two proximal sulfur atoms (S8'-S') are 7.9
and 5.6 A, respectively, for 1 and 2 whereas the cor-
responding distances in 3 and 4 are 7.3 A and 5.1 A,
respectively. The C-C’-C angle in methylene bridged
compounds is larger than the corresponding C-S'-C
angle in sulfur bridged compounds by about 10°.
We observe that the majority of the bond distances
and bond angles are not sensitive to the substituent
groups at lower rim (SH or NH,) in both classes of
compounds. The X-X distances (see Table 1) depend
on the atomic size and steric hindrance of substituent
groups, but they are not affected by the bridge
replacement. An interesting observation is that in

(d)compound 3 (2nd)

(e) compound 4

Fig. 2. Optimized structures of cone conformer of compounds 1-4 obtained at B3LYP/6-31G(d,p) level.
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Table 1
Structural parameters for cone conformers at B3LYP/6-31G(d,p) level

Compound 1*  Compound 2 Compound 3 1st possibility ~Compound 3 2nd possibility =~ Compound 4 Thiacalix[4]eureneb
Bond distance (A)
Y(-C, 1.80 1.80 1.53 1.53 1.53 1.80
C-C, 1.43 1.42 1.41 1.42 1.41 1.41
Cr-X; 1.36 1.77 1.43 1.39 1.80 1.36
Cr-Cs 143 1.42 1.41 1.42 1.41 1.41
Cs-Y) 1.80 1.80 1.53 1.53 1.53 1.80
Y,-Cs 1.81 1.81 1.53 1.53 1.53 1.80
Cy4—Cs 1.41 1.41 1.41 1.41 1.42 1.41
Cs—X, 1.40 1.78 1.43 143 1.81 1.36
Cs—Cq 1.41 1.42 1.41 1.41 1.42 1.41
Co-Y} 1.81 1.81 1.53 1.53 1.54 1.80
Y;,-Cy 1.80 1.80 1.53 1.53 1.53 1.80
C—Cg 1.43 1.42 1.41 1.42 1.41 1.41
Cg—X; 1.36 1.77 1.43 1.39 1.79 1.36
Cs—Cy 1.43 1.42 1.41 1.42 1.41 1.41
Co-Y, 1.80 1.80 1.53 1.53 1.53 1.80
Y,~Cio 1.81 1.81 1.53 1.53 1.54 1.80
Ci0C11 1.41 1.41 1.41 1.41 1.42 1.41
Ci1—Xy 1.40 1.78 1.43 1.43 1.81 1.36
C11-Ci2 1.41 1.42 1.41 1.41 1.42 1.41
Cix-Y} 1.81 1.81 1.53 1.53 1.53 1.80
X1-X5 3.27 3.94 2.93 3.19 3.82 2.74
X-X3 3.27 3.82 2.93 3.19 3.74 2.74
X3-Xy 3.27 3.94 2.93 3.19 3.77 2.74
XX 3.27 3.82 2.93 3.19 3.75 2.74
X1-X3 3.56 371 4.15 3.49 3.64 3.87
XXy 5.41 6.81 4.15 5.29 6.60 3.87
Bond angle® (°)
Ci-Y|-Cy 102.8 100.2 112.3 112.5 110.5 104.3
Y|-Ci-C, 121.5 121.3 121.8 121.0 122.4 120.7
C-Cxr-X 121.5 118.0 118.1 120.3 119.1 122.2
Cr-C5-Y) 121.5 122.5 122.7 121.0 122.2 120.7
C5-Y5-Cy 102.8 100.0 112.3 112.5 110.3 104.3
Y,—C4—Cs 119.9 120.9 121.8 123.5 124.3 120.7
Cy—Cs—X, 120.6 118.4 118.1 119.6 121.1 122.2
Cs—Cs-Y} 119.9 122.1 122.7 123.5 124.3 120.7
Co-Y5-C; 102.8 100.2 112.3 112.5 110.4 104.3
Y;-C7Cs 121.5 121.3 121.9 121.0 121.4 120.7
C—-Cs—X3 121.5 118.0 118.1 120.3 116.0 122.2
Cs—Co-Y), 121.5 122.5 122.7 121.0 123.0 120.7
Co-Y,~Cio 102.8 100.0 112.2 112.5 110.6 104.3
Y,~Cio-Cii 119.9 120.9 121.8 123.5 124.9 120.7
Cip-Ci1—X4  120.6 118.4 118.1 119.6 118.2 122.2
Ci—-Ci-Y; 1199 122.1 122.7 123.5 124.8 120.7
o° (°) 109.1 ;7.2 95.5;26.4 57.5;57.17 97.3;11.2 89.4; 13.1 772 ;774

X is denoted to the atom N for compounds 1 and 3; the atom S for compounds 2 and 4 and O for thiacalix[4]arene, respectively. Y is denoted to
the atom S and C for the sulfur bridged compound (compounds 1 and 2) and the methylene bridged compound (compounds 3 and 4), respectively.

4 Ref. [22].
® Ref. [21].

tetraaminocalix[4]Jarene (3) the four amino groups at
lower rim can adopt two different patterns of hydro-
gen bonds (named 1Ist and 2nd) with a small energy
gap, which was not observed in the tetrahydroxyca-
lix[4]arene [37]. The first pattern possesses C; symme-
try and the corresponding conformer is less stable, ca.
3 kecal mol™!, than the second one which shows C,
symmetry. The results show that the X-X distances
in the first possibility of cone are shorter than in

the second possibility. The cone conformer of 1 and
2 present C,-like symmetry rather than the C; sym-
metry obtained for the parent thiacalix[4]arene [21],
as the X;—X3 and X,—X, distances are not identical
anymore, nor the angles ¢ (see Table 1) formed by
two opposite benzene rings are consistent. A cone
conformer possessing C, symmetry is called pinched
cone and seems to play a relevant role at low temper-
ature in thiacalix[4]Jarene derivatives [38,39].
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As expected, the optimized structures present an ar-
ray of hydrogen bonds that contribute dominantly to
the stabilization of the conformers. Hydrogen bonds in
cone conformers are also shown in Fig. 2; information
concerning the other conformers can be supplied upon
request. The most favorable arrangement of hydrogen
bonds for both cone and paco conformers of 1 shows
two amino groups playing as donors and the others as
acceptors (see Fig. 2(a) for cone). It differs from the par-
ent thiacalix[4]arene, where each hydroxyl group acts
simultaneously as a donor and as an acceptor [21]. It
is interesting to note that NH-N hydrogen bond dis-
tances and N-H-N bond valence angles are 2.28 A
and 167.6°, respectively, whereas the OH-O hydrogen
bond distances are 1.82 A in parent thiacalix[4]arene
[21]. The number of hydrogen bonds between amino
groups is four and it decreases to two in paco and
1,2-alt, and none in the /,3-alt. The additional NH-S’
bonding between amino groups and sulfur bridges is
also observed in 1. The bond distance NH-S’ and the
bond angle N-H-S' of cone conformer at B3LYP/6-
31G(d,p) level are 2.58 A and 108.2°, respectively.

As referred above, in 3 two different arrays of
hydrogen bonds with similar energies can be found in
cone and in paco conformer as well. In the first pattern
(see Fig. 2(c) for conme), the arrangement of hydrogen
bonds reminds the one adopted by hydroxyl groups
in parent thiacalix[4]Jarene and, for the second pattern
(Fig. 2(d)), the array of hydrogen bonds corresponds
to the one of 1. The latter pattern is the most stable
for cone and paco in 3. The NH-N hydrogen bond dis-
tances and N-H-N bond valence angles for the first
pattern are 1.93 A and 164.0°, respectively, but 2.18
A and 177.5° for the second pattern. This also supports
the idea that hydrogen bonding is stronger in the sec-
ond pattern than in the first one. The presence of the
methylene bridges increases the hydrogen bond angle
by about 10°. The number of such hydrogen bonds be-
tween amino groups is four in the first and second cone
conformation, two in first and second paco and 1,2-alt,
and none in the 7,3 alt.

Even though the steric hindrance and the weaker
acceptor character of thiol groups (-SH) in 2 seems to
form less effective hydrogen bonds, the orientation of
the —SH hydrogens towards sulfur bridges may contrib-
ute to stabilize all the conformations much more than
the hydrogen bonds between —SH groups as shown in
Fig. 2(b). This hypothesis is supported for instance by
the cone structure where the distances SH-S’ (2.50 ﬁ&)
are shorter than the distances SH-S (2.73, 3.15 A).
For comparison, the optimized cone structure of the cor-
responding methylene bridged compound 4, obtained at
same DFT level, is presented in Fig. 2(e). The hydrogen
bond distances SH-S are in the range of 2.48-2.67 A
and seem to contribute to stabilize the cone conformer.
However, the absence of the acceptor sulfur bridges

explains the relative smaller stability of cone when com-
pared with /,3-alt (see Table 2).

3.2. Energetics and conformational equilibrium

Taking the total energy of the most stable conformer
as a reference (cone for 1 and 2, and /,3-alt for 3 and4),
the energy differences (AE) of the other conformers ob-
tained at different DFT levels are reported in Table 2.
The stability ordering of 1 and 2 is predicted to be:
1,2-alt < 1,3-alt < paco < cone. By contrast, the stability
ordering of 3 is modified to 1st cone <2nd cone 1st
paco < 1,2-alt <2nd paco < 1,3-alt and for 4 is: 1,2-
alt < paco < cone < 1,3-alt. The hydrogen bonding be-
tween the amino groups (NH-NH) and between the
NH hydrogens and sulfur bridges (NH-S’) seems to give
a dominant contribution in stabilizing the cone and paco
conformer of 1, whereas the 1,3-alt conformer 1is stabi-
lized only by NH-S’ bondings. Interestingly, previous
experimental studies concluded that a similar com-
pound, the tetraamino-p-tert-butylthiacalix[4]arene
adopted a typical pinched-cone conformation upon com-
plexation with Pd*>" ion [40], which contrasted with the
geometry of the uncomplexed [,3-alt conformer
obtained in the solid state [34]. The experimental results
suggest, therefore, the great flexibility of the molecule.
In fact, the DFT calculations indicate that the energy
gap between conformers is ca. 4.0 kcal mol~'. For 2,
the cone is predicted as the most stable conformer. By
contrast, the solid state conformation adopted by a sim-
ilar compound, namely tetramercapto-p-tert-butyl-
thiacalix[4]arene obtained by X-ray diffraction was the
1,3-alt conformer [35]. The DFT calculations show in-
deed a small energy gap of about 2 kcal mol~' between
these conformers.

The same stability ordering was obtained in a previ-
ous theoretical study of the parent thiacalix[4]arene
[21]. It seems that the nature of the substituent groups
at lower rim does not affect the conformational equilib-
rium. However, we have found a reduction of AE for all
conformers of 1 and 2, especially for 1,when compared
with the hydroxylated thiacalix[4]arene. It may be sug-
gested that the weaker intramolecular hydrogen bonds
in both compounds reduce the relative stabilization of
the conformers, as the breaking of a hydrogen bond
when the molecule changes to a less stable conformer
is not so energetically unfavourable.

Concerning the methylene bridged compounds, the
most stable conformer is predicted to be the 1,3-alt
for both compounds, which differs from the sulfur
bridged compounds. The reason for this point in 3
may be due to the absence of acceptor sulfur atoms
and the favorable N-H/r interactions between the ami-
no hydrogens and the adjacent aromatic rings which
are observed in the paco and alternate conformers.
Unfortunately, no experimental data are still available
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Table 2

Relative energy (AE, in kcal mol™}) of the main conformers of compounds 1-4 at different DFT levels (the energy of the most stable conformer was

taken as reference in each case)

Ist cone 2nd cone 1st paco 2nd paco 1,2-alt 1,3-alt
Tetraaminothiacalix[4]arene: compound 1
B3LYP/6-31G(d,p)*°® vacuum 0.00 - 1.41 6.83 4.11
B3LYP/6-311G(d,p)>°  vacuum - 0.00 - 1.37 6.70 4.36
B3PW91/6-311G(d,p)*>  vacuum - 0.00 - 0.89 6.48 2.94
OPTXPBE/6-311G(d,p)° vacuum - 0.53 - 0.00 4.06 0.50
PBEPBE/6-311G(d,p)°  vacuum - 0.00 - 0.45 5.89 1.94
B3LYP/6-31G(d,p)° chloroform - 0.00 - 1.79 6.87 5.92
B3LYP/6-31G(d,p)*  dichloromethane - 0.00 - 1.56 6.66 6.01
Tetramercaptothiacalix[4]Jarene: compound 2
B3LYP/6-31G(d,p)** vacuum 0.0 - 1.81 - 497 2.04
B3LYP/6-311G(d,p)>®  vacuum 0.0 - 2.16 - 5.15 2.10
B3PW91/6-311G(d,p)®>®  vacuum 0.0 - 2.67 - 5.85 2.75
OPTXPBE/6-311G(d,p)° vacuum 0.0 - 2.65 - 4.78 2.36
PBEPBE/6-311G(d.p)®  vacuum 0.0 - 291 - 5.72 2.85
B3LYP/6-31G(d,p)° chloroform 0.0 - 1.72 - 4.75 0.66
B3LYP/6—31G(d,p)d dichloromethane 0.0 - 1.54 - 4.68 0.05
Tetraaminocalix[4]arene: compound 3
B3LYP/6-31G(d,p)* wvacuum 13.22 10.49 7.63 5.24 7.12 0.0
B3LYP/6-311G(d,p)® vacuum 13.15 9.56 7.32 4.66 6.46 0.0
B3PW91/6-311G(d,p)® vacuum 15.72 11.77 8.69 5.92 7.78 0.0
OPTXPBE/6-311G(d,p)° vacuum 20.82 15.61 10.80 8.18 9.56 0.0
PBEPBE/6-311G(d,p)°  vacuum 17.10 12.52 9.35 6.41 8.19 0.0
B3LYP/6-31G(d,p)° chloroform 9.96 5.71 5.06 2.14 4.30 0.0
B3LYP/6-31G(d,p)® dichloromethane 9.24 4.82 4.55 1.44 3.70 0.0
Tetramercaptocalix[4]arene: compound 4
B3LYP/6-31G(d,p)* vacuum 1.03 - 1.20 - 2.36 0.0
B3LYP/6-311G(d,p)® vacuum 1.73 - 1.06 - 2.59 0.0
B3PW91/6-311G(d,p)®  vacuum 1.58 - 1.16 - 2.58 0.0
OPTXPBE/6-311G(d,p)° vacuum 2.02 - 2.94 - 1.72 0.0
PBEPBE/6-311G(d.p)®  vacuum 0.76 - 1.75 - 1.50 0.0
B3LYP/6-31G(d,p)° chloroform 0.54 - 1.67 - 1.99 0.0
B3LYP/6—31G(d,p)d dichloromethane 0.45 - 1.80 - 1.94 0.0

% Geometries were optimized at this level of the theory.
® Geometries were optimized at B3LYP/6-31G(d,p).

° Free energy of solvation difference (AAGi; in kcal mol™) in chloroform.
9 Free energy of solvation difference (AAG,,, in kcal mol™") in dichloromethane.

¢ Ref. [22].

for comparison. In the particular case of 4, 1,3-alt is
also the most stable conformer, which is in good agree-
ment with a previous experimental study on a similar
molecule, tetramercapto-p-tert-butylcalix[4]arene,
where it was concluded that the /,3-alt conformer is
favored both in solution and in solid state [36]. On
the other hand, cone and paco are almost identical
from the energetical point of view, the energy difference
between both conformers is ca. 0.20 kcal mol~! and
they lie ca. 1.0 kcal mol~' above the /,3-alt. These re-
sults suggest that 4 may be more flexible than 2, and
that interconversion between conformers can easily oc-
cur. This conclusion is in good agreement with previ-
ous experimental work by Hill et al. [41] who
observed that a conformational conversion of the /,3-
alt to the cone conformer occurred in the adsorption
of the tetramercapto-p-tert-butylcalix[4]arene onto a
rough silver surface.

Some interesting results are obtained from a variety
of additional single point calculations. It may be seen
in Table 2 that, in general, triple zeta basis set is able
to decrease the value of AE when compared with the
double zeta basis set. However, this is not observed with
the compounds in which substituent groups at lower rim
are thiol groups. The B3PW91 functional can reduce AE
for all the conformers of 1 when compared with B3LYP
functional. Single point calculations at B3LYP/6-
311G(d,p) level show that the relative stability ordering
of paco and 1,3-alt of 2 is reversed when compared with
B3LYP/6-31G(d,p) results. The stability ordering of
paco and cone in 4 is also reversed for single point calcu-
lations at both B3LYP/6-311G(d,p) and B3PW91/6-
311G(d,p) levels.However, all the calculations predict
that there is a small AE between these conformers in
1, 2 and 4. This suggests the possibility of interconver-
sion between conformers especially for 4.
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The new exchange and correlation functionals,
namely OPTXPBE and PBEPBE, are available in the
new version of GAUSSIAN program [28], and were
tested for these molecular systems through additional
single point calculations with the 6-311G(d,p) basis
set. Compared with the B3LYP and B3PWO91 func-
tional, PBEPBE seems to give similar results except in
4, while the results obtained with the OPTXPBE are
quite different in 1 and 4. On the other hand, these
new exchange-correlation functionals are able to reduce
AE for 1 much more than previous ones. Comparison of
OPTX and PBE exchange functionals indicates that the
PBE can reduce AE much more than OPTX in the meth-
ylene bridged compounds. From these results, we may
conclude that PBEPBE can be better than OPTPBE to
apply as new functional for the study in conformational
analysis of this particular molecular system.

The total free energy difference (AAG,) for conform-
ational transition in solvent was obtained with a combi-
nation of B3LYP/6-31G(d,p) level and IEF-PCM
methodology [31]. This takes into account the influence
of the solvent through a mean electrostatic potential.
The large size of the molecular systems does not allow
a geometry optimization or inclusion of individual sol-
vent molecules in the first solvation shell. However, it
is expected that molecules such as chloroform and
dichloromethane do not make short interactions with
the atoms of the solutes that could eventually induce a
change in their geometries. Therefore, the study of the
solvent effect was carried out by single-point calcula-
tions on the structures previously optimized in vacuum.
The results obtained for solvents chloroform and dichlo-
romethane, are reported in Table 2, where the total free
energy in solution (AGs,) of the most stable conformer
is taken as reference. The AG,, is the sum of the elec-
tronic energy and all the non-electrostatic terms such
as cavitation, dispersion and repulsion energy. The elec-
trostatic influence of chloroform and dichloromethane
solvents does not modify the stability ordering of the
compounds obtained in vacuum, except the reversion
between the paco and 1,3-alt in 2. However, the AE val-
ues are reduced in both solvents for all the conformers,
especially in 3, but not for 1. The values of AAG; of all
the compounds in dichloromethane are smaller than in
chloroform. These results suggested that the polarity
of the solvent can affect the energy difference between
conformers in solution.

Many conformational studies of tetraalkoxythiaca-
lix[4]arene using a combination of NMR spectroscopy
and X-ray diffraction analysis may be found in the liter-
ature [38,42,43]. A variety of different conformations of
tetraalkoxythiacalix[4]arene derivatives were reported,
whereas the parent thiacalix[4]arene adopt only cone
conformation both in solution and in solid state. The
fast interconversion of the four conformers of tetra-
methoxythiacalix[4]arene is observed in CDCl; solution

[38b] whereas the presence of all the four possible con-
formers of tetracthoxythiacalix[4]arene was found in
Cl, CDCDCI, solution at room temperature [38a]. Very
interestingly, the lowering of temperature leads to the
appearance of pinched cone conformer in both com-
pounds [38a, 38b]. The introduction of propoxy groups
into the lower rim could lead to the formation of four
stable isomers [42]. The X-ray analysis of the tetrameth-
oxy-p-tert-butylthiacalix[4]Jarene showed that it adopts a
1,3-alt conformer and, by contrast, the tetramethoxythi-
acalix[4]arene was found to adopt an unprecedented
solid-state structure where the cone and 1,3-alt conform-
ers co-exist in the crystal lattice with a 3:1 ratio [38b].
From all these points we can conclude that the enlarge-
ment of cavity in the sulfur bridged derivative com-
pounds produces a higher conformational mobility
and flexibility in comparison with the methylene bridged
compounds. This suggests that interconversion between
all the four conformers of the thiacalix[4]arene deriva-
tives can easily occur. This phenomenon reflects the dis-
tinct conformational behavior of thiacalix[4]arene
skeleton as compared with classical calix[4]arene. There-
fore, it is not surprising that the DFT results of the sul-
fur bridged compounds (1 and 2) indicate the cone
conformer as the most stable, which contrasts with the
most stable /,3-alt conformer of similar molecules ob-
tained by X-ray studies at solid state [34,35].

3.3. Charge distribution

Partial charges for the cone conformer of all the com-
pounds and parent thiacalix[4]arene are reported in
Table 3. The charge distribution was calculated by the
Merz-Kollman-Singh (MK) scheme [44] at B3LYP/6-
31G(d,p) level, which is a fitting of point charges, se-
lected on a set of concentric spheres around each atom,
to the calculated electrostatic potential. For simplicity,
and owing to the Cy-like or C,-like symmetry of the sys-
tems, we present only data for one benzene ring or two
contiguous benzene rings, respectively. The high nega-
tive charges of donor atoms at lower rim are predicted
to follow the order: NH, > OH > SH in both the sulfur
and methylene bridged compounds. However, the
replacement of the four methylene bridges by the more
negative sulfur atoms reduces the charges of the donor
atoms. The bridging sulfurs exhibit more negative
charge in 1 and 2 than in the parent thiacalix[4]arene.
This may suggest a higher ability of the sulfur bridged
compounds to bind metal ions. This is in good agree-
ment with experimental information [40], which showed
that the two tetraamino-p-tert-butylthiacalix[4]arene can
bind two Pd*" ions with a frans-square planar coordina-
tion geometry via two sets of sulfur and nitrogen atom-
s.It is interesting to note that the negative charges of N
donor atoms in second pattern of 3 are higher than in
the first pattern. The higher negative charges of N donor
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Atomic charges (in €) calculated by MK scheme for the cone conformer of compounds 1-4 and parent thiacalix[4Jarene at B3LYP/6-31G(d,p) level

Atoms?* Compound 1° Compound 2° Compound 3 Compound 4 Thiacalix[4]arene®
Ist 2nd

Cl 0.13 0.41 0.08 —-0.07 0.12 —0.12

C2 0.10 -0.33 0.12 0.46 0.10 0.39

C3 0.13 0.36 0.00 —-0.07 0.11 —0.16

X1 —0.55 —-0.19 —0.31 —0.99 —0.28 —0.42

HI 0.23 0.19 0.19 0.43 0.16 0.30

HI’ 0.23 0.09 0.43

Y1 —0.24 —0.27 -0.17 —0.11 0.02 —0.13

Cl13 —0.09 -0.21 -0.21 -0.21 —0.33 0.04

Cl4 —0.30 —-0.15 —0.16 —0.15 0.02 —0.31

Cl15 —0.09 —0.20 —-0.14 -0.21 —0.32 0.04

Cc4 —0.01 0.25 0.02 —-0.16

C5 0.31 —0.03 0.16 0.16

C6 0.01 0.17 —0.01 0.12

X2 —0.51 -0.20 —0.95 —0.32

H2 0.27 0.21 0.40 0.24

H2' 0.27 0.40

Y2’ —0.24 —0.24 —0.11 0.03

Cl6 —-0.18 -0.33 —-0.17 —0.11

Cl17 —0.09 0.03 —0.15 —0.11

Cl18 —-0.19 -0.27 —-0.17 —0.25

# X is denoted to the atom N for the compounds 1 and 3, S for the compounds 2 and 4 and O for thiacalix[4]arene, respectively (refer to Fig. 2). Y
is denoted to the sulfur bridge atom in compounds 1 and 2, and the methylene carbon atom in compounds 3 and 4.

® Ref. [22].
° Ref. [21].

atoms in 3 can suggest new ligands with better binding
sites for inclusion complexes with metal ions. The charge
distribution of S donor atoms and C atoms in benzene
rings of 4 exhibit negative charge. This suggests also that
both regions can dominantly contribute to bind metal
ions. A previous experimental study demonstrated that
a similar compound, the tetramercapto-p-tert-butylca-
lix[4] arene, was able to form mono- and bi-nuclear mer-
cury complexes in which calix unit adopted the 1,3-alt
conformation [36a]. The Hg>" was strongly coordinated
to two thiolate moieties and may have other weak inter-
actions with two aromatic rings, thus fulfilling its 2p+4’
coordination model requirements. From these observa-
tions, we realized that sulfur bridged compounds have
more binding sites than methylene bridged compounds,
which reflects the diversity of complexation with metal
ions. Interestingly, benzene ring carbons, especially
those at the upper rim side (C;3-Cj3), carry a reasonable
negative charge. This suggests an important contribu-
tion to non covalent cation-m interactions upon com-
plexation with metal ions.

3.4. Structure and energetic analysis of Zn’" complexes
with compound 1

The optimized structures of each conformer of tetra-
aminothiacalix[4]arene (1) and the corresponding com-
plexes with Zn>" are gathered in Fig. 3. Obviously, the
N atoms in the amino groups at the lower rim of com-
pound 1 have a dominant role in the coordination of

Zn*". A four coordination model may provide either
tetrahedral or square-planar geometry. The electron
configuration of the Zn>" ion is 3d'°, which corresponds
to a completely fulfilled d block. The Zn** four coordi-
nation complexes seems to favor the tetrahedral geome-
try which is in agreement with the valence shell electron
pair repulsion (VSPER) theory. Some geometry param-
eters are gathered in Table 4. As shown in Fig. 3, the
Zn*" complex of 1,3-alt adopts an asymmetric and
slightly distorted tetrahedral structure (see Fig. 3(d))
whereas the complexes of /,2-alt and paco favor a square
planar coordination (see Figs. 3(c) and (b)). The bond
angles N;—-Zn-N,, N;-Zn—-N; and N;-Zn-N, in the
1,3-alt complex are 104.0°, 121.1° and 103.9°, respec-
tively. The corresponding bond angles in /,2-alt complex
are 91.0°, 180.0° and 89.0°, respectively which are close
to the standard square planar structure (90.0°, 180.0°).
In paco complex the values of those angles are 92.0°,
146.3° and 92.0°, respectively, which correspond to a
distorted square planar coordination. By contrast, only
two N donor atoms are coordinated to Zn>* in the cone
complex (see Fig. 3(a)); it is interesting to refer the role
of the m-electron density of two opposite benzene rings
to accomplish a tetrahedral-like structure. In addition,
the Zn-N bond lengths remain approximately the same,
namely 2.14, 2.18 and 2.16 A in 1,3-alt, 1,2-alt and cone
complexes, respectively. In paco complex two different
values of this bond length are observed: 2.14 A and
2.18 A. There is no variation of N-H and N-C distances
among different complexes or isolated ligand conform-
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(d) 1, 3-alternate conformer

Fig. 3. Conformers of tetraaminothiacalix[4Jarene (1) and the corresponding Zn>" complexes. Optimized structures obtained at B3LYP/DFT level,
using the 6-31G(d,p) basis set for free-ligand and LANL2DZ for Zn>*.

ers. However, a slight increase of N—C bonds, less than contrast, most of the bond angles like H-N-H and H-—
0.10 A, is observed upon complexation, except the case N-C are reduced by about 4.0-7.0° in the paco, 1,2-alt
of N,—C and N4—C bonds of cone because these nitro- and /,3-alt complexes when compared with the corre-
gens do not establish a close interaction with Zn>". By sponding isolated ligands. For the cone complex, a
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Table 4

Structural parameters for each conformer of the compound 1 and their corresponding complex with Zn>*®

parameter cone Zn-cone paco Zn-paco 1,2-alt Zn-1,2-alt 1,3-alt Zn-1,3-alt
Bond distance (A)

H,-N,; 1.008 1.025 1.010 1.023 1.012 1.020 1.008 1.022
H|-N; 1.008 1.024 1.010 1.023 1.012 1.021 1.008 1.022
Ni-C, 1.358 1.446 1.356 1.450 1.387 1.447 1.370 1.450
H,-N, 1.013 1.010 1.012 1.022 1.012 1.021 1.008 1.022
H,-N, 1.013 1.010 1.011 1.025 1.009 1.020 1.008 1.022
N»-C, 1.402 1.357 1.387 1.452 1.374 1.447 1.370 1.450
H;-N; 1.008 1.024 1.008 1.020 1.012 1.020 1.008 1.022
H4{-N; 1.008 1.025 1.008 1.020 1.012 1.021 1.008 1.022
N;-C; 1.358 1.446 1.373 1.459 1.387 1.447 1.370 1.450
H, N, 1.013 1.014 1.011 1.025 1.012 1.021 1.008 1.022
H)—Ny 1.013 1.014 1.012 1.022 1.009 1.020 1.008 1.022
N4Cy 1.402 1.386 1.387 1.452 1.374 1.447 1.370 1.450
Zn-N,; 2.161 2.144 2.180 2.136
Zn-N, - 2.175 2.180 2.136
Zn-Nj; 2.161 2.155 2.180 2.136
Zn—Ny - 2.175 2.180 2.136
Bond angle (°)

H,-N,-H; 117.43 107.73 116.67 108.25 113.80 108.02 114.96 107.72
H-N-C 120.84 109.15 121.66 108.05 114.69 110.91 117.33 110.82
H|-N,-C, 120.84 108.61 121.66 108.05 114.35 109.21 117.33 110.73
Hyo-Np-H) 113.13 115.74 114.39 107.55 113.69 108.02 114.96 107.72
H,-N,-C, 113.88 120.54 114.83 109.12 115.98 109.22 117.33 110.81
H,-N»-C, 113.88 120.54 114.90 108.67 116.83 110.91 117.33 110.72
H;-N3-Hj 117.43 107.73 113.75 107.32 113.80 108.02 114.96 107.72
H;-N3-C; 120.84 108.61 116.72 110.75 114.69 110.91 117.33 110.82
H{-N3-C; 120.84 109.15 116.72 110.75 114.35 109.21 117.33 110.73
H4—Ny-Hj 113.13 112.82 114.39 107.55 113.69 108.02 114.96 107.72
H4N4,-Cy 113.88 115.46 114.90 108.67 115.98 109.22 117.33 110.81
H,-N4-C,4 113.88 115.46 114.84 109.17 116.83 110.91 117.33 110.72
Zn-N;-C, 114.08 111.12 99.02 96.90
Zn-N,-C, - 104.94 98.97 96.93
Zn-N;-Cs 114.06 99.28 99.03 96.90
Zn-Ny4Cy - 104.93 98.98 96.93
N;-Zn-N, 91.97 90.98 104.0
N|—Zn—N; 103.54 146.27 179.99 121.07
N|—Zn-Ny 91.98 89.03 103.93
No—Zn—Nj 94.97 89.03 103.93
N>—Zn-Ny 155.71 179.99 121.25
N3—Zn-Ny 94.98 90.97 103.99

2 Each conformer of compound 1 was optimized at B3LYP/6-31G(d,p) level and its complex with Zn>" was optimized at B3LYP/6-31G(d,p) for

ligand and B3LYP/LANL2DZ for Zn*".

different behavior is observed; the bond angles involving
N atoms interacting directly with Zn>" are reduced by
ca. 10.0° whereas angles involving non-bonding nitrogen
(N5, Ny) are increased by about 5.0°.

The energetic analysis of all the conformers of the
free compound 1 and their complexes with Zn>" ion is
summarized in Table 5. The results include the compu-
tation of binding energies (Epinding) defined as the total
energy of complex minus the sum of the total energies
of the metal ion and the most stable free ligand con-
former, i.e., the cone structure. The binding energy
ordering of the complexes was found to be paco < 1,3-
alt < 1,2-alt < cone, which differs from the stability
ordering of the free ligand conformers. An estimate of
the basis set superposition error (BSSE) in the binding

energy was obtained from a procedure that allows auto-
matic calculation of the counterpoise correction within
the geometry optimization of complexes that are cor-
rected for this error [33]. The effect of BSSE can improve
a little the Eyinging by reducing the values ca. 6.5-7.0
kcal mol~! for each complex. However, this effect does
not modify the binding energy ordering. Strain energies,
Egain Were calculated by the difference between the
energies of 1 in its most stable conformation and in
the complex structure. Surprisingly, the Zn** complexes
with 1 prefer the paco and 1,3-alt conformations. The
Epinging 0f paco complex is smaller than /,3-alt complex
about 1.2 kcal mol ™!, though both conformers must un-
dergo a large deformation to complex the Zn>' effi-
ciently. The cone conformer, however, suffers only a
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Table 5

Energetic information for the complexation between each conformer of the compound 1 and Zn

119

2+a

cone

partial cone

1,2-alternate 1,3-alternate

~2738.419859
—2803.484927
(—2803.474736)°

Total energy (a.u.): X °
Total energy (a.u.): X-Zn>"

E® (binding energy; kcal mol™?) —275.32
(—268.93)°

BSSE energy (kcal mol™!) 6.39

E (strain; kcal mol ") 21.81

~2738.417615
—2803.504513
(—2803.494057)

~2738.40898
—2803.492779
(—2803.481890)

~2738.413313
—2803.502495
(—2803.491205)

—287.61 —280.25 —286.35
(—281.05) (=273.42) (—279.26)
6.56 6.83 7.08
34.90 33.13 30.86

# Each conformer of compound 1 was optimized at B3LYP/6-31G(d,p) level and its complex with Zn>* was optimized at B3LYP/6-31G(d,p) for

ligand and B3LYP/LANL2DZ for Zn>".
® X is denoted to the free conformer of the compound 1.
¢ The values in parenthesis are corrected for BSSE.

9 The electronic energy of Zn>"at BILYP/LANL2DZ level is —64.62631 a.u.

little adaptation upon complexation. The observations
point out that the favorable tetrahedral geometry orien-
tation of strong Zn-N interactions can overcome the
strain energy of deformation and stabilize the complex.
Interestingly, the four N donors of the amino groups
play a more important role than the bridging sulfurs
in the coordination of the Zn>" ion. This is confirmed
by the longer Zn-S distances when compared with Zn—
N distances. In cone conformation, by contrast, the
Zn”>" binds only two N donor atoms and the Epinding
is less than the others, as shown in Fig. 3(a) and Table 5.

A previous study on a complex of Pd** with a similar
compound, tetraamino-p-tert-butylthiacalix[4]arene,
indicated that two ligands adopting a pinched-cone con-

formation are fused at the lower rims to coordinate two
Pd*" ions with a frans-square planar geometry via two
sets of nitrogen and sulfur bridge [40]. This may reveal
an additional contribution of the sulfur bridges in the
cone conformer to coordinate the Zn>" jon. Using the
same level of theoretical calculation, we have decided
to study the complexation of a single Zinc ion by two ca-
lix[4]arene molecules in cone conformation. In order to
save computing time, a simple and smaller model was
used to study complexation with Zn*" in the ratio 2:1.
This model comprises two ligands, each one using only
two aniline units linked by a sulfur atom in a conforma-
tion corresponding to a typical cone. The two structures
resulting from a complete optimization are presented in

(b)

Fig. 4. Two different orientations of the Zn?t complex with two cone conformer, obtained with the smaller model.
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Table 6
Comparison of some selected bond lengths (A) and bond angles (°) for first and second orientations of new model complex
Zn-X (A) X-Zn-Y (°)
Ist 2nd Ist 2nd
Zn-N; 2.26 2.27 N4—Zn—-N; 97.1 92.2
Zn-N, 2.28 2.27 N;—Zn-S§, 71.3 78.4
Zn—-N; 2.26 2.27 S1—Zn-N, 75.5 76.6
Zn-Ny 2.28 2.27 N>-Zn-S, 92.3 N3-Zn-S, 76.6
Zn-S,; 2.64 2.61 S>—Zn—Nj3 77.3 So>—Zn-Ny 78.3
Zl’l—SZ 2.64 2.61 N3—Zn—N4 95.5 Nz—Zn—N3 82.2
N37ansl 172.2 N]*ZH*N3 175.9
N|*ZH*SZ 172.2 S]*ZH*SZ 179.6
No—Zn—Ny 160.1 No—Zn-Ny 175.9

Numbering of each atoms as shown in Fig. 4.

Fig. 4, and some relevant geometry parameters are sum-
marized in Table 6. The structures reveal two different
octahedral orientations of sulfur and nitrogen atoms.
In the first orientation (Fig. 4(a)), one sulfur atom lies
in axial position and the other one is equatorial, whereas
for the second orientation (Fig. 4(b)), both sulfur atoms
lie in axial position. All the Zn-N and Zn-S bond dis-
tances are almost the same in both structures. The sec-
ond orientation is more stable by about 0.53 kcal
mol~! and the bond angles (X-Zn-Y) are closer to the
standard octahedral geometry (90°, 180°) than the first
one. The structure previously obtained for the 1:1 com-
plex (see Fig. 3(a)) was also analyzed with the small
model. For that, two opposite sulfur bridges of the com-
plex structure were replaced by hydrogens, and a single
point calculation was performed at the same DFT level.
The energy obtained this way lies above the two possible
octahedral orientations. This energetic behavior gives us
an idea of how favorable the octahedral orientation of
the 2:1 complex is. From these points, the simultaneous
binding of two cone conformers to Zn>" can be ascribed
to the presence of the sulfide linkage. The lone pair elec-
trons of sulfur can contribute to coordinate the cationic
center. In addition, the two N donor atoms of the amino
groups are able to form a set two of five-membered che-
lated rings per ligand (Fig. 4). The results seem to agree
with previous studies on the Zn>* complex with cone p-
tert-butylthiacalix[4]arene, in which it is notorious the
role of the bridging sulfurs in binding the Zn*" with
two adjacent phenoxide groups, forming two five mem-
bered rings [14a, 14c]. In the particular case of tetraami-
nothiacalix[4]Jarene (1), no experimental study has been
carried out yet, but the present study opens good per-
spectives in that direction.

4. Conclusion
The four main conformers of the sulfur bridged com-

pounds, namely tetraaminothiacalix[4]arene (1) and
tetramercaptothiacalix[4]arene (2), and the correspond-

ing methylene bridged compounds, namely tetraamino-
calix[4Jarene (3) and tetramercaptocalix[4Jarene (4)
have been studied by a DFT methodology. Our results
predict the cone to be the most stable conformer for
both sulfur bridged derivatives, which is in a good agree-
ment with a previous theoretical work on parent thiaca-
lix[4Jarene. On the other hand, the conformer adopts
1,3-alternate as the most stable conformation for both
methylene bridged derivatives. Interestingly, different
substituents at the lower rim do not affect the stability
ordering. Owing to a small difference in the relative ener-
gies of the conformers, especially in 4, the interconver-
sion between conformers is expected to occur easily.
For both sulfur bridged compounds, the intramolecular
bonding between hydrogen atoms and sulfur bridges
seems to be a dominant factor in the stabilization of
all the conformers rather than the hydrogen bonds be-
tween substituent groups at the lower rim. By contrast,
the favorable NH-r interactions between the amino
hydrogens and adjacent aromatic rings is a dominant
stabilization in 3. The free energy difference for con-
formational transition in chloroform and dichlorometh-
ane solvents was also obtained with a combination of
DFT level and IEF-PCM model. It is concluded that
both solvents do not affect the stability ordering of the
compounds. However, the values of the free energy dif-
ference in chloroform are higher than in dichlorometh-
ane, which is explained by the different polarity of the
solvents.

The structures and energetic of 1:1 Zn** complexes of
each conformer of 1 were analyzed in detail at B3SLYP/
6-31G(d,p) for ligand and B3LYP/LANL2DZ for Zn*".
An estimate of the basis set superposition error in the
binding energy was obtained from a procedure that al-
lows automatic calculation of the counterpoise correc-
tion within the geometry optimization of complexes
that are corrected for this error. The new sulfur bridged
compound 1 can bind Zn*>" in different coordination
environments, which depend on the conformation of
the ligand. It is interesting to note that close interactions
with the central Zinc ion are only established by the N
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atoms of the amino groups. In addition, a smaller and
new model was successfully applied to study the 2:1
complex with Zn>* via two units composed each by only
two anilines linked by one sulfur atom. Our results sug-
gest that for the cone conformer an asymmetric distorted
octahedral coordination is more favorable than the dis-
torted tetrahedral structure observed in the 1:1 complex.
In this case, the sulfur atoms interact directly with the
Zinc ion, and they both prefer the axial orientation of
an octahedral coordination. In addition, they contribute
with the N atoms to form a pair of five-membered che-
lated rings per ligand, which can be another factor for
the complex stabilization. This is in good agreement
with a previous study on the Zn>" complex with cone
p-tert-butylthiacalix[4] arene, where it is shown the
important role of the bridging sulfurs in binding the
Zn** with two adjacent phenoxide groups and the for-
mation of two five membered rings.

In conclusion, the new sulfur bridged compound 1
shows a good binding capability to form complexes with
Zn>", owing to the coordination sites of sulfur atoms
and amino groups. This work opens a new strategy in
the study of host—-guest properties in metal-binding for
transition metal complexes. The study of specific selec-
tivity of this compound towards several transition met-
als is an interesting topic, which is now being
investigated.
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