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BANCHOB WANNO: THEORETICAL STUDY OF THIACALIX[4]ARENE
DERIVATIVES AND THEIR ZINC(Il) COMPLEXES. THESIS ADVISOR:
ASSOC. PROF. VITHAYA RUANGPORNVISUTI. 98 pp.

The four tvpical conformers of thiacalix[4 |arene and sulfonylcalix|4)arene derivatives
have been studied using the density funetional theory (DFT) at BILYP/6-31G(d) level of
theorv. The most stable conformer is found tobecone for thiacalix[4]arene derivatives and /, 3-
alternate for sulfonylcalix[4jarene derivatives inwhich an intramolecular hydrogen bond plays
an important factor for the conformational stability. Effect of solvents, i.e.. water, chloroform
and dichloromethane on stability of sulfonylcalix[4jarene derivatives has been computed using
the CPCM solvation model combined with DFT method. It is found that all solvents are
slightly effect to their stahility, The interconversion between cone and partial cone conformers
found in each derivative has been predicted at B3LYP/6-31G(d) level of theory. 1t is clearly
seen that bridge tvpes of calix[4jarene show a strongly effect to the interconversion whereas
the interconversion barrier of sulfonvl (-50.-) bridges of sulfonylcalix[4|arene derivatives is
higher than that of sulfir (+8-) bridges of thiacalix|[4 |arene derivatives approximately twice
times. The complexations between zinc Hyon and the cone conformer of thiacalix[4]arene and
sulfonvicalixf4Jarene derivatives-have been investigated ar BILYP/6-31G(d) level of theory.
The result shows that all of Complexations are an exothermic process. Iurthermore. the
complexation between the Zinc(i) fon and thiacalix{4jarene vields the highest energy which
results from the métal-ligand charge transfer (MLCT) effect found on its complex.

The host — guest complex of thiacalix|4]arene (1atbtcda) and calix|4)arene (tatbcda)
receptors with a series of-carboxylate guests (acetate, oxalate, malonate, succinate, glutarate.
adipate, and”pimelai€) hds been stidied uging (Gthe ONIONM(BREYP/6-31G(d):AM ) method.
All optimized strictures are carried out by the BALY P/e-31G(d) single point calculation. The
relative. stabilities. of -the tathtcda. and. tatbeda _complexes, with_carbaxyvlates in order are
malonate = oxaldle - succinate “Dglatarate and oxalaie = malonate & Succinate > glutarate -

adipate = pimelate, respectively.
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CHAPTER |

INTRODUCTION

In supramolecular chemistry, a wide variety of macrocyclic receptors are able
to recognize or selectively interact with neutral, anionic and cationic species to form
host-guest complexes which are extremely important in chemistry. Recognition is
related to selective host-guest receptors and is strongly dependent on the host-guest
intermolecular interactions. The one family of model systems in supramolecular host-

guest chemistry is calix[n]arenes. [1-3]

1.1 Introduction of calix[4]arenes

Calix[4]arenes (C4A) are macrocyclic compounds which consist of four
phenol rings connected via methylene bridges located ortho position to the hydroxyl
groups (see Figure 1.1a). These rings cannot be coplanar but adopt an orientation
which makes the molecule appear like a cup. They have been used increasingly in
supramolecular chemistry as building blocks for larger molecules which are designed
for the complexation of cations or neutral molecules. [1-3] The important
characteristic of the calix[4]arene structure is its m-rich electron cavity, which favors
the inclusion of charged guest compounds, which are stabilized by noncovalent
binding forces related to cation-n electron interactions.[3-5] The calix[4]arene have
four characteristic non-planar conformations, designated.as.cone (C), partial cone
(PC), 1,2-alternate (1,2-A), and '1,3-alternate (1,3-A) (see Figure 1.1b). Partial
functionalizations of calixarenes have been performed at their lower (phenolic OH
groups) and/or upper rims. ‘In_ addition, calix[4]arenes are highly useful cyclic
compounds in which the introduction of functional groups in the narrow or in the
wide rims can be designed to favor interactions with specific guest systems. This can

lead to the construction of very sophisticated molecular sensors.
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Figure 1.1 Chemical structures of (a) calix[4]arene, C4A and (b) four conformational

isomers of calix[4]arene derivatives, where R and R’ are any substituted groups.

1.2 Thiacalix[4]arene derivatives

The well known thiacalix[4]arenes (1 to 6) are the replacement of the bridging
CH> groups of calix[4]arene by S atoms whereas sulfonylcalix[4]arenes (7 to 12) and
sufinylcalix[4]arenes (13 to 18) are the replacement of the bridging CH, groups by
SO, and SO groups, respectively (see Figure 1.2 and Table 1.1). All thiacalix[4]arene
derivatives are interesting because of the affinity of sulfur atoms and/or oxygen
atoms. Thiacalix[4]arene favors transition metal ions while sulfonylcalix[4]arene
prefers alkaline earth metal ions. Interestingly, sulfinylcalix[4]arene can coordinate to
both groups of these metal ions. The increasing number of coordination sites leads to
significant changes of thiacalix[4]arene chemistry and a large diversity on their host—
guest properties, especially the inclusion complexes with ions of alkali and transition
metals. Further more, the cavity size is enlarged and the chemical reactivity and
chelating property are modified. [12,13] The replacement of OH groups at the narrow
rim of 1 and 7 with SH or NH; groups is also attractive in recognition systems. The
proposed binding modes of thiacalix[4]arene and sulfonylcalix[4]arene derivatives are
presented in Figure 1.3.
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Figure 1.2 Chemical structures of thiacalix[4]arene and

derivatives.
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Table 1.1 Compound names for thiacalix[4]arene derivatives

sulfonylcalix[4]arene

Compounds Names Y X R
1 thiacalix[4]arene S OH H
2 p-tert-butyl thiacalix[4]arene S OH  Butyl
3 tetramercapto thiacalix[4]arene S SH H
4 tetramercapto-p-tert-butyl thiacalix[4]arene S SH Butyl
5 tetraamino_ thiacalix[4]arene S NH, H
6 tetraamino-p-tert-butylthiacalix[4]arene S NH, Butyl
7 sulfonylcalix[4]arene SO, OH H
8 p-tert-butyl sulfonylcalix[4]arene SO, OH  Butyl
9 tetramercapto sulfonylcalix[4]arene SO, SH H
10 tetramercapto-p-tert-butyl sulfonylcalix[4]arene . SO, SH Butyl
11 tetraamino sulfonylcalix[4]arene SO, NH, H
12 tetraamino-p-tert-butyl sulfonylcalix[4]arene SO, NH,  Butyl
13 sufinylcalix[4]arene SO OH H
14 p-tert-butyl sufinylcalix[4]arene SO OH  Butyl
15 tetramercapto sufinylcalix[4]arene SO SH H
16 tetramercapto-p-tert-butyl sufinylcalix[4]arene SO SH Butyl
17 tetraamino sulfinylcalix[4]arene SO NH, H
18 tetraamino-p-tert-butyl sulfinylcalix[4]arene SO NH,  Butyl
C4A calix[4]arene CH, OH H
Butyl-C4A  p-tert-butyl calix[4]arene CH, OH  Butyl
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Figure 1.3 Proposed coordination manners of thiacalix[4]arene derivatives with (a) —

(g) metal ions and (h) inclusion complex.
1.3 Experimental study on calix[4]arenes and calix[4]arene complexes

Several studies have been reported in which the relative stability of
calix[4]arene conformations could be determined using experiments and theoretical
calculation methods. The increasing numbers of coordination sites lead to significant
changes of their chemistry and a large diversity in their host—guest properties, [14-19]
especially the inclusion complexes formed with alkali metal ions [16-23] such as
Mg**, Ca**, and Ba®*, and transition metal ions, ‘such as Co**, Ni**, Cu®, Pd®*, Ti*,
and Zn?*. Due to the hydrophobicity of calixarene cavity, some organic solvents could
be included within the cavity to form the inclusion complexes, and their X-ray
structures have been determined.[14-15, 24-25]

1.4 Theoretical study on thiacalix[4]arenes and thiacalix[4]arene complexes

Determination of three-dimensional arrangement of such supramolecular
entities in the solid state, usually single-crystal X-ray structure determination is
regarded as ultimately structural proof. However, this methodology strongly depends

on the accessibility of single-crystalline material. If such crystalline material is not



available, *C CP-MAS NMR, vibrational spectroscopy or thermochemical methods
are employed. In solution, NMR titration experiments have widely used for
characterization of inclusion process. The use of single-crystal structure analysis gives
directly access to the three-dimensional coordinates of the supramolecular systems.
Most spectroscopic methodologies depend on the interpretations and sometimes on
chemical intuitions. Computational approach is the one of the high progressional
supramolecular chemistry. This approach can lead to the microscopic insight into the
structural and thermodynamical features involved in the processes of molecular
recognition and supramolecular organization. Further more, computational approach
has been widely used to support and interpret the experimental results. Several
molecular and quantum mechanics studies have been focused on calixarenes,
especially to study their conformational preference, proton affinity and complexation
ability with some ions or guest molecules. [1 - 5]

During the last decade, many theoretical studies have been applied
successfully for theoretical investigation of calixarenes.[1, 2] However, only the part
of theoretical studies in thiacalix[4]arenes (1) were found. Bernardino and Costa
Cabral reported the structure and conformational equilibrium of thiacalix[4]arene (1)
using HF/3-21G, HF/3-21G(d,p), B3LYP/3-21G and B3LYP/6-31G(d,p) levels of
theory for geometry optimization. [26] Several single point energy calculations were
performed using different methods. The conformation stability was predicted in the
decreasing order to be: cone > partial cone > 13-alternate > 1,2-alternate.
Surprisingly, Ruangpornvisuti has been optimized four main conformers of 1 (and its
p-tert-butyl derivative, - compound © 2), using ‘semiempirical AM1 method and
computed their conformation energies using single point calculation at B3LYP/6-
31G(d). level of theory. The result showed that the stability order was as same as
Bernardino and Costa Cabral. [27]

Ruangpornvisuti research group also reported the structural investigation of
sulfonylcalix[4]arene (7), p-tert-butyl sulfonylcalix[4]arene (8).[28] Two different
types of hydrogen bonds in cone and partial cone conformers of 7, and cone
conformer of 8 have been found. Complexation between the most stable conformer
and zinc(Il) ion was processed by the exothermic reaction. Suwattanamala et al.

studied structural and conformational equilibriums of tetramercaptothiacalix[4]arene



(3) and tetraamino thiacalix[4]arene (5) using DFT methods. [29] The results showed
that cone conformer was the most stable conformer of both compounds and
substituted groups in the narrow rim. For example, -SH and -NH, groups were not
effective to the stability order. In addition, intramolecular bonds between hydrogen
atoms and sulfur bridges were a dominant factor in stabilizing all conformers rather

than hydrogen bonds between the groups of the lower rim.

1.5 Overall objectives

The aim of this study is to investigate the geometrical structures of typical
conformers of thiacalix[4]arene (1 to 6) and sulfonylcalix[4]arene (7 to 12)
derivatives as shown in Figure 1.2, their proton affinities, relative stabilities,
complexations with zinc(1l) ion and the relative energies using the density functional
theory (DFT) method at B3LYP/6-31G(d) level of theory. The electronic properties,
HOMO-LUMO molecular orbital energy gaps and isodensity surface of typical
conformers of thiacalix[4]arene and sulfonylcalix[4]arene derivatives, their zinc(ll)
complexes have been determined. The binding interactions between carboxylates and
thiacalix[4]arene (5, 6) derivatives receptors have been investigated theoretically by
using ONIOM methods to obtain their binding energies and thermodynamic data for

their interactions.



CHAPTER Il

THEORETICAL METHOD

A branch of chemistry that uses the results of theoretical chemistry
incorporated into efficient computer programs to calculate the structures and
properties of molecules is called computational chemistry (also called molecular
modeling). Examples of such properties are energy and interaction energy, charges,
dipoles and higher multipole moments, vibrational frequencies, reactivity or other
spectroscopic quantities. The main theoretical methods available belong to five board
classes as described below. [30-34]

Molecular mechanics (MM) is based on a model of a molecule as a collection
of balls (atoms) held together by springs (bonds). If we know the normal spring
lengths and the angles between them, and how much energy it takes to stretch and
bend the springs, we can calculate the energy of a given collection of balls and springs
i.e.,, of a given molecule; changing the geometry until the lowest energy is found
enable us to do a geometry optimization, i.e., to calculate a geometry for the
molecule. Molecular mechanics is fast: a fairly large molecule like calix[4]arene
[C2sH2504) can be optimized in seconds on a powerful desktop computer.

Ab initio calculations (also called ab initio guantum mechanics: ab initio is
from the Latin: “from the first principle”) are based on the Schrédinger equation. This
is a one of the fundamental equations of modern physics and describes, among other
things, how the electrons in molecule behave. The ab initio method solved the
Schrodinger equation for a molecule and gives us the molecule’s energy and wave
function. The wave function is a mathematic function that can be used to calculate the
electron distribution (and, in theory at least, any things else about the molecule). From
the electron distribution we can tell things like how polar the molecule is, and which
parts of it are likely to be attracted by nucleophiles or electrophiles. The Schrodinger
equation cannot be solved exactly for any molecule with more than one electron. Thus
approximation are used.

Semiempirical (SE) calculations are, like ab initio, based on the Schrodinger
equation. However, more approximation are made in solving it and the very

complicated integrals that must be calculated in the ab initio method are not actually



evaluated in SE calculations. On the other hand, the program draws on a kind of
library of integrals that was compiled by finding the best fit of some calculated entity
like geometry or energy (heat of formation) to the experimental values. This plugging
of experimental values into a mathematical procedure to get the best calculation
values is called parameterization (or parametrization). It is the combination of the
theory and experiment that makes the method semiempirical: It is based on the
Schrédinger equation, but parameterized with experimental values (empirical means
experimental). Semiempirical calculations are slower than MM but much faster than
ab initio calculations.

Density functional calculations (often called density functional theory (DFT)
calculations) are, like ab initio and SE calculations, based on the Schrddinger
equation. However, unlike the other two methods, the DFT does not calculate a wave
function, but rather derives the electron distributions (electron density functions)
directly. A functional is a mathematical entity related to a function. Density functional
calculations are usually faster than ab initio, but slower than SE.

Molecular dynamics (MD) calculations apply the laws of motion to the
molecules. Thus one can simulate the motion of an enzyme as it changes shape on
binding to the substrate, or the motion of a swarm of water molecules around a
molecule of solute. This section provides the introduction of the theoretical methods
used in this study. [35-37]

2.1 Density functional theory

Density functional theory (DFT) is an entirely different approach to
computational quantum chemistry from the wavefunction methods. [35-38] It involves
expressing the energy of a system as a functional of the electron density, p, rather than
of a wavefunction, w. This is based on the proof of Hohenberg and Kohn that There

exists a universal functional of the density, F[o(r)], independent of v(r) [the external
potential due to the nuclei], such that the expression E = [v(r)o(r)dr + F[p(r)] has as
its minimum the correct ground state energy associated with v(r). Density Functional

Theory is thus formally an exact theory given that the mathematical form of this

universal functional is known. Unfortunately, in practice it is not known, nor can it be



precisely determined or systematically improved. Approximate functionals have
therefore been proposed, often on the basis of fits which give the correct results for
certain well characterized systems. Density functional theory is, therefore, a semi-
empirical theory. It is important to note, however, that as DFT is based upon the actual
electron density, both dynamical and non-dynamical correlation are implicitly

accounted for in DFT calculations.
2.1.1 The Hohenberg-Kohn theorem

Within a Born-Oppenheimer approximation, the ground state of the system is

a result of the positions of the nuclei. In the guantum mechanics Hamiltonian

equation the kinetic energy of electrons ('I:e) and the electron-electron interaction

(\766) adjust themselves to the external potential (Vext) to get the lowest total energy.

Thus, the external potential can be uniquely determined from knowledge of the
electron density. The Hohenberg-Kohn theorem (1964) states that if N interacting

electrons move in an external potential Vg, the ground-state electron density pq(r)
minimizes the functional

Elo] = Flp]+ ] p(r)Ve, (r)dr 2.1
In equation (2.1) F[p] is a universal functional of o(r) and the minimum value of the

functional E is Eo, the exact ground-state electronic energy.
al
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and by using the variation principle, the density can be obtained.

2.1.2 The Kohn-Sham equations

Kohn and Sham (1965) introduced a method based on the Hohenberg-Kohn
theorem that allows one to minimize the functional E[n(r)] by varying o(r) over all the

densities containing N electrons. They derived a coupled set of differential equations
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enabling the ground state density pq(r) to be found. Kohn and Sham separated

F[p(r)] in equation (2.1) into three distinct parts, so that the functional E becomes

Lo =T.Lp]+ 2 (122 arde s [p] H pVe(r)er 23

where T [p(r)] is defined as the kinetic energy of a non-interacting electron gas with

density p(r),
W/
Lo = =S Zyi (Vs (r)dr 2.4
and E,.[p(r)] is the exchange-correlation energy functional. Introducing a

normalization constraint on the electron density, jp(r)dr =N, by the Lagrange’s
method of undetermined multiplier, we obtain

S{ELp(r]= uI[ p(r)dr ~N]j=0 25
where 4 is an undetermined Lagrange multiplier. The number of electrons in the

system is constant so N = 0. Then equation (2.5) reduces to

ELp(n)] - u6{[ p(r)ar)=0 26
Using the definition of the differential of the functional oF = j%éf (x)dx, and the
X
fact that the differential and the integral signs may be interchanged,
jmdo(r)dr—,ujép(r)dr =0 2.7
p(r)
SE[p(n)] SE[p(n)]
j{——y op(r)dr=0 » —— %= 2.8
op(r) 6p(r)
Equation (2.8) may now be rewritten in terms of an-effective potential, Vg (1) ,
oTs[p(r)]
+Vo (1) = 2.9
5p(r) off (N =4
where
Vet (1) =Vexe (1) + Iﬁdrl‘k\/xc (r) 2.10

and
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V. (r) = OEy:[p(r)] 211
X dp(r) '

To find the ground state energy, E,(r), and the ground state density, o, (r), the one

electron Schrodinger equation
1
(—Eviz +Vest (r)j¢l (r) =& (r) 2.12
should be solved self-consistently with
) 2
PN =2 (1) 2.13
Similar to the SCF procedure in the Hartree-Fock method, the density o(r) can be

solved iteratively. A self-consistent solution is required due to the dependence of

Verr (r) on p(r).
2.1.3 DFT exchange and correlations

The form of E,. is in general unknown and its exact value has been

calculated for only a few very simple systems. In the density functional theory, the

exchange energy is defined as

Ex[p1={glpINecl#lo]) - UL ] 214
when U[p] is the Hartree piece of the columbic potential. The correlation term is
defined as the remaining unknown piece of the energy:

Eclol= Flpl=T[pl-Ulpl-Ex[A] 2.15

Due to the definition of F[p], the correlation energy consists of two separate

contributions:
Eclpl=Tclpl+Uclp] 2.16
when Tc[p] and Uc[p] are the kinetic contribution and the potential contribution,
respectively, of the correlation energy.
In electronic structure calculations, E,. is most commonly approximated

within the local density approximation or generalized-gradient approximation. Ziegler

(1991) In the local density approximation (LDA), the value of E _[p(r)] is
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approximated by the exchange-correlation energy of an electron in homogeneous
electron gas of the same density p(r), i.e.

Ex2'lp(N]=[€ _(p(r)o(r)dr 217
The most accurate data for €Xc(p(l’)) is calculated from Quantum Monte Carlo
calculations. For systems with slowly varying charge densities this approximation
generally gives very good results. An obvious approach to improving the LDA, so

called generalized gradient approximation (GGA), is to include gradient corrections

by making E,. a functional of the density and its gradient:

Esclp(M]=[€ (p)pr)dr+ [Fc[o(r).| Vo(r) [r  2.18
where F,. is a correction chosen to satisfy one or several known limits for E,..
Clearly, there is no unique recipe for the F,., and several functions have been
proposed in the literature. The development of improved functions is currently a very
active area of research and although incremental improvements are likely, it is far from

clear whether the research will be successful in providing the substantial increase in

accuracy that is desired.
2.1.4 Hybrid functions

From the Hamiltonian equation and the definition of the exchange-correlation
energy, an exact connection can be made between the Eyx. and the corresponding
potential connecting the non-interacting reference and the-actual system. The resulting
equation is called the “Adiabatic connection formula (ACF) and involves an

integration over the parameter-A which turns on the electron-electron interaction

Exc = i@/z Nxc (/’L)‘W/1>dﬂ“ 2.19

In the A=0 limit, the electrons are non-interacting and there is consequently no
correlation. Since the Kohn-Sham wavefunction is simply a single Slater determinant
of orbitals then if the KS orbitals are identical to the HF orbitals, the exact exchange

energy is precisely the HF exchange energy:
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The approximation of exchange-correlation can be made by summing Exc terms of

different values of A within the limit A = 0 to 1. The choice of terms is arbitrary.

Hybrid functionals includes a mixture of Hartree-Fock Exchange with DFT exchange-
correlation.

B3LYP functional uses Becke's exchange functional with part of the Hartree-

Fock exchange mixed in and a scaling factor on the correlation part but using the LYP

correlation function. The exchange-correlation energy has the form of

AESr 4 (1- AERF +BAEEK 4 (1-C)EYWN +CEL™P 2.21
where the exchange includes the Slater exchange E)Sg'ater, or local spin density

exchange, along with corrections involving the gradient of the density and the
correlation is provided by the LYP and VWN correlations. The constants A, B, and C
are those determined by fitting to the G1 molecule set. The values of the three
parameters are determined by fitting to the 56 atomization energies, 42 ionization
potentials, 8 proton affinities, and 10 first-row atomic energies in the G1 molecule set,
computing values of A=0.80, B=0.72, and C=0.81.

2.2 Semi-empirical methods

Semi-empirical. methods increase | the speed -of - computation by using
approximations of ab initio techniques (e.g., by limiting choices of molecular orbitals
or considering-only valence electrons) which have been fitted to-experimental data
(for instance, structures and formation energies of organic molecules). [30-34] Until
recently, the size of many energetic molecules placed them beyond the scope of ab
initio calculations, so preliminary theoretical studies were performed using semi-
empirical techniques. However, semi-empirical methods have been calibrated to
typical organic or biological systems and tend to be inaccurate for problems involving
hydrogen-bonding, chemical transitions or nitrated compounds. Several semi-

empirical methods are available and appear in commercially available computational
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chemistry software packages. Some of the more common semi-empirical methods can

be grouped according to their treatment of electron-electron interactions.

2.2.1 The extended Hiickel method

Extended Hickel calculations neglect all electron-electron interactions,
making them computationally fast but not very accurate. The model provides a
qualitative estimate of the shapes and relative energies of molecular orbitals, and
approximates the spatial distribution of electron density. Extended Huickel models are
good for chemical visualization and can be applied to frontier orbital treatments of

chemical reactivity.

2.2.2 Neglect of differential overlap

The neglect of differential overlap (NDO) models neglect some but not all of
the electron-electron interactions. The Hartree-Fock Self-Consistent Field (HF-SCF)
method is used to solve the Schrodinger equation with various approximations:

The complete NDO (CNDO) the product of two atomic orbitals on different
atoms is set equal to zero everywhere. In this case, repulsion between electrons in
different orbitals depends only upon the nature of the atoms involved, and not 3
Obviously, n is constantly increasing as computing power is improved. on the
particular orbitals. Because CNDO neglects almost all description of electron
exchange properties, it ‘does not differentiate between states that have the same
electronic configuration, but different values of electron spin.

Intermediate NDO (INDQ) differential overlap between orbitals on the same
atom are taken into account in the description of electron-electron repulsion, but
differential overlap between orbitals on different atoms is neglected.

Modified INDO, version 3 (MINDO/3) reparameterized version of INDO
optimized to predict good enthalpies of formation and reasonable molecular
geometries for a range of chemical systems, in particular, sulphur-containing

compounds, carbocations, and polynitro organic compounds.
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Zerner’s INDO methods (ZINDO/1 and ZINDO/S) Michael Zerner’s
(University of Florida) versions of INDO developed for use with molecular systems
containing transition metals. ZINDO/1 is optimized to predict molecular geometries
and ZINDO/S is optimized to predict UV spectra.

2.2.3 Neglect of diatomic differential overlap

The neglect of diatomic differential overlap (NDDO) methods build upon the
INDO model by including the overlap density between two orbitals on one atom
interacting with the overlap density between two orbitals on the same or another atom.

Modified NDO (MINDO) a method introduced to correct some of the problems
associated with MINDO/3. The MNDO does not work well for sterically crowded
molecules, four-membered rings, hydrogen bonding, hypervalent compounds, nitro
groups and peroxides. In general, MNDO overestimates activation barriers to
chemical reactions.

Austin Method, version 1 (AM1) a reparameterized version of MNDO which
includes changes in nuclear repulsion terms. Although more accurate than MNDO,
AM1 does not handle phosphorus-oxygen bonds, nitro compounds and peroxide
bonds. [14]

Parameterization Model, version 3 (PM3) a second reparameterization of
MNDO, functionally similar to AM1, but with some significant improvements. PM3
is a recently developed semi-empirical method that may contain as yet undiscovered

defects.

2.3 Hybrid methods

The combine high level quantum mechanical calculations on a small part of a
system with a lower-level method on the rest of the system. Thus for large clusters or
macromolecules, accurate calculations can be carried out on the area of interest
without ignoring or making unnecessary assumptions about the remainder of the

system.
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Three methods have been developed and extensively used by Morokuma et al.
at Emory University (Atlanta, GA). These methods and their applications are likely to
receive increasing attention in the next few years:

Integrated Molecular Orbital and Molecular Mechanics (IMOMM) - a two-
layer method in which a high level MO calculation is combined with molecular
mechanics [39]. For example, the IMOMM method has been used to investigate
organometallic catalyzed polymerization reactions [40,41].

Integrated Molecular Orbital and Molecular Orbital (IMOMO) - a two-layer
method which combines high level and low-level MO calculations [42]. This method
can be used for calculating bond dissociation energies of large molecules.

Our own N-layered Integrated molecular Orbital molecular Mechanics
(ONIOM) method” - a technique that has largely superseded IMOMM and IMOMO,
which are in fact, subsets of ONIOM. ONIOM is a three-level general method,
allowing the combination of any high-level method with any low- or medium-level
method. [43] ONIOM has been applied to calculations of bond breaking in fullerenes.
[44]

2.4 Basis sets

In general, a basis set is an assortment of mathematical functions used to solve
a differential equation. In quantum chemical calculations, the term *basis set’ which
applied to a collection of contracted Gaussians representing atomic orbitals, are
optimized to reproduce the desired chemical properties of a system. [31-33]

Standard ab initio software packages generally provide a choice of basis sets
that vary both in size and in their description of the electrons -in different atomic
orbitals. Larger basis sets include more and a greater range of basis functions.
Therefore, larger basis sets can better refine the approximation to the ‘true” molecular
wave function, but require correspondingly more computer resources. Alternatively,
accurate wave functions may be obtained from different treatments of electrons in
atoms. For instance, molecules containing large atoms (Z>30) are often modeled
using basis sets incorporating approximate treatments of inner-shell electrons which

account for relativistic phenomena.
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Minimal basis sets contain the minimum number of AO basis functions
needed to describe each atom (e.g., 1s for H and He; 1s, 2s, 2px, 2py, 2pz for Li to
Ne). An example of a minimal basis sets is STO-3G, which uses three Gaussian-type
functions (3G) per basis function to approximate the atomic Slater-type orbitals.
Although minimal basis sets are not recommended for consistent and accurate
predictions of molecular energies, their simple structure provides a good tool for
visualizing qualitative aspects of chemical bonding. Improvements on minimal basis

sets are described below.

2.4.1 Split valence basis sets

In split valence basis sets, additional basis functions (one contracted Gaussian
plus some primitive Gaussians) are allocated to each valence atomic orbital. The
resultant linear combination allows the atomic orbitals to adjust independently for a
given molecular environment. Split valence basis sets are characterized by the number
of functions assigned to valence orbitals. Double zeta basis sets use two basis
functions to describe valence electrons, triple zeta use three functions, and so forth.
Basis sets developed by Pople and coworkers are denoted by the number of Gaussian
functions used to describe inner and outer shell electron. Thus ‘6-31G’ describes an
inner shell atomic orbital with a contracted Gaussian composed of six primitive
Gaussians, an inner valence shell with a contracted Gaussian composed of three
primitives, and an outer valence shell with one primitive. Other split-valence sets
include 3-21G, 4-31G, and 6-31G.

2.4.2 Polarized basis sets

Polarization functions can be added to basis sets to allow for non-uniform
displacement of charge away from atomic nuclei, thereby improving descriptions of
chemical bonding. Polarization functions describe orbitals of higher angular
momentum quantum number than those required for the isolated atom (e.g., p-type
functions for H and He, and d-type functions for atoms with Z>2), and are added to

the valence electron shells. For example, the 6-31G(d) basis set is constructed by
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adding six d-type Gaussian primitives to the 6-31G description of each non-hydrogen
atom. The 6-31G(d,p) is identical to 6-31G(d) for heavy atoms, but adds a set of
Gaussian p-type functions to hydrogen and helium atoms. The addition of p-orbitals

to hydrogen is particularly important in systems where hydrogen is bridging atom.

2.4.3 Diffuse basis sets

Species with significant electron density far removed from the nuclear centers
(e.g., anions, lone pairs and excited states) require diffuse functions to account for the
outermost weakly bound electrons. Diffuse basis sets are recommended for
calculations of electron affinities, proton affinities, inversion barriers and bond angles
in anions. The addition of diffuse s- and p-type Gaussian functions to non-hydrogen
atoms is denoted by a plus sign-as in 3-21+G. Further addition of diffuse functions to

both hydrogen and larger atoms is indicated by a double plus.

2.5 Basis set superposition error (BSSE)

A consequence of using finite (and hence incomplete) atom-centered basis sets
in calculations of interaction energies (including covalent bonding, hydrogen bonding
and van der Waals interactions) is the presence of basis set superposition error.
Briefly stated, this is the phenomenon whereby, given an interacting system AB, the
moiety A can be stabilized by the nearby presence of the basis functions belonging to
moiety B (in addition to any true interaction between A and B) and vice versa. This is
because these additional basis functions compensate for the incompleteness of A’s
own-basis, thus improving the description of A and lowering its energy. Thus the
system is not only stabilized by any true interaction between A and B but also by this
superposition effect.

An estimate of the magnitude of this effect (and hence a possible correction
for it) can be obtained via the counterpoise method of Boys and Bernardi.[45] This
involves calculating the energy of each moiety (atom or fragment) both with its own
basis functions, Ea, Eg, and in the presence of the basis functions of the entire system

Earey » Efajs. The counterpoise corrections for A and B then given by:
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AE.” = Ay —E, 2.22
AEg" = Ags — Eg 2.23

The sum of these counterpoise corrections, AE,fP +AE§P, therefore represents the

total correction to the interaction energy and thus the counterpoise corrected

interaction energy is given by:
AEQ™™ = E +E, ~E,, +AES + AES” 2.24
It should be noted that Eaggj and Ejajs are evaluated at the geometry optimized for AB,

that is, the geometry used to calculate Exg. If A and/or B are molecular fragments,

these geometries may be different from their equilibrium geometries (those used to

calculate Ex and Eg ); this may be a potential source of inaccuracy in AES + AEg" .

This further highlights the approximate nature of the counterpoise correction.
2.6 Molecular properties
2.6.1 Geometry optimization

A molecule with N atoms has 3N—6 internal degrees of freedom (3N—5 if
linear) in a Cartesian coordinate system. [31] These correspond to three degrees of
freedom for each of the N atoms less the three degrees of freedom associated with
translations of the (rigid) molecule and the three (or two) degrees of freedom
corresponding--to-molecular- rotation. - The potential energy. surface (PES) of the
molecule, E(R), is therefore a function of these 3N—6 (3N—5) internal distortions of
the molecule:

In most chemical applications one is interested in energies and other properties
of molecules at their equilibrium geometries, which represent minima on this PES,
and at transition state geometries, which correspond to first order saddle points. A
local minimum on the PES is characterized by the energy gradient, F, being zero with

respect to all geometric parameters:

2E(R)
i R Vi 2.25
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Furthermore, it is also required that the Hessian, H, be positive definite; that is, have

all its eigenvalues greater than zero. The H is the second derivative matrix with matrix
elements:

y _OE(R)

! OR0R;

2.26

For a transition state (a first order saddle point) the gradient is also zero, while the
Hessian has one negative eigenvalue. This corresponds to a geometry where the
energy is a minimum with respect to all geometric parameters except one, the reaction
coordinate, for which it is at a maximum.

In order to successfully find an equilibrium structure or transition state on the
potential energy surface it is necessary to start with a molecular configuration, R,
which is in the neighborhood of the appropriate local minimum or saddle point

geometry, Re . The PES, E(R), can then be expanded as a Taylor series around Ro:

c(R)- ER)+ 3 TR - g2 TR o), R -

= E(Ry)+AR'F +%AR*HAR+... 2.27

where AR; =R, =R’
The geometry corresponding to the minimum of the above quadratic expression

(Equation (2.27)) is obtained by solving

oE(R)_ER)| . OE(R) i |
oR, oR. * OROR. ( N ) Vi 2.28

‘F{:RO ! JlRr=R

that is,
F+HAR=0 2.29
where the gradient vector, F, and Hessian, H, are evaluated at Ry .
The solution for the required change in geometry is therefore given by
AR=-H"F 2.30

The truncation of the Taylor expansion at second order means that the PES has been
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approximated by a parabolic surface with the same gradient and curvature as the PES
at Ry (Figure 2.1). Correcting Ro by AR moves the geometry to the stationary point of
this quadratic surface, Ry, which, if the starting geometry is within the local region of
the stationary point sought, will be closer to Re . This process is repeated at the new
geometry thus found until the elements of the gradient vector are below some preset
convergence threshold, at which point the geometry is said to be converged and the
equilibrium geometry has been found. This iterative process is known as the Newton-
Raphson method; it represents a second order local model, since in a given search it
aims to find the closest stationary point.

First ll]]l.'PI'E!HllllIlTl{Ill
to the PES

Second
approximarion
to the PFES

Energy

Thd

approxumation

to the PES

Figure 2.1 Newton-Raphson steps (in one dimension). for. optimizing geometries.

In practice calculating the Hessian in each step is quite expensive and, if
possible, it is avoided. This can be done by making a reasonable initial guess of the
diagonal elements on the basis of computed force constants and using the gradient
information to improve the approximate Hessian during the optimization procedure.
While this process works well for equilibrium geometries, the local region is
generally much smaller for transition state structures and thus much more accurate

Hessians are required. If the starting geometry is close enough to R. it is sufficient to
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only calculate the Hessian fully in the first Newton-Raphson step; for more difficult
cases, however, it may be necessary to calculate it at every step.

While gradients and Hessians are initially calculated with respect to the
Cartesian coordinates of the atoms, it is usually more convenient for the purposes of
geometry optimization to perform a conversion such that they are expressed in terms
of the 3N—6 (or 3N-5) internal coordinates of the molecule. This approach also
allows experimental or empirical force constants to be more readily utilized for the
construction of approximate Hessians.

Sometimes it is desirable to perform a geometry optimization where various
constraints have been applied. These constraints are particularly useful when mapping
potential energy surfaces where one geometric parameter is systematically varied
while the others are allowed to relax in response. In such situations the Hessian needs
to be calculated with respect to the molecular internal coordinates. The Lagrange
method can be applied in order to obtain derivatives with the constraints embedded in
them; these can then be used to aid in the location of critical points as described

above.

2.6.2 Normal mode analysis or frequency calculation

By definition the Hessian matrix is the matrix of force constants. When
expressed in terms of internal coordinates, its elements are the harmonic force
constants for the 3N—6 (3N—5) internal degrees of freedom of the molecule of
interest. These determine the'molecule’s harmonic vibrational frequencies. The latter,
by definition, correspond to the normal vibrational modes; these can be determined by
a unitary transformation of the Hessian such that the classical potential (V) and kinetic
(T) energies of the system are in a diagonal representation. In the Cartesian

representation V and T are given by:

V =X "HX 2.31
1o,
TZEX MX 2.32

where H is the Hessian matrix, M is the (diagonal) matrix of atomic masses and X is

the vector of Cartesian displacements of the atoms with time derivative, X
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The normal modes, Q, are related to X via a linear transformation:

X =AQ 2.33
In the normal mode representation V and T are therefore given as:

V =Q"A"HAQ 2.34

T =0 ATHAQ 235
Thus, if A satisfies the generalized eigenvalue equations

HA=MAA 2.36
where A is the diagonal matrix of eigenvalues, one obtains:

V=Q'AQ 2.37

¥ %Q*Q 2.38

The normal mode frequencies are simply proportional to the square roots of the
elements of A. If the geometry of interest corresponds to a minimum on the PES, H is
positive definite and thus all diagonal elements of A will be positive and all
frequencies will be real. If the geometry Is a transition state or higher order saddle
point, one or several of the elements of A will be negative and will thus return
imaginary frequencies.

The total zero-point energy (ZPE) of the molecular system in the harmonic
approximation can be readily obtained from the vibrational frequencies by summing

over the zero-point energies of all modes:
1
ZPE :EZhvi 2.39
i

where h is Planck’s constant.

In reality the harmonic approximation does not provide a true representation
of the vibrational modes since bond stretches are much better represented by Morse
type potentials and bending/torsional modes are periodic. Nevertheless, so long as the
vibrational amplitudes are small, the harmonic approximation can be demonstrated to
be valid for at least the lowest energy vibrations. An anharmonic treatment or at least
anharmonic corrections need to be applied in situations where this harmonic

approximation fails, such as in the computation of vibrational overtones.
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2.7 Thermochemistry

The calculation of theoretical heats of formation is essential for many of the
applications of quantum chemistry, in particular for aiding in the interpretation of
experimental results and for the prediction of reaction kinetics. Unfortunately,
however, this requires the computation of the reaction enthalpy for the formation of a
molecule relative to the standard states of its constituent elements; in many cases
these standard states are liquids or solids for which direct calculation of the energy is
not feasible. Given that accurate experimental values are available for the enthalpies

of formation of free atoms, a practical alternative is to use these in conjunction with a
theoretical prediction of the atomization energy, >.D,, to predict the heat of

formation for the molecule of interest. Thus, given an atomization energy at 0 K,

Z DO - Z Eatom _Emolecule 2.40

atoms

(where the total molecular energy includes the zero-point vibrational energy), Hess’

law can be applied to obtain the A Hg :

A H(molecuie)= 3 A H(atom)-3 D, 2.41

atoms

Heats of formation at other temperatures (A HTO) as well as entropies (STO) and

Gibbs free energies of formation ( AfGTO ) can then be calculated using the standard

methods of statistical mechanics.
2.7.1 Partition functions

The first step in determining the thermal contributions to the enthalpies and
entropies of a molecule is to determine its partition function, g; this is a measure of
the number of states accessible to the molecule (translational, rotational, vibrational
and electronic) at a particular temperature. [46,47]

Given the energies, E;, of the available quantum states of a molecule, q is

defined as:
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qg=Xge "™ 2.42
i=1
where g; is the degeneracy of the i" state and
1
=T 2.43
p kgT
where kg is Boltzmann’s constant and T is the temperature of interest. The summation
in Equation (2.42) is over all possible quantum states of the system.
It is assumed that the translational (T), rotational (R), vibrational (V) and

electronic (E) modes of the system can be separated, thus allowing the energy of each
level, E;, to be separated into T, R, V and E contributions:
E =E +Ef+E'+E" 2.44

While the translational modes are truly independent from the rest, the
separations of the other modes are based on approximations, in particular the Born-
Oppenheimer approximation for electronic and (ro-) vibrational motion and the Rigid
Rotor Approximation (which assumes that the geometry of the molecule does not
change as it rotates) for vibrational and rotational modes. Within these
approximations, the total molecular partition function can therefore be factorized into

translational, rotational, vibrational and electronic contributions:

d=9'q"q"q" 2.45
The translational partition function is given by:
VvV
q = Il 2.46
1/2
A= h(%j 2.47

where ‘h is Planck’s constant, m is the mass of the molecule, and V is the volume
available to it; for a gas phase system this is the molar volume at the specified
temperature and pressure (usually determined by the ideal gas equation).

The formulation for rotational partition functions depends on whether or not

the molecule is linear. For linear molecules
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k.T
R = OﬁcB 2.48
and for non-linear molecules
qul(kBTjglz( T jl/Z -
o\ hc ABC '

where ¢ is the rotational symmetry number of the molecule, c is the speed of light and
A, B and C are the rotational constants. The vibrational partition function in the

harmonic approximation is

1
V = TS Y., T
q 7/ Hl_e,ﬁhc‘/i

2.50

where 17i are the harmonic vibrational frequencies (expressed as wavenumbers) and
the product is taken over all (3N—=6 or 3N—5) vibrational modes (excluding the
reaction coordinate for transition states). For the electronic partition function it is
usually assumed that there will be no thermal excitation into higher electronic states
so that the partition function, g~ , is simply given by the degeneracy of the appropriate
electronic state.

2.7.2 Thermodynamic properties

The thermal contributions to thermodynamic properties such as enthalpy,
entropy, free energy, heat capacity, etc. are all derived from the molecular partition
functions. [46] For a system of N .molecules the internal energy (relative to internal

energy at 0 K)'is given by

aln
BEN

where the derivative is taken at constant volume. The enthalpy is therefore
He—HS = (U2 -U?)+ pAv
= (U2 -U?)+ Nk, T 2.52

The entropy of the system is given by
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0 110
Soz(lJTfUO)Jr Nk, Ing 253

so that the change in Gibbs free energy is
(67 -65)= (H? —Hg)-Ts*
= NkgT — Nk;T Inq 2.54

The Gibbs free energy change for a reaction is, of course, related to the equilibrium
constant for the reaction:

A,G® =-NKkgTInK,, 2.55

2.8 Polarizable continuum solvent maodel

In a polarizable continuum model (PCM), the molecule is surrounded by a
dielectric medium, the polarizable continuum, with a given dielectric constant, €.
[32-34] This medium is polarized in response to the charge distribution (nuclei and
electrons) that it experiences and produces an electric field, called a reaction field,
which in turn polarizes the molecule. The resulting slightly changed charge
distribution alters the reaction field somewhat, which again leads to further
polarization of the molecule. This process continues until equilibrium is reached. In
the PCM implemented in the Gaussian program, the reaction field is represented
through charges located on the surface of the molecular cavity. The molecular cavity
can be created in several ways, but is generally based on interlocking van der Waals-
spheres centered at atomic positions. The surface of this cavity is smoothed (for
numerical reasons) and in the PCM model approximated by many small planar
surface elements of given area. Charges are then placed on each of the surface
elements to represent the reaction field of the dielectric medium. The extent to which
the medium can be polarized and hence the ultimate strength of the reaction field is

controlled by the magnitude of the dielectric constant.



CHAPTER I

RESULTS AND DISCUSSION

In this chapter, the study is divided into three parts. In the first part,
geometrical structures, relative energies, and electronic properties of four typical
conformers as called cone (C), partial cone (PC), 1,2-alternate (1,2-A) and 1,3-
alternate  (1,3-A) of six compounds of thiacalix[4]arene derivatives
(tetrahydoxythiacalix[4]arene (1), tetrahydoxy-p-tert-butylthiacalix[4]arene (2),
tetramercaptothiacalix[4]arene (3), tetramercapto-p-tert-butylthiacalix[4]arene (4),
tetraaminothiacalix[4]arene (5), and tetraamino-p-tert-butylthiacalix[4]arene (6)) and
six compounds of sulfonylcalix[4]arene derivatives (tetrasulfonylcalix[4]arene (7),
tetrahydoxy-p-tert-butylsulfonylcalix[4]arene (8), tetramercapto sulfonylcalix[4]arene
(9), tetramercapto-p-tert-butylsulfonylcalix[4]arene (10), tetraaminosulfonylcalix[4]
arene (11), and tetraamino-p-tert-butylsulfonylcalix[4]arene (12)) (tetra and
tetrahydroxy prefixes are further omitted for simplicity) have been studied using the
density functional theory (DFT) method at B3LYP/6-31G(d) level of theory. [48-49]
Due to the computation cost, three selected compounds, 7, 9 and 11 are chosen for the
protonation study under the single point calculation at B3LYP/6-31G(d)//B3LYP/6-
31G(d), B3LYP/6-31G(d)//B3LYP/6-31G(d,p) and B3LYP/6-31G(d)//B3LYP/6-
311G(d,p) levels of theory. The effect of common solvents used in experimental
studies, i.e., water, chloroform and dichloromethane on relative stabilities of 7, 9 and
11 has been computed underthe conductor-like polarizable continuum model
(CPCM) combined with the DFT method at B3LYP/6-31G(d) level of theory. [50,51]
Further more, inversion barriers between cone and partial cone of the corresponding
compounds of 1, 3, 5, 7,9, and 11 have been studied at the B3LYP/6-31G(d) level of
theory.

In the second part, the complexation properties, the HOMO-LUMO molecular
orbital energy gaps and electronic of the zinc(Il) complexes of the cone conformer of
12 compounds (1-12) with zinc(ll) ion have been studied by using the density
functional theory (DFT) method at B3LYP/6-31G(d) level of theory.
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Finally, the host—guest interactions between carboxylate guests and amino-p-
tert-butylthiacalix[4]arene hosts have been investigated using ONIOM method to

obtain complexation energies and thermodynamic data. [42]

3.1 Theoretical study of thiacalix[4]arene and sulfonylcalix[4]arene derivatives

3.1.1 Computational method

Geometry optimizations of all investigated compounds, thiacalix[4]arene and
sulfonylcalix[4]arene derivatives have been computed by density functional theory.
The DFT calculation has been performed with the Becke's three-parameter exchange
functional with the Lee—Yang—Parr correlation functional (B3LYP). [48-49] All
geometry optimizations have been carried out using the 6-31G(d) basis set. In
addition, the cone conformer of calix[4]arene are studied using the same level of
theory for comparison to the title compounds.

To study the effect of solvents and basis sets on the energetically stability of
the host compounds, the smaller sulfonylcalix[4]arene derivatives as 7, 9 and 11 are
chosen. The B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) levels of theory are
employed for the single-point energetically calculations of the B3LYP/6-31G(d)-
optimized geometries of the involved species. The solvent effect has been investigated
by single-point computations on the B3LYP/6-31G(d)-optimized gas-phase structures
using the conductor-like polarizable continuum model (CPCM) at B3LYP/6-
31G(d)//B3LYP/6-31G(d) level of theory. [50, 51] All calculations have been
performed with the Gaussian 03 program. [52] The molden 4.3 program [53] is
utilized to display the molecular structure, monitor the geometrical parameters and
observe the molecular geometry convergence through out the Gaussian output files.
The molecular graphics of all related species are generated with the Gauss View 3.0
[54] and molekel 4.3 programs. [55]

The chemical hardness (), Mulliken electronegativity (y) and electronic
chemical potential () for all conformers of sulfonylcalix[4]arene, mercapto
sulfonylcalix[4]arene, aminosulfonylcalix[4]arene have been computed using orbital
energies of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) at the B3LYP/6-31G(d) level. The chemical
hardness, Mulliken electronegativity and electronic chemical potential are derived
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from the first ionization potential (I=E(N—1)—E(N)) and electron affinity
(A=E(N)—E(N+1)) [56] of the N-electron molecular system with a total energy (E)

and external potential using the relations:

0°E 1
- ==(1-A 31
77 (aszu(r) 2( )
oE 1
= = =—u==(1-A). 3.2
o (6Nju(r) g 2( )

According to the Koopmans theorem [57], | and A are computed from the
HOMO and LUMO energies using the relations: I=—Epomo and A=—E _uymo.

3.1.2 Comparison geometrical structure with calix[4]arene

The aim of this topic is to characterized thiacalix[4]arene (1) and
sulfonylcalix[4]arene (7) with respect to the classical compound, calix[4]arene (C4A),
to give some keys for designing new supramolecular structures. For the
thiacalix[4]arenes compounds 1 to 6, four of six thiacalix[4]arenes of the studied
compounds have been experimentally achieved, namely the thiacalix[4]arene 1, p-
tert-butylthiacalix[4]arene 2, mercapto-p-tert-butylthiacalix[4]arene 4, amino-p-tert-
butylthiacalix[4]arene 6, whereas the synthesis of mercaptothiacalix[4]arene 3 and
aminothiacalix[4]arene 5 has not been reported due to its synthetic difficulty. So the
theoretical study will be used to predict their molecular properties.

When the DFT calculated structures of C4A and thiacalix[4]arene macrocycle,
1 are compared, it is interesting to note that O and H atoms of hydroxyl groups in the
two structures in Figure 3.1 (a) are superimposed rather well. Moreover, the slightly
larger size of 1 is responsible for the O--H::-Q bond angle which is smaller than 11.7
degrees. On the other hand the Figure 3.1 (b) shows that when the DFT calculated
structures of C4A and sulfonylcalix[4]arene, 7 are compared, only the O atoms of
hydroxyl groups in the two structures are superimposed. However, the H atoms of
hydroxyl group point to the oxygen atoms of sulfonyl (-SO,-) bridges to form new
hydrogen bonds. The calix[4]arene macrocycle thus seems to be somewhat better
preorganized for the narrow rim hydrogen bonding. In addition, when methylene
bridges are changed to sulfur bridges the cavity sized can be increased approximately
9%. Moreover, when methylene (-CH,-) bridges are changed to sulfonyl (-SO,-)
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bridges the cavity sized can be increased approximately 10%. The diversity of their
cavity sizes could contain the different guest molecules.

Figure 3.1 Comparison of (a) classical calix[4]arene (C4A) and 1 and (b) C4A and 7
structures obtained at the B3LYP/6-31G(d) level of theory. Hydrogen bonds are
displayed in dashed lines.

3.1.3 Geometrical structure and energetic stability

This part will consider here only four main conformations which are cone,
partial cone, 1,2-alternate and 1,3-alternate. In order to facilitate the description of the
results it is convenient to put forward a naming picture for the atoms in the molecule,
so that in what follows they may be referred to easily. Such a naming convention is
pictorially described in Figures 3.2 and 3.3. The conformational geometries of four
typical conformers obtained -at the B3LYP/6-31G(d) level of theory of
thiacalix[4]arene (1 to 6) and sulfonylcalix[4]arene (7 to 12) derivatives are shown in
Figures 3.4 to 3.9 and Figures 3.10 to 3.15, respectively. The symmetries of cone
conformers of smaller compounds; 1, 3, 5,7, 9 and 11 are C4, Cy, Cyy, C4, Cy, and
Cav, respectively. It should be noted that the replacement of four OH groups with SH
or NH; groups can reduce the symmetries of cone conformers. Except for 11 the
replacement of OH group with NH, group increases the conformation symmetry
because it is the formation of hydrogen bonds between amino proton and sulfonyl
oxygen (see Figure 3.12). However, an introduction of tert-butyl groups onto the
smaller derivatives to form the larger compounds (2, 4, 6, 8, 10 and 12) is slightly

effective to their conformational symmetries and their geometrical structures.
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(b)

(c)

Figure 3.2 Atomic labeling of (a) thiacalix[4]arene, (b) mercaptothiacalix[4]arene

and (c) aminothiacalix[4]arene and their zinc(Il) complexes.
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Figure 3.3 Atomic labeling of (a) sulfonylcalix[4]arene, (b) mercaptosulfonyl

calix[4]arene and (c) aminosulfonylcalix[4]arene and their zinc(ll) complexes.
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For thiacalix[4]arene compounds, the intra hydrogen bonds (displayed in dash
lines at the top view of each structure) between narrow rim substituted groups (-OH, -
SH and -NH,) of the cone conformers are obviously apparent. Further more, the cone
conformer of thiacalix[4]arene 1 shows the highest symmetry, C4, whereas partial
cone conformer shows the lowest symmetry, C;. A number of hydrogen bonds caused
by the interaction between phenolic proton and adjacent phenolic oxygen are four in
cone in which hydrogen bond distances are identical and equivalent to 1.829 A and
number of hydrogen bond decreases to two in partial cone, 1,2-alternate and non in
1,3-alternate. This results are also found in compounds 2 to 6. The optimized
geometrical parameters of cone conformers are collected in Table 3.1. It should be
note here that the hydrogen bond distances in cone conformer computed at B3LYP/6-
31G(d) level of thiacalix[4]arene (1.829 A) are longer than those of the calix[4]arene
(1.699 A) and p-tert-butylcalix[4]arene (1.697 A).

The substituted groups at narrow rim (~NH;, —SH) of the cone conformer are
slightly effective to the cavity sizes, defined as the bond distances between the
neighbored sulfur atoms (S1-S2 and S2-S3 distances), of thiacalix[4]arene bridges but
they are strongly sensitive to their C—X and X-X distances (X=S or N, the narrow rim
substituted atoms, see Figures 3.4 to 3.9). The average cavity sizes of compounds 1 to
6 are about 5.602 A. However, it is clearly seen that the steric effect break down the
C4 symmetrical structures of compounds 2 to 6 produced the C, or C,y symmetrical
structures containing two stronger hydrogen bonds. Further more, the X1-X2 and
X2-X3 distances (X=S or N) of the cone conformers of compounds 3 to 6 are not
identical. The dihedral angles between two opposite benzene rings are also not
consistent (see Table 3.1). The identical X1-X2 and X2-X3 distances (X=0) of
compounds 1 and 2 are about 2.740 A. The non identical X1-X2 and X2-X3
distances (X=N) are about 3.785 and 3.258 A, respectively for compounds 3 and 4.
The non identical X1-X2 and X2-X3 distances (X=S) are about 3.909 and 3.258,

respectively for compounds 5 and 6.
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Figure 3.4 Conformational geometries of typical conformers of thiacalix[4]arene (1)
optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.5 Conformational geometries of typical conformers of p-tert-
butylthiacalix[4]arene 2 optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.6 Conformational geometries of typical conformers of
mercaptothiacalix[4]arene (3) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.7 Conformational geometries of typical conformers of mercapto-p-tert-
butylthiacalix[4]arene (4) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.8 Conformational —geometries of typical conformers  of
aminothiacalix[4]arene (5) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.9 Conformational geometries of typical conformers of amino-p-tert-
butylthiacalix[4]arene (6) optimized at the B3LYP/6-31G(d) level of theory.
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Table 3.1 Geometrical data for the structure of cone conformer of thiacalix[4]arene
derivatives computed at the B3LYP/6-31G(d) level of theory

Parameter * 1 2 3 4 5 6
Distance (A)
S1-S2 5.582 5.581 5.641 5.641 5.586 5.584
S2-S3 5.582 5.581 5.630 5.649 5.643 5.640
S1-S3 7.895 7.892 7.947 7.917 7.940 7.937
S2-S4 7.895 7.894 7.991 8.046 7.940 7.937
S1-C1 1.802 1.803 1.813 1.814 1.808 1.809
C3-S2 1.802 1.803 1.814 1.815 1.808 1.809
S2-C4 1.802 1.803 1.804 1.809 1.801 1.803
C2-X1 1.357 1.358 1.784 1.783 1.404 1.405
C5-X2 1.357 1.358 1.767 1.767 1.361 1.364
X1-X2 2.743 2.740 3.822 3.748 3.263 3.253
X2-X3 2.743 2.741 3.958 3.861 3.262 3.254
X1-X3 3.880 3.879 6.827 6.599 5.373 5.339
X2-X4 3.880 3.874 il 3.784 3.616 3.647
X1-H1 0.988 0.988 1.352 1.352 1.015 1.015
H1-x2° 1.829 1.823 3.160 3.057 3.282 3.261
X2-H2 0.988 0.988 1.351 1.351 1.010 1.011
H2-X3° 1.829 1.823 2.751 2.635 2.262 2.250
Angle (A)
S1-C1-C2 120.7 120.7 120.9 120.9 120.0 120.0
C1-C2-X1 118.1 118.5 118.2 118.8 120.6 120.9
C2-C3-S2 120.8 120.7 122.3 122.7 120.0 120.0
C2-X1-H1 110.7 110.7 95.1 95.0 113.7 1135
C3-S2-C4 104.3 104.2 100.2 100.3 102.7 102.7
S2-C4-C5 120.7 120.7 121.4 121.3 121.6 121.6
C4-C5-X2 118.1 118.4 117.8 118.0 1215 121.8
Dihedral angle (A)
S1-C1-C2-C3 -175.8 -175.9 175.4 174.7 178.4 178.0
S1-C1-C2-X1 3.7 3.2 -5.4 -7.9 35 3.0
C1-C2-C3-S2 173.9 174.1 -175.1 -172.3 -178.4 -178.1
C1-C2-X1-H1 164.0 163.6 168.1 168.9 -157.8 -157.5
C2-C3-S2-C4 89.0 88.6 125.4 118.8 111.7 1104
C3-S2-C4-C5 -87.5 -86.9 =70.9 -77.2 -71.4 -73.0
S2-C4-C5-C6 -175.8 -175.9 172.0 174.3 179.5 179.6
S2-C4-C5-X2 3.7 &8 -8.1 -6.4 -1.3 -1.6
C4-C5-C6-S3 173.9 174.0 -172.0 -176.0 -179.5 -179.7
C4-C5-X2-H2 164.0 163.5 -177.8 -179.6 170.3 167.5

2X =0 for 1,2, X=Sfor 3, 4, and X =N for 5, 6, see Figure 3.2. ® Hydrogen bond

distance.

Forthe sulfonylcalix[4]arene - derivatives,the B3LYP/6-31G(d) optimized

structures of the four conformers named cone, partial cone, 1,2-alternate and 1,3-

alternate of compounds 7 to 12 are presented in Figures 3.10 to 3.15, respectively.

The selected geometrical data for their cone conformers are collected in Tables 3.2. A

large number of hydrogen bonds are found in sulfonylcalix[4]arene derivatives. In

contrast to thiacalix[4]arene derivatives, three types of hydrogen bonds are observed.

Type | of hydrogen bond is the intra interactions of narrow rim substituted groups,

Type Il is the interaction between narrow rim substituted protons and adjacent
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sulfonyl bridge oxygens and Type Il is the interaction between narrow rim
substituted protons and adjacent benzyl protons. The average cavity sizes of the cone
conformers of sulfonylcalix[4]arene compounds 7 to 12 are as same as for
thiacalix[4]arenes at about 5.694 A. The wide rim substituted (tert-butyl) groups show
slightly effect to main geometrical structures for all sulfonylcalix[4]arene compounds.
Their cavity sizes are very close to those of thiacalix[4]arene derivatives. In addition,
the cone conformer of compound 7 shows the highest symmetry, C,4, whereas partial
cone conformer shows the lowest symmetry, C;, as found in compound 1.
Interestingly, the cone conformers of compound 11 (the -NH; substituted compound)
show the highest symmetrical structure as Cay. It is higher than compound 7, C4
symmetry. This may be due to the formation of symmetrical hydrogen bonds between
amino and sulfonyl groups. The computed geometrical data of 1,3-alternate
conformers of 7, 9 and 11 compared to the experimental data of 7 are listed in Table
3.3. The results show that computed structures are good agreement to experimental
data. In cone conformer, the replacement of the -OH group with the -NH, and -SH
groups at narrow rim of compounds 7 and 8 given compounds 9 to 12, the old types of
intra hydrogen bonds are disappeared. At the results, the new intra hydrogen bonds
between the narrow rim substituted groups (-OH, -SH and NH>) and sulfonyl bridge
oxygens are apparently. The bond distances between the sulfur bridge atoms are about
5.694 A. The symmetry of compound 7 and 8 is nearly C4-symmetry (see Figures 10
and 11). As shown in Figures 12, 13 and 15, the steric effects break down the C,-
symmetrical structures of compounds 9, 10 and 12 to produce C,-symmetrical
structures. In contrast, compounds 7 to 10 and 12, the new intra hydrogen bonds
between the narrow rim substituted groups and the sulfonyl bridge oxygens of
compound 11 can yield the Csy-symmetries (see Figure 3.14). Then the identical X1-
X2 and X2-X3 distances (X=0) of compounds 7-and 8 are about 2.920 A. The non
identical X1-X2 and X2-X3 distances (X=S) are about 3.820 and 4.000 A,
respectively for both compounds 9 and 10. The identical X1-X2 and X2-X3 distances
(X=N) are about 5.950 A, for compound 11 and the non identical X1-X2 and X2-X3
distances (X=N) are about 5.659 and 3.908 A, respectively for compound 12.
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Figure 3.10 Conformational ~geometries of  typical conformers of
sulfonylcalix[4]arene (7) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.11 Conformational geometries of typical conformers of p-tert-
butylsulfonylcalix[4]arene (8) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.12 Conformational = geometries of typical conformers of
mercaptosulfonylcalix[4]arene (9) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.13 Conformational geometries of typical conformers of mercapto-p-tert-
butylsulfonylcalix[4]arene (10) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.14 Conformational —geometries of  typical conformers of
aminosulfonylcalix[4]arene (11) optimized at the B3LYP/6-31G(d) level of theory.
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Figure 3.15 Conformational geometries of typical conformers of amino-p-tert-
butylsulfonylcalix[4]arenes (12) optimized at the B3LYP/6-31G(d) level of theory.
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conformer of

sulfonylcalix[4]arene derivatives computed at the B3LYP/6-31G(d) level of theory

Parameter ? 7 8 9 10 11 12
Distance (A)
S1-S2 5.637 5.630 5.818 5.806 5.702 5.708
S2-S3 5.637 5.631 5.710 5.727 5.700 5.619
S1-S3 7.976 7.970 8.104 8.128 8.062 8.009
S2-S4 7.968 7.955 8.198 8.173 8.062 8.010
S1-C1 1.809 1.809 1.826 1.825 1.806 1.808
C3-S2 1.802 1.802 1.836 1.837 1.807 1.805
S2-C4 1.809 1.808 1.824 1.826 1.806 1.801
C2-X1 1.338 1.339 1.778 1.779 1.359 1.366
C5-X2 1.337 1.339 1.769 1.770 1.359 1.365
X1-X2 2.922 2.917 3.825 3.817 3.516 3.461
X2-X3 2.914 2.903 4.003 4.004 3.515 3.470
X1-X3 4.127 4.119 6.810 6.636 5.002 5.659
X2-X4 4.127 4,112 3.805 3.773 4.941 3.908
X1-H1 0.986 0.985 1.352 1.351 1.012 1.013
H1-X2 2.332 2.319 3.368 3.295 - -
X2-H2 0.986 0.985 1.349 1.348 1.012 1.013
H2-X3 5.317 2.303 2.899 2.857 - -
01-02 2.561 5.326 5.799 5.813 5.549 5.452
02-03 5.316 5.330 5.991 5.950 5.552 5.606
S1-01 1.476 1.476 1.473 1.474 1.487 1.486
S2-02 1.476 1477 1.474 1.475 1.487 1.486
H1-02° 1.882 1.890 1.832 1.843 1.954 1.919
H2-03° 1.882 1.901 2.021 2.012 1.958 2.146
Angle (A)
S1-C1-C2 122.6 122.5 125.4 125.6 123.4 123.7
C1-C2-X1 119.5 119.8 119.9 120.1 122.3 122.7
C2-C3-S2 120.9 120.7 127.7 127.4 123.4 123.6
C2-X1-H1 110.6 11.0:6 94.7 94.7 116.5 116.4
C3-S2-C4 106.3 106.3 103.0 103.8 105.8 105.0
S2-C4-C5 122.6 122.4 123.4 123.4 123.3 121.2
C4-C5-X2 119.5 120.0 119.3 119.1 122.3 122.5
01-S1-C1 109.3 109.2 109.9 110.1 108.6 108.3
02-S2-C4 109.3 109.3 108.8 108.6 108.6 107.7
Dihedral angle (A)
S1-C1-C2-C3 -179.2 -179.4 176.4 174.2 1745 176.7
S1-C1-C2-X1 1.1 0.8 -6.7 -10.6 -5.4 -2.7
C1-C2-C3-S2 178.1 178.2 -176.1 -175.2 -174.6 -176.8
C1-C2-X1-H1 -169.6 -170.3 179.7 -179.0 -163.3 -163.6
C2-C3-S2-C4 86.9 86.8 117.7 113.7 934 110.2
C3-S2-C4-C5 -86.7 -86.5 -66.4 -715 -92.2 -71.0
S2-C4-C5-C6 -179.2 =179.4 173.3 173.6 174.6 176.5
S2-C4-C5-X2 1.1 1.0 -6.4 -8.0 -5.1 -0.4
C4-C5-C6-S3 178.1 178.1 -171.3 -171.6 -174.8 -176.3
C4-C5-X2-H2 -169.6 -170.4 -171.0 -178.0 -163.3 -162.3
01-S1-C1-C2 27.7 28.3 -4.8 -1.3 23.1 4.6
02-S2-C4-C5 27.6 27.8 52.0 47.1 24.2 44.4

X =0for7,8, X=Sfor9, 10, and X = N for 11, 12, see Figure 3.3. ° Hydrogen

bond distance.
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Table 3.3 Geometrical data for the structure of 1,3-alternate conformer of
sulfonylcalix[4]arene derivatives computed at B3LYP/6-31G(d) level of theory

Parameter® 7 9 11 X-ray "
Bond distances (A)
S2-C3 1.791 1.820 1.799 1.771
S2-02 1.480 1.476 1477 1.449
S1-S2 5571 5.734 5.599 5.500
S1-S3 7.597 8.066 7.918 7.761
X1-C2 1.346 1.781 1.368 1.355
X1-H1 0.982 1.350 1.015 -
X2-H2 0.982 1.350 1.015 -
X1-X3 6.288 5.599 6.709 5.632
X2-X4 6.289 5.599 6.709 5.632
Bond angles (°)
C1-C2-X1 119.9 120.4 122.3 118.6
C2-X1-H1 108.9 95.0 115.3 -
C2-C3-52 119.3 124.1 120.9 119.9
C3-52-02 106.8 108.2 108.4 107.1
C3-S2-C4 106.5 107.4 103.8 104.0
C4-C5-X2 122.7 123.5 122.3 118.6
C5-X2-H2 108.9 95.0 115.3 -
Dihedral Angles (°)*
C1-C2-X1-H1 -158.0 -154.0 -160.4 -
C1-C2-C3-S2 -174.3 -176.4 -170.8 -176.6
C2-C3-S2-02 -41.8 -51.4 -39.9 -43.4
C2-C3-52-C4 72.6 63.5 74.4 68.9
H1-X1-C2-C3 243 26.3 21.7 -
X1-C2-C3-S2 3.5 Sk 7.3 -
C3-S2-C4-C5 72.6 63.5 74.6 62.6
S2-C4-C5-X2 3.8 3.3 7.2 -0.8
S2-C4-C5-C6 -174.3 -176.4 -170.9 -179.4
C4-C5-X2-H2 24.3 26.3 160.4 -
C4-C5-C6-S3 173.4 178.8 170.8 176.6
C5-C6-S3-03 175.6 179.9 170.7 173.6
C5-C6-S3-C7 -69.6 -64.8 -714.4 -68.9
X2-C5-C6-S3 -4.5 -1.0 -7.3 -1.8

2 X=0for7,X=Sfor9and X =N for 11, see Figure 3.3. ° The X-ray structure of
7 taken from [13].

For thiacalix[4]arene derivatives, the relative energies, 4Erel in gas phase of
four typical conformers computed at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level of
theory are shown in Figure 3.16 and listed in Table S1 of Appendix I. The cone
conformer is the most stable conformer in all thiacalix[4]arene derivatives (1 to 6)
while interestingly, for the mercaptothiacalix[4]arene, compound 4, it has two most
stable conformers, cone and 1,3-alternate. Figure 3.16a displays the relative
stabilities of the four typical conformers for the smaller series, the relative stability of
thiacalix[4]arene, compound 1 is in decreasing order: cone > partial cone > 1,2-
alternate ~ 1,2-alternate. Whereas, mercaptothiacalix[4]arene 3 and aminothia
calix[4]arene 5, their relative stabilities are in decreasing order: cone > partial cone >
1,3-alternate > 1,2-alternate. Figure 16b displays the relative stabilities of the four

typical conformers which are the bigger compound series, p-tert-butyl derivatives.
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The result shows that amino-p-tert-butylthiacalix[4]arene 6 has the same relative
stability order as found in its smaller derivatives, 5. Further more, relative stabilities
for mercapto-p-tert-butylthiacalix[4]arene 4 is in decreasing order: cone ~ 1,3-
alternate > partial cone > 1,2-alternate whereas p-tert-butylthiacalix[4]arene 2 is in
decreasing order: cone > partial cone > 1,2-alternate > 1,3-alternate. As the
conformational geometry plots shown in Figures 3.4 to 3.9, all cone conformers adopt
the orientations that allow the formation of a cyclic array of four intramolecular
hydrogen bonds in the cavity. So the high stability of the cone conformation is
rationalized by the intramolecular hydrogen bonding array of -OH (for compounds 1

and 2), -SH (for compounds 3 and 4) and -NH (for compounds 5 and 6) groups.
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Figure 3.16 Relative energies computed at the B3LYP/6-31G(d)//B3LYP/6-31G(d)
level of theory phase of cone, partial cone, 1,2-alternate and 1,3-alternate conformers
in gas phase of thiacalix[4]arene derivatives for (a) smaller compound series and (b)

bigger compound series (p-tert-butyl derivatives).

For sulfonylcalix[4]arene derivatives (7 to 12), the relative energies, 4Erel in
gas phase of four typical conformers computed at the B3LYP/6-31G(d)//B3LYP/6-
31G(d) levels of theory are shown in Figure 3.17 and listed in Table S2 of Appendix
I. The relative stabilities of the four typical conformers for sulfonylcalix[4]arene 7 at
the B3LYP/6-31G(d) level of theory are in the decreasing orders: cone ~ partial cone
> 1,2-alternate > 1,3-alternate (see Figure 3.17b) The relative stabilities of those

conformers are in decreasing order: 1,3-alternate > partial cone > 1,2-alternate >



46

cone for mercaptosulfonylcalix[4]arene 9 and 1,3-alternate > partial cone > cone >
1,2-alternate for aminosulfonylcalix[4]arene 11. The result shows that the most stable
conformer of compound 7 is cone, the same conformer as found in compound 11. By
contrast, the 1,3-alternate is the most stable conformer for both compounds 9 and 11,
which are different from compounds 1 and 7. The formation of eight hydrogen bonds
in 1,3-alternate conformer of sulfonylcalix[4]arene compounds 9 and 11 can be

stabilized their geometrical structures (see Figures 3.10 to 3.15).
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Figure 3.17 Relative energies computed at the B3LYP /6-31G(d)//B3LYP /6-31G(d)
level of theory phase of cone, partial cone, 1,2-alternate and 1,3-alternate conformers
in gas phase of sulfonylcalix[4]arene derivatives for (a) smaller compound series and

(b) bigger compound series (p-tert-butyl derivatives).

The solvation effects can be obtained and single paint calculations have been
also conducted on the gas-phase  optimized geometries using a self-consistent
reaction-field (SCRF) model. The SCRF model treats the solute at the quantum
mechanical level, and the solvent is represented as a dielectric continuum.
Specifically, the conductor-like polarizable continuum model (CPCM) is chosen to
describe the bulk solvent. [50, 51] The CPCM represents the polarization 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 are recently proved.
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In this part, the smaller sulfonylcalix[4]arene compounds namely
sulfonylcalix[4]arene 7, mercaptosulfonyl calix[4]arene 9 and aminosulfonylcalix[4]
arene 11 are chosen to study for solvent effect. The relative energies, 4Erel in gas
phase, water, chloroform and dichloromethane of the main conformers computed at
the B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory are plotted in Figure 3.18 and
listed in Table S3. Further more, As shown in Figure 3.18, in gas phase, the relative
stabilities of the four typical conformers of sulfonylcalix[4]arene at the B3LYP/6-
31G(d) level of theory are in decreasing orders: partial cone > cone > 1,2-alternate >
1,3-alternate, and this order is also maintained at B3LYP/6-31G(d,p)//B3LYP/6-
31G(d) and B3LYP/6-311G(d,p)//B3LYP/6-31G(d) levels of theory. In water,
chloroform and dichloromethane, those stabilities computed using the CPCM-
B3LYP/6-31G(d) method are in same decreasing order: 1,2-alternate > partial cone >
cone > 1,3-alternate. The most stable conformers of the sulfonylcalix[4]arene in the
vacuo and in solvents (water, chloroform and dichloromethane) are the partial cone
and 1,2-alternate, respectively. Nevertheless, the differences of relative energies for
three conformers cone, partial cone and 1,2-alternate are less than 2 kcal/mol. The
relative stabilities of those conformers either in vacuo or solvents i.e., water,
chloroform and dichloromethane) are in decreasing order: 1,3-alternate > partial cone
> 1,2-alternate > cone for mercaptosulfonylcalix[4]arene and 1,3-alternate > partial
cone > cone > 1,2-alternate for aminosulfonylcalix[4]arene. The most stable
conformer of the mercaptosulfonylcalix[4]arene and aminosulfonylcalix[4]arene is
the same conformer which is 1,3-alternate. In addition, polarity orders reported in
term of dipole moments of the conformers of sulfonylcalix[4]arene, mercapto-
sulfonylcalix[4]arene and aminosulfonylcalix[4]arene are in the same sequence: cone

> partial cone > 1,2-alternate > 1,3-alternate, as reported in Table S4.
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Figure 3.18 Relative energies computed at the CPCM/B3LYP/6-31G(d) level of
theory of cone, partial cone, 1,2-alternate and 1,3-alternate conformers in gas phase
(o), water (a), chloroform (m) and dichloromethane (v) of the (a)
sulfonylcalix[4]arene, (b) mercaptosulfonyl calix[4]arene and (c) aminosulfonyl

calix[4]arene.
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3.1.4 Inversion barrier for cone — partial cone interconversion

The cavity can, in principle, adopt four basic structures; cone, partial cone,
1,2-alternate and 1,3-alternate. Interconversion between the conformers is possible
provided by the narrow rim substituent which is sufficiently small to pass through the
annulus of the cavity. However, if the narrow rim substituted groups take a part in
some specific interactions, certain conformations may be thermodynamically favored
or disfavored. This is the case of thiacalix[4]arene and sulfonylcalix[4]arene
derivatives in which hydroxyl, mercapto and amino groups form a circular array of
four hydrogen bonds that stabilize the conical shape and occasionally, show disfavor
other conformations forming a smaller number of hydrogen bonds. Another reason for
conformational stability is inversion or rotational barriers of calix[4]arene bridges.
According to effect of narrow rim substituted groups and bridge type on rotational
energy barriers, the thiacalix[4]arene derivatives 1, 3, and 5 and sulfonylcalix[4]arene
derivatives 7, 9, and 11 are chosen in this study. The interconversion has been
predicted at B3LYP/6-31G(d) level of theory. Figure 3.19 displays the energy profiles
for cone - partial cone interconversion reactions obtained at B3LYP/6-31G(d) level of
theory and their intermediate structures are shown in Figure 3.20. For
thiacalix[4]arene series, the cone conformer of compound 1 is more stable than its
partial cone about 10.69 kcal/mol, whereas for compounds 3 and 5, the cone
conformer is more stable than partial cone only 1.76 and 1.39 kcal/mol, respectively.
The rotational barriers of compounds 1, 3 and 5, are 53.88, 50.68 and 47.43 kcal/mol,
respectively. For sulfonylcalix[4]arene series, stability of cone conformer of
compound 7 is slightly different from its partial cone conformer, ca. 0.16 kcal/mol. In
addition, the cone conformer of compounds 8 and 9 is less stable than partial cone
5.29 and 6.11 kcal/mol, respectively. The rotational barriers of compounds 7, 9 and 11
are 103.76, 129.06 and 100.14 kcal/mol, respectively. From the results, it should be
summarized that the narrow rim substituted groups have slightly effect to the
rotational barriers while the calix[4]arene bridges have strongly effect. The rotational
barriers of thiacalix[4]arene derivatives are approximately twice times higher than
sulfonylcalix[4]arene derivatives. As the result, the smaller sulfur (-S-) bridges tend to
rotate easier than the bigger sulfonyl (-SO,-) bridges. Moreover, the sulfur bridges can

not form hydrogen bonds with the narrow rim substituted groups whereas sulfonyl
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bridges can form a large number of hydrogen bonds with either the narrow rim

substituted groups or benzyl protons (see Figures 3.10, 3.12 and 3.14).
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Figure 3.19 The energy profiles for interconversion reactions between cone (left) and
partial cone (right) conformers of thiacalix[4]arene (1, 3, and 5) and
sulfonylcalix[4]arene (7, 9, and 11) derivatives obtained at B3LYP/6-31G(d)//
B3LYP/6-31G(d) level of theory.

Figure 3.20 The intermediate structures of cone - partial cone interconversion
reactions for compounds 1, 3, 5, 7, 9 and 11 obtained at level B3LYP/6-31G(d) of

theory.
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3.1.5 Frontier molecular orbital energy gaps

The localizations of the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) in the cone conformers of
thiacalix[4]arene derivatives computed at the B3LYP/6-31G(d) level of theory are
shown in Figure 3.21. It is clearly seen that all cyclic thiacalix[4]arenes are located by
fine and symmetric dispersion of both LUMO and HOMO but their phases are quite
different. The energies of the LUMO, HOMO and frontier molecular orbital energy
gaps, AEnomo-Lumo Of all conformers of thiacalix[4]arene derivatives are listed in
Table S5 in Appendix Il, respectively. Average values of the frontier molecular
orbital energy gaps of all conformers of compounds 1 to 6 are 4.99+0.24, 4.89+0.18,
4.76x0.17, 4.71+0.15, 4.45+0.14, and 4.39+0.14 eV, respectively. The relative
chemical reactivities for all thiacalix[4]arene derivatives indicated by their average
energy gaps as shown in Table S5 are in increasing orders: 1 <2 <3<4<5<6,
respectively. Then it should be noted that the effect of narrow rim substituted group
on reactivity is in increasing order: -OH < -SH < -NH,, respectively and the p-tert-
butyl substituted groups can improve the reactivity of thiacalix[4]arene compounds
(see Figure 3.22).

f—;
Figure 3.21 Localization the LUMO (above) and HOMO (bottom) orbitals in the

cone conformers of thiacalix[4]arene derivatives (1 to 6).
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Figure 3.22 The frontier molecular orbital energy gaps of cone conformers of

thiacalix[4]arene and sulfonylcalix[4]arene derivatives.

The localizations of LUMO and HOMO in the cone conformers of
sulfonylcalix[4]arene derivatives computed at the B3LYP/6-31G(d) level of theory
are shown in Figure 3.23. Their LUMO and HOMO are also finely dispersed as found
in thiacalix[4]arene derivatives. The energies of the LUMO, HOMO and frontier
molecular  orbital energy  gaps, AEnomo-.Lumo  Of all  conformers  of
sulfonylcalix[4]arene derivatives are presented in Table S6 of Appendix Il. Average
values of the frontier molecular orbital energy gaps of all conformers of compounds 7,
8,9, 10, 11 and 12 are 4.72+0.06, 4.63+0.08, 4.52+0.12, 4.46+0.20, 4.22+0.18, and
4.26+0.04 eV, respectively. The relative chemical reactivities for all
sulfonylcalix[4]arene derivatives are in increasing orders: 7 <8 <9< 10< 11 ~ 12,
respectively. It is found that the narrow rim substituted and p-tert-butyl substituted
groups of sulfonylcalix[4]arene derivatives provide the same trend of chemical
reactivity as found in thiacalix[4]arene derivatives (see Figure 3.22).

In addition, as the hardness (#) of thiacalix[4]arene and sulfonylcalix[4]arene
derivatives is in a function of their energy gaps (see Tables S5 and S6), their hardness
values are quite small. Therefore, these compounds have possibility to form
complexes with Zn®* or some metal cations. It is also found that di-deprotonated form
of cone conformer of sulfonylcalix[4]arene prefers soft-to-intermediate metal ions
(e.g. Zn*, Cd**, Hg®"). [12] As Zn** is soft-to-intermediate metal ion the zinc
complex with cone conformer of sulfonylcalix[4]arene derivatives is found.
Therefore, zinc complexes with novel mercaptosulfonylcalix[4]arene and

aminosulfonyl calix[4]arene can be investigated.
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Figure 3.23 Localization the LUMO (above) and HOMO (bottom) orbitals in the

cone conformers of sulfonylcalix[4]arene derivatives (7 to12).

3.1.6 Molecular electrostatic potential surface

Molecular - electrostatic potential surfaces of the cone conformers of
thiacalix[4]arene, 1 to 6 and sulfonylcalix[4]arene 7 to 12 derivatives generated from
the Gaussian output files of their B3LYP/6-31G(d) computations with GFPRINT and
POP=FULL keywords using the molekel 4.3 software [55] are shown in Figures 3.24
and 3.25, respectively. The most nucleophilic regions (negative electronic potential)
are shown in red while the most electrophilic regions (positive electrostatic potential)
are shown in blue. The molecular potentials presented over electronic isodensity (p =
0.05 e A™) as shown in Figures 3.24 and 3.25. Negative values contributing over the
hetero atoms of all compounds, especially O, S and N atoms at narrow rim substituted
groups and O atoms at sulfonyl bridges (-SO,-) are remarkably found. In addition,
strong positive charges on the hydroxy, mercapto and amino protons are also found.

This observation can be related with the interactions established with the metal ions.
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to 6).
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3.1.7 Proton affinity

The first and second deprotonated forms of sulfonylcalix[4]arene 7 and
mercaptosulfonylcalix[4]arene 9 have been optimized at B3LYP/6-31G(d) level. The
protonated forms of aminosulfonylcalix[4]arene 11 are also optimized at the same
level of theory. The first to second deprotonations of compounds 7 and 9 and the first
to forth protonations of compound 11 of their cone conformers are discussed. The
deprotonation energy of compounds 7 and 9 will be reported as the protonation
energy.

Geometrical structures of all species involved in protonation of cone
conformers of compounds 7, 9 and 11 are shown in Figures 3.26, 3.27 and 3.28
respectively. The proton affinities, PAn (n=1, 2, 3 and 4) of the sulfonylcalix[4]arene
7 (PA1,=390.69 and PA2=302.70 kcal/mol), mercaptosulfonylcalix[4]arene 9
(PA1,;,=385.64 or PA1,,=382.55 or PA1,=402.65 and PA2=308.57 kcal/mol) and
aminosulfonylcalix[4]arene 11 (PA1=224.38, PA2,=156.93 or PA2,=161.24,
PA3,=83.96 or PA3,=79.64 and PA4=14.92 kcal/mol) are obtained at the B3LYP/6-
311G(d,p)//B3LYP/6-31G(d) level of theory (see Table 3.4). Interestingly, the first
proton affinities (PA1) of compounds 7 and 9 are approximately twice times higher
than that of compound 11.

(a) LH, (b) LH- (€L

Figure 3.26 The  B3LYP/6-31G(d)-optimized  structures of (a) the
sulfonylcalix[4]arene (designated as LH,), its deprotonated species (b) LH and (c)

Ly>. Three types of hydrogen bonds are presented and their bond distances are in A.
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Figure 3.27 The B3LYP/6-31G(d)-optimized structures of (a) the mercaptosulfonyl
calix [4]arene (designated as LH,), its deprotonated species (b) LH", (c) La1?, (d) Lao®
and (e) Ly”. The hydrogen bond distances, Type 1 and 2 are in A.

(d) LH* (¢) LH* () LH,*

Figure 3.28 The B3LYP/6-31G(d)-optimized structures of (a) the aminosulfonyl
calix[4]arene (designated as L), its protonated species (b) LH", (c) LaH2?*, (d) LpHz*"
(e) LH5*" and (f) LH,*". The hydrogen bond distances, Type 1 and 3 are in A.
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Table 3.4 Protonation energies of cone conformers of the sulfonylcalix[4]arene (7),

mercaptosulfonylcalix[4]arene (9) and aminosulfonylcalix[4]arene (11)

Reaction Energies ?

Reactions
B3LYP/6-31G(d) B3LYP/6-31G(d,p) B3LYP/6-311G(d,p)

Protonation: °
Sulfonylcalix[4]arene (7¢)

L + H* LH -394.37 -398.40 -390.69
LH + H* LH, -305.79 -308.35 -302.70
Mercaptosulfonylcalix[4]arene (9¢)

L2+ HY —— LH -390.07 -392.18 -385.64
L2+ H* LH -386.81 -388.61 -382.55
Lz + HY —— LH -407.62 -409.62 -402.65
LH + H* LH, -312.96 -315.09 -308.57
Aminosulfonylcalix[4]arene (11¢)

L+ H = LH' -229.36 -230.26 -224.38
LH* + H* —— L.H* -160.83 -162.19 -156.93
LH* + H* —— LH* -164.68 -166.08 -161.24
L.H* + HY —— LH* -85.28 -86.84 -83.96
LH* + HY ——— LH* -81.44 -82.95 -79.64
LH*+ H* —— LH* -15.91 -17.28 -14.92

® In kcal/mol. ° L, and L, respectively refer to the protonation of neighboring and
opposite two-protonated configurations, and 1 and 2 represent a cyclic and non-
cyclic array of proton directions, see Figures 3.26, 3.27 and 3.28.

3.2 Complexation of thiacalix[4]arene and sulfonylcalix[4]arene derivatives with

zinc(l1) ion

3.2.1 Computational method

The stable structures of zinc(ll) complexes with the cone conformers of
thiacalix[4]arene and sulfonylcalix[4]arene derivatives have been computed at the
B3LYP/6-31G(d) level of. theory. The binding energies are calculated as the
difference between the total energy of the metal complex and the sum of the total
energies of the isolated moieties. The basis set superposition error. (BSSE) for all of
the Zn(I1) complexes has been estimated with the counterpoise method implemented
in GAUSSIAN 03 program. Electrostatic potential surfaces, HOMO and LUMO
properties of the stable complexes have been calculated at B3LYP/6-31G(d) level. All
the calculations have been carried out with the GAUSSIAN 03 program. [52]
Graphics of the optimized structures and the electrostatic potential surfaces are
produced with the GaussView 3.0 package [54] or the molekel 4.3 package. [55]
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3.2.2 Complexation properties

Since, there are the different types of narrow rim substituted groups and
calix[4]arene bridges of the studied compounds, many binding modes can be
investigated. The B3LYP/6-31G(d)-optimized structures of zinc(ll) complexes with
cone conformers of thiacalix[4]arene and sulfonylcalix[4]arene derivatives are
presented in Figures 3.29 and 3.30, respectively in which their corresponding
geometrical data are tabulated in Tables 3.5 and 3.6. It is found that the symmetrical
structures of the zinc(11) complexes with compounds 1 to 4 and 7 to 10 reduce to C;-
symmetrical structure compared to its corresponding free ligand structures. In
contrast to the zinc(ll) complexes with amino compounds 5, 6, 11 and 12, the
symmetrical structures are not changed when compare to its corresponding free ligand
structures in which complexes of compounds 5 and 7 show a Cg-symmetrical
structure and compound 6 and 11 show a C4-symmetrical structure, respectively. The
complexation energies with (4E) and without BSSE correction (AEgsse) of zinc(Il)
complexes are summarized in Table 3.5. As seen this Table, the BSSE corrections of
the complexation energies are in the range of 22.75 to 41.18 kcal/mol whereas the
highest and the lowest BSSE corrections are the zinc(ll) complexes of
aminothiacalix[4]arene  (5/Zn) and  p-tert-butylsulfonylcalix[4]arene  (8/Zn)
respectively. Since the zinc(ll) complexes of smaller compounds and its p-tert-butyl
derivatives show a slight difference of the complexation energies, the bulky p-tert-
butyl groups do not seem to interfere in the stabilization of the zinc(Il) complexes.
Moreover, the complexation interactions of zinc(ll) with thiacalix[4]arene derivatives
are stronger than those of sulfonylcalix[4]arene derivatives, in which the strongest
complex is 1/Zn (AEgsse = 645.95 kcal/mol) and the weakest complex is 11/Zn
(AEgsse = 336.36 kcal/mol). When considered the narrow rim substituted groups, it is
found that the complex ability is in decreasing order; -OH ~ -SH > NH, groups. As
the complex abilities of amino and mercapto compounds are nearly the same, the plot
of complexation energies against average Z-X1 and Z-X2 (X1=X2= O, S or N)
distance are considered as shown in Figure 3.31. The plot can be separated the inter-
relation into three zones which are three different narrow rim substituted zones.
Interestingly, the hydroxy groups play an important role for complex ability more
than those of mercapto and amino groups. This can be confirmed by the longer Zn-O
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distances when compared to the shorter Zn-N and Zn-S distances and by the highest
comlexation energy of the 1/Zn complex.

The HOMO and LUMO of zinc(ll) complexes with thiacalix[4]arene and
sulfonylcalix[4]arene derivatives are depicted in Figures 3.32 and 3.33, respectively.
Obviously, the results show that the HOMO and LUMO shapes of both
thiacalix[4]arene and sulfonylcalix[4]arene complexes are very similar in which the
difference of calix[4]arene bridges ( -S- and SO,-) slightly effects to their HOMO and
LUMO shapes. By contrast, it is clearly seen that the narrow rim substituted groups
strongly effect to HOMO and LUMO shapes of complexes. For example, the HOMO
orbitals of zinc(ll) complexes with hydroxyl derivatives, compounds 1 and 2, are
located at an adjacent bridge of ligand site whereas its LUMO orbitals are mainly
located at zinc atom site. Therefore, it is possible to conclude that electronic transition
between these orbitals would take place by predominant metal-ligand charge transfer
(MLCT) effect. Then a strong complxation ability is obtained. On the other hand, both
HOMO and LUMO orbitals of the zinc(ll) complexes with amino derivatives,
compounds 5 and 6, are only located at ligand site. Therefore, the electronic
transitions between these orbitals of ligands are occurred only by themselves and the
MLCT are quit small. Then weak complxation ability of compounds 5 and 6 is
obtained.
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1/Zn

3/Zn

5/Zn

Figure 3.29 The B3LYP/6-31G(d)-optimized structures of the Zn(ll) ion complexes
of the cone conformers of thiacalix[4]arene derivatives (1 to 6).



62

TalZn

11/Zn

Figure 3.30 The B3LYP/6-31G(d)-optimized structures of the Zn(lI1) ion complexes

of the cone conformers of sulfonylcalix[4]arene derivatives (7 to 12).
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Table 3.5 Complexation energies of zinc(ll) ion with the cone conformers of
thiacalix[4]arene and sulfonylcalix[4]arene derivatives obtained at B3LYP/6-31G(d)

level of theory

Complexation AE® BSSE ° AE gsse ®
Thiacalix[4]arene (1)
L% +2Zn* ZnL (1/zn) -683.96 37.99 -645.97
tert-Butylsulfonylcalix[4]arene (2)
L% +2Zn* ZnL (2/1zn) -682.07 38.07 -644.00
Mercaptothiacalix[4]arene (3)
LZ +2zZn® ZnL  (3/zn) -673.93 30.14 -643.79
Mercapto-p-tert-butylthiacalix[4]arene (4)
L% +zn* ZnL (4/Zn) -674.56 29.72 -644.84
Aminothiacalix[4]arene (5)
L +zn* Znl*  (5/Zn) -383.27 22.75 -360.53
Amino-p-tert-butylthiacalix[4]arene (6)
L +2zZn* ZnL**  (6/zn) -397.72 22.92 -374.80
Sulfonylcalix[4]arene (7) ©
L,* +Zn* ZnL,  (7a/zZn) -658.49 41.14 -617.34
L +Zn* ZnL,  (7b/zn) -652.76 41.03 -611.73
tert-Butylsulfonylcalix[4]arene (8)
L* +2zn* ZnL  (1/zn) -654.30 41.18 -613.13
Mercaptosulfonylcalix[4]arene (9) ¢
L% +2Zn* == 2znL, (9a/Zn) -644.38 34.00 -610.38
L* + Zn** Znl,  (9b/zn) -641.70 33.95 -607.75
Mercapto-p-tert-butylsulfonylcalix[4]arene (10)
L™ + Zn* ZnLs,,  (10/Zn) -645.56 33.70 -611.86
Aminosulfonylcalix[4]arene (11)
L + zZn* Znl*  (12/zZn) -359.00 22.64 -336.36
Amino-p-tert-butylsulfonylcalix[4]arene (12)
L + zZn®* == ZzZnl* (12/Zn) -378.43 22.85 -355.59

@ All ligands or ions are in complexes forms. ® In kcal/mol. ¢ Subscripts 1 and 2
represent a cyclic and non-cyclic array of proton directions, see Figures 3.29 and
3.30. The short names of complexes are in the parenthesis.
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Table 3.6 Geometrical data for zinc(ll) complexes of cone conformer of
thiacalix[4]arene derivatives computed at B3LYP/6-31G(d) level of theory

Parameter ® 1/Zn 2/Zn 3/Zn 4/Zn 5/Zn 6/Zn
Bond distances (A)
S1-S2 5.616 5.609 5.664 5.659 5.614 5.609
S2-S3 5.566 5.565 5.627 5.648 5.614 5.609
S1-S3 8.111 8.107 8.086 8.102 7.940 7.933
S2-S4 7.693 7.686 7.873 7.883 7.940 7.933
S1-C1 1.801 1.800 1.813 1.815 1.809 1.810
C3-S2 1.807 1.802 1.831 1.828 1.809 1.810
S2-C4 1.821 1.803 1.806 1.812 1.809 1.810
C2-X1 1.344 1.356 1.801 1.799 1.459 1.460
C5-X2 1.339 185¢ 1.778 1.780 1.459 1.460
X1-X2 3.572 3.579 4.256 4.257 2.991 2.986
X2-X3 3.085 3.080 3.799 3.718 2.991 2.986
X1-X3 3.597 3.586 6.806 6.536 4.230 4.223
X2-X4 4.840 4.841 4.030 4.180 4.230 4.224
X1-H1 = ~ = - 1.024 1.024
X2-H2 - - - - 1.024 1.024
Zn-X1 1.826 1.826 2.206 2.200 2.119 2.116
Zn-X2 1.816 1.815 2.185 2.179 2.119 2.116
Bond angles (°)
S1-C1-C2 120.6 120.6 121.5 121.7 121.6 121.6
C1-C2-X1 119.0 119.4 119.9 120.2 119.9 119.9
C2-C3-S2 121.0 120.9 121.7 121.8 121.6 121.6
C2-X1-H1 - 3 - - 107.1 107.1
C3-S2-C4 104.9 104.6 102.1 103.2 101.8 101.8
S2-C4-C5 119.0 118.9 122.6 122.6 121.6 121.6
C4-C5-X2 122.4 122.6 126.4 126.5 119.9 119.9
C2-X1-Zn 116.2 115.8 84.0 86.3 116.5 116.5
C5-X2-Zn 101.3 101.1 98.9 97.6 116.5 116.5
X1-Zn-X2 1505 158.8 151.6 152.9 89.8 89.8
Dihedral Angles (°)
S1-C1-C2-C3 180.0 -179.7 173% 172.1 -178.1 -178.4
S1-C1-C2-X1 0.5 0.775 -8.0 -12.1 12 0.7
C1-C2-C3-S2 178.7 178.7 -174.6 -171.8 178.1 178.1
C1-C2-X1-H1 - - - - -147.0 -146.9
C2-C3-52-C4 84.7 85.6 124.1 116.4 92.9 92.6
C3-S2-C4-C5 -110.9 -110.6 -79.3 -87.9 -92.9 -92.4
S2-C4-C5-C6 175.8 17541 170.1 172.1 -178.1 -178.3
S2-C4-C5-X2 -2.0 -2.5 -11.6 -11.1 12 0.7
C4-C5-C6-S3 ] N -166.6 -169.3 178.1 178.0
C4-C5-X2-H2 - - - - -147.0 -146.9
C1-C2-X1-Zn 169.2 167.7 137.0 140.4 90.4 90.6

aX =0for 1,2, X=S8for3,4,and X = N for 5, 6, see Figure 3.2.



65

Table 3.7 Geometrical data for zinc(ll) complexes of cone conformer of
sulfonylcalix[4]arene derivatives computed at B3LYP/6-31G(d) level of theory

Parameter 7alZn 8/Zn 9a/Zn 10/Zn 11/Zn 12/Zn
Bond distances (A)
S1-S2 5.669 5.626 5.879 5.861 5.687 5.673
S2-S3 5.626 5.630 5.723 5.729 5.687 5.673
S1-S3 8.373 8.403 8.308 8.387 8.040 8.023
S2-54 7.652 7.563 8.062 7.975 8.041 8.023
S1-C1 1.811 1.812 1.849 1.851 1.818 1.816
C1-C2 1421 1.412 1.423 1.422 1.408 1.408
C2-C3 1.432 1.427 1.433 1.428 1.408 1.404
C3-X2 1.811 1.807 1.840 1.838 1.818 1.816
X2-C4 1.801 1.808 1.811 1.816 1.818 1.816
C2-X1 1.316 1.317 1.793 1.795 1.453 1.454
C5-X2 1.313 1.31% 1.769 1.768 1.453 1.454
X1-X2 3.315 3.344 4.108 4110 3.015 2.996
X2-X3 2.734 2.682 3.641 3.564 3.002 2.996
X1-X3 4.471 4.477 6.754 6.627 4.244 4.238
X2-X4 4.400 4522 3.930 3.916 4.245 4.238
X1-H1 - - - - 1.030 1.029
X2-H2 - - - - 1.030 1.029
01-02 5.457 5.410 6.006 6.014 5.362 5.367
02-03 5.450 5.402 6.117 6.009 5.363 5.366
S1-01 1.479 1.481 1.468 1.468 1.488 1.490
S2-02 1.519 1517 1.505 1.505 1.488 1.490
H1-02 - - - - 1.887 1.887
H2-03 - - - - 1.878 1.887
Zn-X1 1.834 1.822 2.209 2.204 2.116 2.120
Zn-X2 1.817 1.823 2.208 2.206 2.116 2.120
Zn-02 2.016 2.032 2.024 2.028 - -
Bond angles (°)
S1-C1-C2 119.6 118.4 127.1 127.0 123.2 122.9
C1-C2-X1 117.4 deib) 119.8 119.9 121.2 121.6
C2-C3-S2 124.0 123.2 128.6 128.2 123.2 122.8
C2-X1-H1 - - - - 106.9 106.8
C3-S2-C4 113.1 113.3 105.6 106.7 105.3 105.6
S2-C4-C5 1231 123.3 124.1 124.1 123.2 122.9
C4-C5-X2 127.3 127.3 128.1 128.3 121.2 121.6
01-S1-C1 110.3 109.9 112.8 112.8 107.0 107.0
02-S2-C4 105.9 105.6 107.5 106.9 107.0 107.0
C2-X1-Zn 118.6 120.2 87.2 87.0 117.7 118.2
C5-X2-Zn 120.5 120.0 105.6 105.8 117.8 118.2
X1-Zn-X2 130.5 133.1 136.9 137.5 90.9 89.9
Dihedral Angles (°)
S1-C1-C2-C3 178.3 179.4 174.5 171.6 -179.5 -179.9
S1-C1-C2-X1 -1.3 0.4 -10.2 -14.7 -0.7 -1.8
C1-C2-C3-S2 176.6 175.6 -179.0 -177.2 179.9 179.6
C1-C2-X1-H1 - - - - -146.9 -146.7
C2-C3-S2-C4 88.4 86.2 116.7 114.0 87.5 87.0
C3-S2-C4-C5 -83:1 -87:3 -65.2 -68.6 -87.4 -86.8
S2-C4-C5-C6 -175.3 -175.6 172.6 176.5 -179.9 -179.9
S2-C4-C5-X2 6.5 5.4 -5.5 -0.4 -1.2 -1.8
C4-C5-C6-S3 178.7 -179.7 -170.8 -174.1 179.7 179.6
C4-C5-X2-H2 - - - - -147.3 -146.7
01-S1-C1-C2 41.3 47.0 3.3 10.0 25.5 27.0
02-S2-C4-C5 318 27.6 53.1 49.9 26.2 27.0
C1-C2-X1-Zn 168.0 172.7 140.3 140.3 91.1 91.1
C3-S2-02-Zn 59.3 60.3 411 41.6 - -

8X=0for7,8 X=Sfor9, 10, and X = N for 11, 12, see Figure 3.3.
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Figure 3.31 Graphic inter-relation between the complexation energies (AEgssg) of
thiacalix[4]arene and sulfonylcalix[4]arene complexes and the average distance of
Zn-X1 and Zn-X2 bonds (X1 = X2 = O, S or N as shown in Figures 3.2 and 3.3).
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6 ] Jg.a
Figure 3.32 Localization the LUMO and HOMO orbitals in the cone conformers of

zinc(I1) complexes with thiacalix[4]arene derivatives (1 to 6).
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Figure 3.33 Localization the LUMO and HOMO orbitals (isosurface at 0.05 au) for

the cone conformers of sulfonylcalix[4]arene derivatives (7 to 12).

3.3 Host—guest complexes with carboxylate and dicarboxylate guest study

Organic anion receptors that contain a chromophore moiety are used for
chromogenic sensors for the detection of ‘biological anions. An excellent anion
receptor such as thiourea-based chromophores with p-nitrophenyl groups is an
excellent: chromogenic anion: receptor for monocarboxylates such as acetate [58].
Anion _recognition of two-binding-site receptors lead to the discovery of useful
sensors, not only for dicarboxylates but also monocarboxylates. Chromogenic
azophenol-thiourea-based anion sensors have been developed for the selective
colorimetric detection of acetate and other anions [59-61]. Urea or thiourea groups
incorporated in receptors for anion recognition have been studied in a system of
various solvents [62-64]. In previous theoretical work, the recognition of carboxylate

and dicarboxylates by azophenol-thiourea derivatives are first investigated by the
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integrated MO:MO method and show that oxalate is the most favorable ion for
forming complexes with both receptors of azophenol-thiourea derivatives [65]. As
complex formation of tetraamino-p-tert-butylthiacalix[4]arene derivatives with anions
is expected, their anion recognitions have led to the development of anion sensors.
Information on the binding interactions between the detected anions and their
receptors is very important for discovering colorimetric and other detecting sensors.
In this part, the binding interactions between carboxylates and different chromophore
receptors have therefore been investigated theoretically to obtain their binding
energies and thermodynamic data for their interactions. The receptors of tetraamino-
p-tert-butylthiacalix[4]arene derivatives and anionic guests of acetate, oxalate,

malonate, succinate, glutarate, adipate, and pimelate have been investigated.

3.3.1 Computational method

Geometries of the host—guest complexes and their host and guest components
have been optimized using the hybrid density functional B3LYP method and the two-
layered ONIOM(MO:MO) approach (ONIOM) [42, 66] using B3LYP/6-31G(d) as
the high-level model and semi-empirical AM1 [67], PM3 [68], and MNDO [69] as
low-level models. The reliability of the ONIOM calculations at the integrated levels
[70], ONIOM(B3LYP/6-31G(d):AM1), ONIOM2(B3LYP/6-31G(d):PM3), and
ONIOM(B3LYP/6-31G(d):MNDO) has been examined for geometry optimizations of
the tetraamino-p-tert-butylthiacalix[4]arene (tatbtc4a) receptor and its complex with
oxalate. Their geometrical data are compared with those of the target geometry
optimized at the B3LYP/6-31G(d) level of theory as listed in Table 3.8. Energies and
geometries of oxalate/tatctb4a system as the host—guest complex have been performed
using the ONIOM(B3LYP/6-31G(d):AM1), ONIOM(B3LYP/6-31G(d):PM3), and
ONIOM(B3LYP/6-31G(d):MNDO) methods and -also compared with the target
B3LYP/6-31G(d) geometry. The ONIOM(B3LYP/6-31G(d):AM1) calculation of the
examined system provides reasonable results at a relatively low cost for the present
host—guest interactions. The two-layered ONIOM(B3LYP/6-31G(d):AM1) is
therefore used for geometry optimization throughout this work. The reliability of the
ONIOM(B3LYP/6-31G(d):AM1) for a similar system is discussed in the works of
Remko et al. [71, 72]. The real and model systems used in the two-layer

ONIOM(MO:MO) calculations for the hosts and host—guest interaction models are
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shown in Figure 3.34. The structures of the carboxylate guests and their total energies
have been optimized and computed at the B3LYP/6-31G(d) level of theory. All
calculations are performed using the GAUSSIAN 03 program [52] and their structures

are visualized using the molekel 4.3 program [55].
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Figure 3.34 Real molecule (top) and model system (bottom) of hosts (a) tatbtc4a and
(b) tatcada. The bold atoms of the real molecules of hosts were treated at the higher
level of theory used in the ONIOM(MO:MQ) calculation.
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Figure 3.35 Atom labeling of tatbtc4a/oxalate complex as a representative of a host—
guest system.
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Figure 3.36 Geometrical structures of tetraamino-p-tert-butylthiacalix[4]arene
(tatbtcda) complex with oxalate optimized at (a) B3LYP/6-31G, (b)
ONIOM(B3LYP/6-31G(d):AM1), (c) ONIOM(B3LYP/6-31G(d):PM3), and (d)
ONIOM(B3LYP/6-31G(d):MNDO) levels of theory.
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Table 3.8 Geometrical data for the geometries of tetraamino-p-tert-
butylthiacalix[4]arene (tatbtc4a) complex with oxalate optimized at the B3LYP/6-
31G(d), ONIOM(B3LYP/6-31G(d):AM1), ONIOM(B3LYP/6-31G(d):PM3), and
ONIOM(B3LYP/6-31G(d):MNDO) levels of theory

a ONIOM(B3LYP/6- ONIOM(B3LYP/6- ONIOM(B3LYP/6-
Parameter B3LYP/E-31G(d) 31G(d):AM1) 31G(d):PM3) 31G(d):MNDO)
Host
Bond distance (A)
N1-H1 1.015 1.018 1.040 1.027
N1-H2 1.024 1.031 1.007 1.030
N2-H3 1.011 1.017 1.006 1.027
N2-H4 1.044 1.084 1.040 1.024
N1-C2 1.378 1.406 1.392 1.353
N2-C5 1.333 1.360 1.388 1.360
C1-C2 1.426 1.422 1.425 1.440
C2-C3 1.422 1.419 1.424 1.438
C3-C13 1.397 1.392 1.391 1.400
C13-C14 1.398 1.396 1.390 1.417
C14-C15 1.401 1.400 1.397 1421
C1-C15 1.392 1.389 1.385 1.398
C14-C16 1.539 1.504 1513 1.538
C16-C17 1.540 1.524 1.531 1.558
C4-C5 1.439 1.437 1.425 1.435
C5-C6 1.434 1.434 1.426 1.433
C6-C20 1.395 1.385 1.385 1.401
S1-C3 1.815 1.732 1.787 1.731
S1-C4 1.805 1.725 1.787 1.733
S2-C6 1.804 1.724 1.785 1.733
S2-C7 1.816 1.729 1.778 1.732
Bond angle (°)
H1-N1-H2 107.1 103.9 110.0 107.3
H3-N2-H4 110.0 109.6 110.3 107.1
H5-N3-H6 107.8 106.8 110.8 107.4
H7-N4-H8 110.8 11176, 110.8 107.1
C1-C2-C3 116.1 117.2 118.5 117.9
C3-S1-C4 102.2 99.3 97.5 104.7
C4-C5-C6 115.6 115.8 118.4 118.7
C6-S2-C7 102.2 100.2 101.0 104.6
Dihedral angle (°)
N1-C2-C3-C13 =il7283} =172.6 —172.9 -163.1
C3-C13-C14-C16 179.0 =179.4 -176.4 175.9
C13-C14-C16-C17 0.2 =i 26.0 -5.8
C2-C3-S1-C4 113.7 111.8 935 95.6
C3-S1-C4-C5 —88.2 -914 -91.5 -107.8
N2-C5-C6-C20 —168.8 -162.5 -173.7 -164.0
C6-C20-C21-C23 177.7 179.7 -176.1 177.3
C20-C21-C23-C24 -1.0 2.1 -33.2 -10.7
C5-C6-S2-C7 88.8 98.1 114.2 106.0
C6-S2-C7-C8 -116.2 —118.0 -112.0 -95.0
H2-N1-C2-C3 —49.2 -59.1 —6.0 -9.4
H4-N2-C5-C6 —7.4 —28.4 -38.9 -14.7
H6-N3-C8-C9 —22.6 —24.6 -5.6 -95
H8-N4-C11-C12 35 —22.6 -16.4 -14.7
Guest
Bond distance (A)
C27-C28 1.550 1.553 1.557 1.592
01-C27 1.241 1.239 1.239 1.264
02-C27 1.292 1.292 1.294 1.267
03-C28 1.278 1.288 1.271 1.264
04-C28 1.268 1.258 1.270 1.268
Bond angle (°)
01-C27-02 126.6 126.9 126.7 1255
03-C28-04 125.7 125.3 126.8 1255
Dihedral angle (°)
01-C27-C28-03 96.1 93.9 90.6 -176.4
N1-H2.--03 1.981 2.039 2.376 2.376
N3-H6:--02 1.905 1.856 2.013 2.013
N4-H7.--02 1.726 1.732 1.980 1.980

& Atomic labeling is shown in Figure 3.35.
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3.3.2 Complexation properties of tetraamino-p-tert-butylthiacalix[4]arene

For examination the reliability of the two-layered ONIOM(MO:MO) method,
the geometries of the tatbtc4a/oxalate complex have been optimized at four different
levels of theory. Its geometries optimized at the B3LYP/6-31G(d),
ONIOM(B3LYP/6-31G(d):AM1), ONIOM(B3LYP/6-31G(d):PM3), and
ONIOM(B3LYP/6-31G(d):MNDO) levels of theory are shown in Figure 3.36 and
their corresponding geometrical data are given in Table 3.8. The comparison of the
hydrogen bonds of the tatbtc/oxalate complex is found that the ONIOM(B3LYP/6-
31G(d):AM1)-optimized hydrogen-bond distances are in good agreement with the
B3LYP/6-31G(d)-optimized data. The ONIOM(B3LYP/6-31G(d):AM1)-optimized
geometry of the tatbtc/oxalate complex is very similar to the target B3LYP/6-31G(d)-
optimized geometry. Thus, the reliability test of the ONIOM(MO:MO) approach for
this host—guest system shows the ONIOM2(B3LYP/6-31G(d):AM1) method to be the
most reliable with respect to the full B3LYP/6-31G(d) level of theory.

Tetraamino-p-tert-butylthiacalix[4]arene (tatbtc4a) can form the stable
complexes with acetate, oxalate, malonate, succinate, glutarate, and pimelate guests,
but not with adipate. The most stable complex is formed with malonate which is
stabilized by —117.60 kcal/mol. The stability of the tatbtc4a/carboxylate complex
system in decreasing order is malonate > oxalate > succinate > pimelate > glutarate >
acetate (see Table 3.9). The ONIOM(B3LYP/6-31G(d):AM1)-optimized geometries
of the tatbtc4a complexes with carboxylate guests are shown in Figure 3.37. The
geometries of malonate/tatbtc4a and succinate/tatbtc4a are found to have high
symmetry, belonging to the point group C,. The selectivity coefficient of the tatbtc4a
towards malonate with respect to acetate also confirms that the tatbtcd4a forms
favorably a very stable complex with malonate. As the selectivity coefficient of
tatbtc4a toward malonate with respect to oxalate (the second most stable complex
with tatbtc4a) is quite large (9.90x10°), the receptor tatbtc4a may well recognize
malonate. Table 3.10 shows that the total preorganization energies of the host tatbtc4a
and the guest malonate are the lowest energy (=4.31 kcal/mol). The highest guest-
preorganization energy is given by adipate (=83.28 kcal/mol). Plots of the
preorganization energies of tatbtc4a, its complexation, and binding energies against
the size of the carboxylate guests, based on the ONIOM(B3LYP/6-31G(d):AM1)

method, are shown in Figure 3.38. Binding energies with and without BSSE
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corrections, BSSE-corrected preorganization energies of the association of the
tetraamino-tert-butylthiacalix[4]arene (tatbtc4a), and various anionic guests derived at
the B3LYP/6-31G(d)//ONIOM (B3LYP/6-31G(d):AM1) level of theory are shown in
Table 3.11. The binding energies with and without the BSSE corrections indicate that
the tatbtc4a/malonate complex is the most stable species with the lowest BSSE-

corrected preorganization energy (110.68 kcal/mol).

Table 3.9 Binding energies, enthalpies, and free energies of association of amino-p-

tert-butylthiacalix[4]arene (6, tatbtc4a) and various anionic guests

GueSt AE Nt a AH 298 a AG 298 a K ;cetate b
acetate —-43.32 ~43.61 -28.03 1.00x10%
oxalate -103.77 ~104.26 -80.92 8.12x10%
malonate -117.60 ~41.35 -84.99 8.04x10™
succinate -86.91 -87.71 -68.80 9.83x10%°
glutarate ~75.06 ~75.64 -58.19 1.54x10%
adipate -4.93 * -5 -
pimelate -58.98 -60.26 -42.38 3.62x10"

% In kcal/mol, derived from the ONIOM(B3LYP/6-31G(d):AM1) energies with ZPE
corrections. © Selectivity coefficient of guests with respect to acetate. © Unreliable
results due to the ONIOM(B3LYP/6-31G(d):AM1) frequency calculations.

¢ Indetermination.

Table 3.10 Preorganization energies, corresponding thermodynamics of amino-p-tert-
butylthiacalix[4]arene (6, tatbtc4a) receptor (host), carboxylates (guest), and their
complexation energies derived from the ONIOM (B3LYP/6-31G(d):AM1)

calculations

Host/guest Host Guest
AEtOtal a AE a

AR fos L LNt AE et b AH 28D AG 2% b preorg preorg

preorg preorg

tatbtc4a/acetate 10.65 10.67 10.99 0.86 0.26 2.79 11.51 —54.83

tatbtc4a/oxalate 22.54 21.56 25.01 154 1.03 8.66 24.08 -127.85
tatbtc4a/malonate = 1.84 1.53 2.10 2.47 64.59 3.81 431 -138.72
tatbtc4a/succinate  18.06 16.55 22.32 13.07 12.91 13.69 31.13 -118.04
tatbtc4a/glutarate  17.75 16.31 20.27 17.05 15.87 19.24 34.8 —109.86
tatbtc4a/adipate 17.54 16.74 19.03 83.28 83.02 85.53 100.82  —105.75
tatbtc4a/pimelate  17.87 17.04 19.85 26.49 25.00 27.93 44.36 —-103.34

% In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPE
corrections ” In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPE corrections
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Table 3.11 Binding energies of association of the amino-p-tert-butylthiacalix[4]arene

(6, tatbtc4a) and various anionic guests and their BSSE corrections values derived
from the B3LYP/6-31G(d)//ONIOM (B3LYP/6-31G(d):AM1) calculations and their

BSSE corrected values

Guest AE binding ® AE complex ® BSSE** AE Ersef)fg ® AE Ersesofg ®AE Ersef)fg ’
tatbtc4a/acetate —45.35 —86.82 — - - -
tatbtc4a/oxalate —98.07 —209.13 31.92 —66.16 =177.22 111.06
tatbtc4a/malonate —100.16 —210.84 31.37 —68.79 =179.47 110.68
tatbtc4a/succinate -83.33 —204.17 31.54 -51.79 —-172.63 120.84
tatbtc4a/glutarate —67.54 -191.06 24.94 —42.60 -166.12 123.52
tatbtc4a/adipate -61.70 -189.21 72 - - -
tatbtc4a/pimelate - < 13.69 - - 132.50

2 In kcal/mol. ® The BSSE energy. ¢ No convergence. ¢ Unreliable results. ¢ No
convergence of energies. " Indetermination.
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Figure 3.37 ONIOM(B3LYP/6-31G(d):AM1)-optimized geometries of tetraamino-p-
tert-butylthiacalix[4]arene (tatbtc4a) with carboxylate guests. Binding energies 4E are
in kcal/mol.
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Figure 3.38 Plots of preorganization energies of tatbtc4a receptor and carboxylates
(guests) and their complexation and binding energies against the size of the
carboxylate guests, based on the ONIOM(B3LYP/6-31G(d ):AM1) method.

3.3.3 Complexation properties of amino-p-tert-butylcalix[4]arene

Amino-p-tert-butylcalix[4]arene (tatbc4a) can form stable complexes with
oxalate, malonate, succinate, and glutarate but form weak complexes with acetate and
pimelate, as indicated by the binding and Gibbs free energies shown in Table 3.12.
The most stable complex is formed with oxalate which-is stabilized by —67.61
kcal/mol. The stability of the tatbtc4a/carboxylate complex system in decreasing order
is: oxalate > malonate > succinate > glutarate > pimelate >> acetate. The
ONIOM(B3LYP/6-31G(d):AM1)-optimized geometries' of the tatbcd4a complexes
with carboxylate guests are shown in Figure 3.39. Figure 3.39 shows that the
geometries of malonate/tatbc4a and succinate/tatbc4a complexes have the same C,-
symmetry. Table 3.13 also shows an extreme change in the preorganization energies
for the host molecules (> 30 kcal/mol except for the acetate ion, whose energy is
19.27 kcal/mol), and a little change for all guests except adipate and pimelate. The

total preorganization energies of all the tatbc4a complexes are higher than 45 kcal/mol
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except for the acetate ion (19.94 kcal/mol). The adipate/tatbc4da complex is
destabilized by its total preorganization energies (=113.9 kcal/mol) as shown Table
3.13). Plots of the preorganization energies of tatbc4a and its complexation and
binding energies against the size of carboxylate guests, based upon the
ONIOM(B3LYP/6-31G(d ):AM1) method, are shown in Figure 3.40. The BSSE-
corrected energies of the tatbcda complexes computed at the B3LYP/6-
31G(d)//ONIOM(B3LYP/6-31G(d):AM1) level (shown in Table 3.14) confirm that
the oxalate ion forms the most stable complex with the tatbc4a receptor. According to
the B3LYP/6-31G(d)//ONIOM(B3LYP/6-31G(d):AM1)-energy with and without
BSSE corrections, the stability of the tatbtc4a complexes in decreasing order is:

oxalate > malonate > succinate > glutarate > adipate > pimelate.

Table 3.12 Binding energies, enthalpies, and free energies of association of
tetraamino-p-tert-butylcalix[4]arene (tatbc4a) and various anionic guests

GueSt AE binding a AH 298 a AG 298 a Kgcetate b
acetate -43.32 —43.61 —28.03 1.00x10%
oxalate -103.77 ~104.26 -80.92 8.12x10%
malonate -117.60 —41.35 -84.99 8.04x10™
succinate -86.91 -87.71 -68.80 9.83x10%°
glutarate ~75.06 ~75.64 -58.19 1.54x10%
adipate -4.93 = - -
pimelate -58.98 —60.26 —42.38 3.62x10"

% In kcal/mol, derived from the ONIOM(B3LYP/6-31G(d);:AM1) energies with ZPE
corrections. © Selectivity coefficient of guests with respect to acetate. © Unreliable
results due to the ONIOM(B3LYP/6-31G(d):AM1) frequency calculations.

¢ Indetermination.
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Table 3.13 Preorganization energies, corresponding thermodynamics of Tetraamino-
p-tert-butylthiacalix[4]arene (tatbc4a) receptor (host), carboxylates (guest), and their
complexation energies derived at ONIOM (B3LYP/6-31G(d):AM1) calculations

Host/guest Host Guest
AE total a AE a

preorg preorg

AE st a AH2Ba pg2el AE 0t b AH28P AG28 b

preorg preorg

tatbc4a/acetate 10.65 10.67 10.99 0.86 0.26 2.79 11.51 —54.83

tatbc4a/oxalate 22.54 21.56 25.01 1.54 1.03 8.66 24.08 -127.85
tatbc4a/malonate  1.84 1.53 2.10 2.47 64.59 3.81 431 —-138.72
tatbc4a/succinate  18.06 16.55 22.32  13.07 12.91 13.69 31.13 -118.04
tatbcda/glutarate  17.75 16.31 20.27 17.05 15.87 19.24 34.8 —109.86
tatbc4a/adipate 17.54 16.74 19.03 83.28 83.02 85.53 100.82  —105.75
tatbc4a/pimelate  17.87 17.04 19.85 26.49 25.00 27.93 44.36 -103.34

® In kcal/mol, derived at the ONIOM (B3LYP/6-31G(d):AM1) level with ZPE
corrections. ° In kcal/mol, derived at the B3LYP/6-31G(d) level with ZPE corrections.
Table 3.14 Binding energies of association of the tetraamino-p-tert-butylcalix[4]arene
(tatbc4a) and various anionic guests and their BSSE corrections values derived from
the B3LYP/6-31G(d)//ONIOM (B3LYP/6-31G(d):AM1) calculations and their BSSE

corrected values

Guest AE binding * B complex 2 BSSE®’ AEErSeSoEg ° AE grseifg : AEErSeSoEg ’
tatbc4a/acetate —34.10 —85.60 —° - - -
tatbc4a/oxalate -93.17 —240.76 31.92 -61.26 —208.84 147.59
tatbc4a/malonate -91.53 —246.99 47.97 —43.56 -199.02 155.46
tatbc4a/succinate ~77.36 —243.25 50.25 -27.11 —-193.00 165.90
tatbc4a/glutarate —70.55 —208.86 34.18 —-36.38 —174.68 138.30
tatbc4a/adipate —64.15 —206.13 34.81 -29.34 -171.32 141.98
tatbcda/pimelate —54.41 —213.32 43.75 -10.66 -169.57 158.91

% In kcal/mol. ® The BSSE energy. ¢ No convergence. ¢ Unreliable results. ¢ No
convergence of energies. " Indetermination.
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Figure 3.39 ONIOM(B3LYP/6-31G(d):AM1)-optimized geometries of tetraamino-p-
tert-butylcalix[4]arene (tatbc4a) with carboxylate guests. Binding energies AE are in
kcal/mol.
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Figure 3.40 Plots of preorganization energies of tatbc4a receptor and carboxylates
(guests) and their complexation and binding energies against the size of the
carboxylate guests, based on the ONIOM(B3LYP/6-31G(d ):AM1) method.



CHAPTER IV

CONCLUSIONS AND SUGGESTIONS

The four typical conformers of thiacalix[4]arene derivatives namely,
thiacalix[4]arene 1, p-tert-butylthiacalix[4]arene 2, mercaptothiacalix[4]arene 3,
mercapto-p-tert-butylthiacalix[4]arene 4, aminothiacalix[4]arene 5, and amino-p-tert-
butylthiacalix[4]arene 6 and sulfonylcalix[4]arene derivatives namely sulfonylcalix[4]
arene 7, p-tert-butylsulfonylcalix[4]arene 8, mercaptosulfonylcalix [4]arene 9,
mercapto-p-tert-butylsulfonylcalix[4]arene 10, aminosulfonylcalix[4] arene 11, and
amino-p-tert-butylsulfonylcalix[4]arene 12, have been studied by using the DFT
calculation at the B3LYP/6-31G(d) level of theory. The results show that for all
thiacalix[4]arene derivatives, the most stable conformers (1 to 6) are cone and only
compound 4 has similar stability of cone, partial cone and 1,3-alternate conformers
For sulfonylcalix[4]arene derivatives (7 to 12), 1,3-alternate is found to be the most
stable conformer in nearly all derivatives, whereas both cone and partial cone
conformers are found to be the most stable in compound 7. A number of
intramolecular hydrogen bonds at narrow rim are an important factor for the
conformational stability. On the other hand, narrow rim substituted groups and tert-
butyl substituted groups are slightly effective to the conformational stability. The cone
— partial cone interconversions of compound 1, 3, 5, 7, 9 and 11 have been studied at
the B3LYP/6-31G(d) level of theory. The results show that the lower rim substituted
groups slightly effect to the rotational barrier of cone — partial cone interconversions
but the bridge types strongly effect. The rotational barrier of thiacalix[4]arene
derivatives is higher approximately twice times than sulfonylcalix[4]arene
derivatives. As the result, the smaller sulfur (-S-) bridges tent to rotate easier than the
bigger sulfonyl (-SO,-) bridges. For the HOMO and LUMO orbitals obtained at
B3LYP/6-31G(d) level of theory, their shapes and localizations in the cone
conformers of both thiacalix[4]arene and sulfonylcalix[4]arene derivatives are finely
disperse and very similar.

The stability of selected compounds 7, 9 and 11, in solvents (water,
chloroform and dichloromethane) has been computed at B3LYP/6-31G(d) level of
theory by using the CPCM model. It is found that solvents are slightly effective to
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their stabilities, in which the highest stability difference in various solvents at about 2
kcal/mol. is cone conformer for compound 7 and partial cone conformer for
compound 9.

The complexations between zinc(ll) ion and the cone conformer of
thiacalix[4]arene and sulfonylcalix[4]arene derivatives have been investigated at
B3LYP/6-31G(d) level of theory. The result shows that all of complexations are an
exothermic process. Furthermore, the complexation between the Zinc(Il) ion and
thiacalix[4]arene (1/Zn) yields the highest energy (ca. -645.97 kcal/mol) which results
from the metal-ligand charge transfer (MLCT) effect found on its complex.

The preorganization and binding energies of the receptors tatbtc4a and
tatbc4a and seven carboxylate guests (acetate, oxalate, malonate, succinate, glutarate,
adipate, and pimelate) and complexation energies of their complexes have been
computed using the ONIOM (B3LYP/6-31G(d):AM1) and B3LYP/6-31G(d)//
ONIOM(B3LYP/6-31G(d):AM1) methods. Thermodynamic quantities of these
complexes have been computed at the ONIOM (B3LYP/6-31G(d):AM1) level of
theory. The results show that the relative stability of the tatbtc4a complexes with
carboxylates in decreasing order is malonate > oxalate > succinate > glutarate. The
relative stability of the tatbc4a complexes with carboxylates in decreasing order is
oxalate > malonate > succinate > glutarate > adipate > pimelate. The complexes
tatbtc4a/malonate and tatbc4a/oxalate are found to be the most stable species. The

selectivity of the tatbtc4a receptor toward to malonate with respect to oxalate, in terms

of selectivity coefficient, K 2% s 9.90x10°.

malonate

Suggestions for further work:

The further works should be theoretically studied in the following topics:
1. The spectroscopic properties of thiacalix[4]arene and sulfonylcalix[4]arene
derivatives and their zinc(ll) complexes.
2. The  complexation properties between  thiacalix[4]arene  and
sulfonylcalix[4]arene derivatives and the other metal ions such as alkali, transition
metal, lanthanides and actinides.
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APPENDIX I

Table S1 Relative energies, 4Erel of thiacalix[4]arene derivatives obtained at the
B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory

Compound/conformer

AErel (kcal/mol)

thiacalix[4]arenes (1)

cone (-2817%?1247076)
partial cone 10.69
1,2-alternate 14.80
1,3-alternate 14.82
p-tert-butylthiacalix[4]arenes (2)
cone (-3446%2(2)33936)
partial cone 10.67
1,2-alternate 14.51
1,3-alternate 15.86
tetramercaptothiacalix[4]arenes (3)
cone (—4109.%22(3)26205)
partial cone 1.76
1,2-alternate 5.16
1,3-alternate 1.97
tetramercapto-p-tert-butylthiacalix[4]arenes (4)
cone 0.04
partial cone 0.41
1,2-alternate 3.30

0.00

1,3-alternate

tetraaminothiacalix[4]arenes (5)

(-4738.67759456)

cone (-2738%?395369)
partial cone 1.39
1,2-alternate 6.51
1,3-alternate 4.00
tetraamino-p-tert-butylthiacalix[4]arenes (6)

cone (-3367%3294758)
partial cone 1.28
1,2-alternate 6.17

1,3-alternate

3.86
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Table S2 Relative energies, 4Erel of sulfonylcalix[4]arene derivatives obtained at the
B3LYP/6-31G(d)//B3LYP/6-31G(d) level of theory derivatives

Compound/conformer AErel (kcal/mol)
sulfonylcalix[4]arenes (7)
cone 0.16
partial cone -3 41%'_%3518)
1,2-alternate 1.49
1,3-alternate 5.83
p-tert-butylsulfonylcalix[4]arenes (8)
cone 4.55
partial cone 4.84
1,2-alternate 12.32

0.00

1,3-alternate (-4048.37773)

tetramercaptosulfonylcalix[4]arenes (9)

cone 6.79
partial cone 1.49
1,2-alternate 5.03

0.00

1,3-alternate (-4711.15198)

tetramercapto-p-tert-butylsulfonylcalix[4]arenes (10)

cone 10.79
partial cone 4.65
1,2-alternate 8.02

0.00

1,3-alternate (-5340.18536)

mercaptosulfonylcalix[4]arenes  (11)

cone 9.13
partial cone 3.03
1,2-alternate 13.75

0.00

1,3-alternate (-3339.91320)

tetraamino-p-tert-butylsulfonylcalix[4]arenes (12)

cone 3.19
partial cone 115
1,2-alternate 10.58

0.00

1,3-alternate (-3968.93349)
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Table S3 Relative energies, AErel (in kcal/mol) of the B3LYP/6-31G(d)-optimized
conformers of sulfonylcalix[4]arene derivatives obtained at different levels of theory,

the total energies (in au) of the most stable conformer are shown in parentheses

ot St LIS S wo' o ona
sulfonylcalix[4]arenes (7)
cone 0.16 0.24 0.11 1.82 0.84 121
partial cone (-34109'%91518) (-34105.%%727) (-34109'.%2755) 053 011 0.78
1,2-alternate 1.49 1.53 1.38 0.00 0.00 0.00
1,3-alternate 5.83 5.54 5.01 3.87 4.26 4.58
tetramercaptosulfonylcalix[4]arenes (9)
cone 6.79 7.18 6.53 7.32 7.82 8.21
partial cone 1.49 1.86 1.72 3.00 2.87 3.40
1,2-alternate 5.03 5.41 4.87 5.88 5.93 6.45
1,3-alternate (-47101.32198) (-471&%%625) (-47101'.%2952) 0.00 0.00 0.00
mercaptosulfonylcalix[4]arenes (11)
cone 9.13 9.40 9z 9.18 9.19 9.00
partial cone 3.03 3.15 3.53 2.17 2.64 2.65
1,2-alternate 13.75 13.87 14.17 11.53 12.14 11.52
1,3-alternate oo 099 L% 000 0.0 0.00

(-3339.91320)

(-3339.96131)

(-3340.47141)

 The single-point calculation of the B3LYP/6-31G(d)-optimized geometry. ® The

single-point CPCM calculations (e=78.4 for water, £=4.9 for chloroform and £=8.94
for dichloromethane) at the B3LYP/6-31G(d) level.
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Table S4 Dipole moments (in debye) of the B3LYP/6-31G(d)-optimized conformers
of sulfonylcalix[4]arene derivatives obtained at different levels of theory

Dipole moment

Compound
Jconformer B3LYP/6- B3LYP/6- B3LYP/6-

b b b
316 316(dp)* 31G@p: 0 CHCL CHCL

sulfonylcalix[4]arenes (7)

cone 11.236 11.188 11.982 15.892 14.715 15.290
partial cone 7.464 7.438 7.902 10.463 9.699 10.053
1,2-alternate 0.001 0.001 0.001 0.005 0.011 0.017
1,3-alternate 0.000 0.000 0.000 0.005 0.006 0.008
mercaptosulfonylcalix[4]arenes (9)

cone 9.387 9.327 9.593 14.950 13.422 14112
partial cone 5.375 5.349 5.528 8.366 7.527 7.932
1,2-alternate 1.353 1-399) 1.326 1.891 1.745 1.809
1,3-alternate 0.001 0.001 0.001 0.038 0.053 0.0367
mercaptosulfonylcalix[4]arenes (11)

cone 5.431 5.445 6.098 7.4583 6.943 7.177
partial cone 2.912 2.904 3.252 4.042 3.854 3.979
1,2-alternate 0.004 0.004 0.004 0.006 0.012 0.005
1,3-alternate 0.001 0.001 0.001 0.002 0.018 0.029

% The single-point calculation of the B3LYP/6-31G(d)-optimized geometry. ® The
single-point CPCM calculations (e=78.4 for water, é=4.9 for chloroform and ¢=8.94
for dichloromethane) at the B3LYP/6-31G(d) level.
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Table S5 The E_ymo and Enomo energies and frontier molecular orbital energy gap,
AEpomo-Lumo Of  typical conformers of thiacalix[4]arene derivatives computed at
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level of theory

Compound/conformer Eiumo® Eromo®  AEBnomoiumo® N p?c oy
thiacalix[4]arenes (1)
cone -1.116 -6.368 5.252 2.626 -3.742 3.742
partial cone -1.088 -6.041 4,953 2476  -3565 3.565
1,2-Alternate -1.007 -5.687 4.680 2340 -3.347  3.347
1,3- Alternate -1.007 -6.068 5.061 2531 -3.538 3.538
p-tert-butylthiacalix[4]arenes (2)
cone -0.980 -6.068 5.089 2544  -3524 3524
partial cone -0.952 -5.823 4.871 2435 -3.388 3.388
1,2-Alternate -0.980 -5.633 4.653 2327 -3.306 3.306
1,3 Alternate -0.871 -5.823 4.953 2476  -3.347  3.347
mercaptothiacalix[4]arenes (3)
cone -1.252 -5.823 4572 2286 -3.538 3.538
partial cone -1.170 -5.932 4.762 2381 -3551 3.551
1,2 Alternate -1.170 -5.905 4.735 2367 -3.538 3.538
1,3-Alternate -1.088 -6.068 4.980 2490 -3578 3578
p-tert-butylmercaptothiacalix[4]arenes (4)
cone -1.116 -5.633 4517 2259 -3374 3374
partial cone -1.034 -5.742 4.708 2354 -3.388 3.388
1,2-Alternate -1.007 -5.769 4.762 2381 -3.388 3.388
1,3-Alternate -0.952 -5.823 4871 2435 -3.388 3.388
aminothiacalix[4]arenes (5)
cone -0.871 -5.361 4.490 2245 -3.116 3.116
partial cone -0:.925 -5.252 4.327 2163 -3.089  3.089
1,2-Alternate -1.007 -5.361 4.354 2177 -3.184 3.184
1,3 Alternate -1.088 -5.714 4.626 2313 -3.401 3.401
p-tert-butylaminothiacalix[4]arenes (6)
cone -0.789 -5.197 4.408 2204  -2.993 2993
partial cone -0.844 -5.116 4.272 2136 -2.980 2.980
1,2-Alternate -0.898 -5.197 4.299 2150 -3.048 3.048
1,3-Alternate -0.980 -5.551 4572 2286 -3.265 3.265

?1n eV. ® Chemical hardness, n=AEnomo-Lumo/2. ¢ Electronic chemical potential,
u=(Eromo*ELumo)/2. @ The Mulliken electronegativity, y=—(Exomo+ELumo)/2.
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Table S6 The E_umo and Enomo energies and frontier molecular orbital energy gap,
AEpomo-Lumo Of typical conformers of thiacalix[4]arene derivatives computed at
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level of theory

Compound/conformer Eiumo® Eromo®  AEBnomoiumo® N p?c oy

sulfonylcalix[4]arenes (7)

cone -2.395 -7.075 4.680 2340 -4.735 4735
partial cone -2.395 -7.048 4.653 23271 4721 4721
1,2 Alternate -2.422 -7.184 4.762 2381 -4.803 4.803
1,3- Alternate -2.449 -7.238 4.789 2395 -4.844 4844

p-tert-butylsulfonylcalix[4]arenes (8)

cone -2.177 -6.694 4.517 2259  -4.435 4435
partial cone -2.123 -6.748 4.626 2313  -4.435 4.435
1,2-Alternate -2.123  -6.830 4,708 2.354  -4.476  4.476
1,3-Alternate -2.095 -6.776 4.680 2340 -4.435 4.435

mercaptosulfonylcalix[4]arenes (9)

cone -2.313 -6.776 4.463 2231 -4544 4544
partial cone -2.286 -6.830 4.544 2272  -4558  4.558
1,2 Alternate 24395 -6.803 4.408 2204 -4599 4599
1,3-Alternate -2.286 -6.966 4.680 2340 -4.626 4.626

p-tert-butylmercaptosulfonylcalix[4]arenes (10)

cone -2.095 -6.395 4.299 2150 -4.245 4.245
partial cone -2.068 -6.558 4.490 2245 -4313 4.313
1,2-Alternate -2.095 -6.422 4,327 2.163  -4.259  4.259
1,3-Alternate -1.986 -6.721 4.735 2367 -4.354 4354

aminosulfonylcalix[4]arenes (11)

cone -2.204 -6.177 3.973 1986 -4191 4191
partial cone -2.068 -6.449 4.381 2191  -4.259  4.259
1,2-Alternate -2.150 -6.395 4.245 2123 4272 4272
1,3-Alternate -2.123 -6.422 4.299 2150 -4.272 4.272

p-tert-butylaminosulfonylcalix[4]arenes (12)

cone -1.905 -6.204 4.299 2150 -4.055 4.055
partial cone -1.905 -6.177 4.272 2136 -4.041 4.041
1,2-Alternate -1.959 -6.177 4.218 2109 -4.068 4.068
1,3-Alternate -1.905 -6.150 4.245 2123  -4.027  4.027

?1n eV. ® Chemical hardness, n=AEnomo-Lumo/2. ¢ Electronic chemical potential,
U=(EnxomotELumo)/2.  The Mulliken electronegativity, y=—(Enomo+ELumo)/2.
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