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Abstract

A comparative study on Zn?" and Cu®" complexes of the novel compound 5,11,17,23-tetra-tert-butyl-25,27-bis{[4-(methoxycar-
bonyl)phenylimethoxy}-2,8,14,20-tetrathiacalix[4]arene, that possesses potential as a core unit for the construction of molecular
receptors, is presented using semiempirical AM1 calculation. The possible structures of each metal complex and their corresponding
energetic data are compared with the parent 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiacalix[4]Jarene. The complexation ability of
both thiacalix[4]arenes towards the two metal ions is discussed on the basis of binding energies. Both thiacalix[4]arene 1:1 complexes
show higher complexation ability towards Cu?*. However, 5,11,17,23-tetra-tert-butyl-25,27-bis{[4-(methoxycarbonyl)phenyljmeth-
oxy}-2,8,14,20-tetrathiacalix[4]Jarene presents lower complexation ability when compared with the 5,11,17,23-tetra-tert-butyl-
2,8,14,20-tetrathiacalix[4]Jarene. The results of liquid-liquid extraction experiments of the thiacalix[4]arenes are in good agreement

with the theoretical calculations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The construction and control of three-dimensional
molecular structures with complexing properties are re-
search topics in dendrimer and supramolecular chemis-
try mimicking the function of biomolecules [1,2]. Due
to the macrocyclic structure and simple modification
of the phenol unit, calixarenes have been used as a
scaffold to construct artificial enzymes for chemical
transformation and molecular recognition [3]. In the
last decade, thiacalixarenes were reported as new com-
pounds in the family of calixarenes substituting only
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the bridging methylene groups between the phenolic
units by sulfur atoms [4]. In particular, thiaca-
lix[4]arenes have been proposed as precursors for po-
tential applications based on (a) the large diversity in
host—guest properties [5] due to the increasing number
of coordination sites in the lower and upper rims and,
(b) the versatile use in the construction of different and
stable conformers [6]. Therefore, the thiacalix[4]arene is
suited to support the formation of different molecular
shapes with complexing thiacalixarene moieties as cen-
tral unit for the construction of dendritic-shelled
molecular receptors, shown in Scheme 1, to enhance
the stability of host-guest interactions, e.g., towards
biological environment. Theoretical calculations are
used nowadays to describe the metal complexation of
core units 1 and 2 [6¢] in Scheme 1, to optimize
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Scheme 1. Thiacalix[4Jarene derivatives 1 and 2 suited for the
construction of dendritic shelled molecular receptors A, consisting of
core unit and two dendritic wedges, and B, consisting of core unit and
four dendritic wedges.

and minimize the synthetic work with such large
molecules.

Recently, density functional theory (DFT) methodol-
ogy has been successfully applied in the theoretical study
of structure and conformational equilibrium of thiaca-
lix[4]Jarene [7] and of tetraamino- and tetramercaptothi-
acalix[4]Jarenes [8]. Complexation features of parent
5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiacalix[4Jarene
3 and other thiacalix[4]arene derivatives towards transi-
tion metals and lanthanide ions were intensively ex-
plored indicating potential applications [9-12]. On the
other hand, zinc has been recognized as an important
metal in catalysis, metalloenzymes, macrocyclic ligands
and bioinorganic systems [13,14]. Therefore, a strong
motivation emerged to investigate structural and ener-
getic data of 3 and its Zn complexes using high-level
DFT calculations [15]. In particular, the calculations re-
vealed that the Zn complexation with 3 is realized by a
twofold deprotonated ligand shown in Fig. 1. This result
supports the coordination of complexed Zn>* with 3 in
solid state [16], and will be assumed also for complexes
of transition metals with 3 under basic condition in solu-
tion [10]. In addition, the complexes of the novel thiaca-
lix[4]arene derivatives as tetraaminothiacalix[4]arene,
tetraamino-p-tert-butylthiacalix[4Jarene with Zn>" were
recently studied by quantum chemical calculations
[17,18]. The application of high-level DFT calculations
would be clearly desirable in order to work with more
realistic molecular models, but is prohibitive because

Fig. 1. Coordinated Zn(II) with 5,11,17,23-tetra-ztert-butyl-2,8,14,20-
tetrathiacalix[4]arene (compound 3). For clarity, partly drawing of 3.
General assumption of coordinated metals with thiacalix[4]arene in
[10].

of the huge computer time required for the geometry
optimizations. Considering the big size of the molecular
systems in this work, semiempirical methods seem to be
the alternative choice. The AM1 Hamiltonian [19-21]
has already been employed in the structural and ener-
getic studies of zinc complexes with supramolecular
structures as for example porphyrin [22-24]. In particu-
lar, it has been applied successfully in the study of zinc
complexes with sulfur containing calix[4]arenes, whose
results showed a good agreement with X-ray data [25].
In addition, a new reparameterization of AM1 applied
to transition metals [26] has been implemented in the re-
cent version of the Molecular Orbital Package 2002
(MOPAC 2002) [27], and it is employed in the current
study.

In this work, the structures and energetics of 5,11,
17,23-tetra-tert-butyl-25,27-bis{[4-(methoxycarbonyl)
phenylimethoxy}-2,8,14,20-tetrathiacalix[4Jarene 1 were
investigated. The comparative study on its complexation
ability towards the transition metals ions Zn>" and Cu*"
were performed and also compared with 3 at the same
level. The main goal of this work is to enhance the
understanding of the characteristic host-guest interac-
tions of the substructure 1 in novel molecular receptors,
shown in Scheme 1, towards transition metals. The the-
oretical calculations aim to find suitable and effectual
metal coordinations of 1 in the gas phase. Further, the
results of metal complexes with 3 are compared with
the previous theoretical calculations obtained by DFT.
Liquid-liquid extraction experiments of 1 and 3 towards
transition metal ions were also carried out and the re-
sults were used to support the semiempirical calcula-
tions. This study will be helpful for us to clarify the
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extraction properties of novel lysine dendrimers [28]
with the substructure 1 as core unit towards Zn*" and
Cu”" in a forthcoming study.

2. Computational method

The molecular geometries for cone conformer of 1
and 3 were obtained by complete optimization at the
semiempirical level using the AM1 method [19-21].
The first and second deprotonated forms were optimized
at the same level, and the structures of each species were
analyzed in detail. The Zn*" and Cu®" ions were se-
lected to carry out a comparative study on the complex-
ation ability of the twofold deprotonated species of each
compound towards transition metals. This type of
molecular systems possess many local minima but our
interest is restricted to the characterization of the most
stable complexes with the coordination at the lower
rim. Therefore, different structures were considered as
starting points for the complete geometry optimization
procedures based on distinct type of cation binding sites.
The geometry optimizations were carried out with the
Baker’s eigenvector following algorithm [29] at the
AMI1 method which was parameterized for both metal
ions in the recent version of MOPAC 2002 program
[27]. In order to improve the quality of the results, addi-
tional single point calculations at the B3LYP/6-31G(d)
level [30,31] with the AMI1 optimized structures
(B3LYP/6-31G(d)//AM1) were also performed using
the GAUSSIAN 2003 program package [32]. The
RB3LYP/DFT calculations using singlet spin multiplic-
ity were carried out for the Zn** complexes whereas the
UB3LYP/DFT calculations using doublet spin multi-
plicity were performed for the Cu*" complexes. The
binding energy of each complex was calculated as the
difference between the total energy of the optimized
structure in vacuum and the sum of the energies of the
most stable structures of the isolated moieties.

3. Experimental method

The liquid-liquid extraction experiments were per-
formed at 22 + 1 °C in microcentrifuge tubes (2 cm?)
by means of mechanical overhead shaking. The phase
ratio Viw):Viorg) (500 pl each) was 1:1. The shaking time
was chosen as 30 min for the Cu and Zn experiments,
because the equilibrium was reached in this period. A
shaking time of 24 h was chosen for the extraction mea-
surements from the metal ion mixture of Co>", Ni*",
Cu*", Zn>" and Cd**. After the extraction, all samples
were centrifuged and the phases separated. In case of
Zn experiments, the metal concentration was detected
in both phases radiometrically by y-radiation of ®Zn
in a Nal (TI) scintillation counter (Cobra II/Canberra-

Packard). The Cu concentration as well as all metal
ion concentrations in the multi-element experiments
were determined by ICP-MS (ICP-MS-ELAN 9000/Per-
kin-Elmer) measurements of the aqueous phase. The pH
of aqueous solution was adjusted using 4-morpholino-
ethanesulfonic acid (MES)/NaOH and 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (HEPES)/NaOH
buffer solutions.

4. Results and discussion
4.1. Structure and hydrogen bonding of 1 and 3

The first deprotonation of 1 and 3 resulted in only
one molecular structure for each compound. However,
concerning the second deprotonation, one and two pos-
sible structures were obtained with 1 and 3, respectively.
In 3 both deprotonated phenol groups can either be
adjacent (first pattern, I) or opposite (second pattern,
II), whereas for 1 only the pattern II was found (see
Figs. 2 and 3).

The AM1 optimized structure of cone conformer of 3
in neutral (LHy), first (LH;) and second (LH3")
deprotonation forms are presented in Fig. 2. The corre-
sponding total energies obtained with B3LYP/6-31G(d)
//AM1 method are —3446.803917, —3446.262402,
—3445.610627 and —3445.615148 hartree, respectively.
Some relevant geometric parameters of all the species
are available as Supplementary material. Although the
structures predicted in gas phase can not be directly
compared with those obtained experimentally in con-
densed phase there is a good agreement between theoret-
ical calculations and X-ray crystallography data for
most of the bond distances in LH4 species. The AMI1
calculations overestimate all the bond angles by ca.
4.0°, except the C—C-O angles which are predicted to
be smaller by the same amount. The neutral form pos-
sesses C, symmetry, as it was observed in previous
X-ray crystals [33]. This is confirmed by the same value
obtained for both the O;—05 and O,-0O, distances, and
the similarity of the two angles ¢ between opposite phe-
nol units, though the AM1 predictions overestimate the
values of the latter parameter by about 10.0°. The struc-
tural parameters for the LHy species are also in a good
agreement with a previous study done at B3LYP/
6-31G(d) level [15]. These results validate the AMI1
method and show that it can be applied for the study
of molecular systems based on thiacalix[4]arene. The
majority of the geometric parameters are not influenced
by the deprotonation process except the C-O and O-O
bond distances and the C-C-O bond angles. The
C-O distance of the phenolate is reduced by about
0.10 A, whereas the C-C-O angle is increased by ca.
5.0° in both LH; and LH3~ species when compared with
LH,.
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c second deprotonated species (1)

d second deprotonated species ( I1)

Fig. 2. AM1 optimized structures of neutral and deprotonated species for cone conformer of 5,11,17,23-tetra-tert-butyl-2,8,14,20-tetrathiaca-

lix[4]arene (compound 3).

The optimized structures of the neutral (LH,), first
(LH™) and second (L?7) deprotonation forms of 1 are
shown in Fig. 3, and the corresponding total energies
obtained by the same method are —4443.210894,
—4442.665062 and —4442.046783 hartree, respectively.
The values of some relevant structural parameters are
available as Supplementary material. The cone con-
former of the neutral form possesses a C,-like symmetry.
The majority of the bond distances are unchanged upon
deprotonation, except the C-O and O-O distances. The
C-O bond of phenolate is reduced by about 0.10 A in

both LH™ and L*" species, when compared with the
neutral species. The C-C-O angle of the phenolate is in-
creased by ca. 5.0° in both deprotonated structures. The
C-C-0, angle of the ether oxygen seems to remain un-
changed under the deprotonation process, which con-
trasts with the change in the C—C-Oj; angle. The size
of the cone cavity which is related to the distances be-
tween the two distal opposite sulfur atoms (S;—S; and
S,-S4), is an interesting property of thiacalix[4]arene
molecules. The S;-S; distance was reduced while the
S,-S4 distance was increased upon first and second
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b first deprotonated species

c

second deprotonated species

Fig. 3. AM1 optimized structures of neutral and deprotonated species of of 5,11,17,23-tetra-ztert-butyl-25,27-bis{[4-(methoxycarbonyl)phenyljmeth-

oxy}-2,8,14,20-tetrathiacalix[4Jarene (compound 1).

deprotonation of both compounds; the only exception is
the L?~ species of 1. Interestingly, the cavity size of the
neutral species of both compounds seems to be identical,
despite the modification at the lower rim in 1.

As expected, the optimized structures present an ar-
ray of hydrogen bonds that contribute dominantly to
stabilize the species of 1 and 3 (see Figs. 2 and 3).
Two different possible structures for the second deproto-
nation were observed in 3, which have never been re-
ferred to in previous studies [10,15]. Structure with
pattern I shows two adjacent deprotonated phenol
groups (see Fig. 2(c)) and it is less stable by ca.
3.0 kcal/mol than II, which presents two opposite depro-
tonated phenol groups (see Fig. 2(d)). This can be ratio-
nalized by the weaker repulsion felt by the negative

phenolate groups in opposite than in adjacent positions.
Obviously, due to the benzyl-substituent at the lower
rim of 1, only the structure with opposite deprotonated
phenol groups was obtained. The number of hydrogen
bonds between hydroxyl groups is reduced from four
to three and two, respectively, when first and second
deprotonations occur in the neutral form of 3. On the
other hand, upon deprotonation of 1 the number of
hydrogen bonds are reduced from two in the LH, form
to one and none in LH™ and L?~ species, respectively.
The hydrogen bonding parameters for each species are
gathered in Table 1. The hydrogen bond distances seem
to be shorter in the deprotonated species, while the
hydrogen bond angles increase when compared with
the neutral form of 3. No relevant difference was found
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Table 1

AMI optimized hydrogen bonding parameters for all the neutral and deprotonation forms of cone conformer of 1 and 3

Compound 1 (AM1)

Compound 3 (AM1)

B3LYP/6-31G(d)*

LH, LH- L* LH, LH; LH3™ (1st) LH3~ (2nd) LH,
Bond distance (A4)
0,-H, 0.98 0.99 0.99 0.99 0.99
H,-0, 2.12 1.97 2.00 2.04 1.82
0,-H, 0.98 0.98 0.99
H,-O5 2.19 2.12 1.82
0;-H; 0.98 0.99 0.99 0.99
H3-04 2.12 2.04 1.82
H;-0, 2.02
0,H, 0.98 0.98 0.98 0.98 0.99 0.99
H,-O, 2.14 222 2.12 2.10 1.82
H4O5 2.00
Bond angle (°)
0,-H,-0, 130.6 128.6 154.0 153.4 153.2
0,-H,-0; 148.5 130.2 153.2
05-H;-0, 130.5 152.7 153.2
05-H;-0, 139.9
0,~H,-0, 128.0 149.4 130.1 154.1 153.2
0,~H,~0; 153.2

@ Ref. [15].

between the two forms of the second deprotonation. On
the contrary, for 1, all these parameters increase their
values during the deprotonation process.

4.2. Structure analysis of the metal complexes

From previous extraction experiments [9], it is sug-
gested that a 1:1 complex [M*"H,L?"] of 3 is formed,
where M?>" and H,L?>~ denote the metal ion and the
twofold deprotonated form of the ligand, respectively.
Two possibilities of the twofold deprotonated struc-
tures, with either adjacent or opposite phenol groups,
were found in the previous section, therefore the struc-
tural analysis of the complexes will concern both pat-
terns. The optimized structures of the complexes
between the first pattern, (adjacent phenolate groups)
and the Zn?" and Cu®" ions are shown in Fig. 4. The
two adjacent phenolate groups and one bridging sulfur
atom show a dominant role in the coordination of the
Zn>" metal ion, enabling the formation of a set of two
five membered rings. This complex exhibits two different
arrays of hydrogen bonds labelled 1st possibility and
2nd possibility (see Figs. 4(a) and (b)), which are almost
identical in energy (the former is only 0.02 kcal/mol
more stable). Only the 2nd possibility was obtained in
a previous study at B3LYP/6-31G(d) level [15]. The
two corresponding structures in the case of the Cu®"
complexes are shown in Figs. 4(c) and (d). The former
is also more stable by ca. 1.0 kcal/mol than the latter.
This is not surprising because we are dealing with a very
flexible molecular system which possesses a lot of local
minima in the energy profile. It is suggested that the

migration of protons can easily occur and results in
the interconversion of both structures. Other reasonable
possibilities for the metal ion coordination were consid-
ered for geometry optimization but no additional stable
structures were found for both Zn?*" and Cu®*
complexes.

The second deprotonation on opposite phenol groups
was also investigated in detail for the metal complexes,
which constitutes a 3rd possibility for the 1:1 complex
never mentioned previously, and the corresponding
optimized structures are presented in Figs. 5(a) and
(b). The complexes of both metals show different struc-
tural features when compared with the previous ones.
The Zn”>" seems to adopt a distorted square planar coor-
dination with the two opposite phenolate groups and
two sulfur atoms (see Fig. 5(a)), whereas Cu®" is coordi-
nated by four oxygen atoms, two phenol and two phe-
nolate groups, in a distorted square planar
configuration (see Fig. 5(b)). The geometric parameters
of these complexes are gathered in Table 2. Another
possible metal coordination involving one sulfur atom,
one phenol and one phenolate group was also consid-
ered in the structural analysis. However, only in the case
of the Cu®" ion a stable structure was achieved but
much higher in energy than those obtained previously.

In addition, a X-ray crystal experiment has revealed a
double-cone structure for various metal complexes of 3
[16,34,35], which alternatively suggests that the ex-
tracted species may occur as 2:2 complexes [M»(H,L)s]
having a similar double-cone structure. AM1 calcula-
tions were also performed for this possibility and the
optimized structures of both Zn*"and Cu®*complexes
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c Ist of 1:1 complex

d 2nd of 1:1 complex

Fig. 4. Optimized structures of 1st and 2nd possibilities of 1:1 Zn*" and Cu®*complexes of 3 obtained at AM1 method.

are presented in Figs. 6(a) and (b), respectively. The
optimized structures are in good correspondence to the
previous proposals [10], i.e., two dianions H,L*~ con-
necting to each other via coordination of two metal ions
(Zn*"or Cu*") using O, S, O~ donor sets. The remain-
ing protons on the two phenol oxygens may be stabilized
by hydrogen bonding to the neighboring phenolate oxy-
gens. Structural parameters of each 2:2 complex are

shown in Table 2 and the number of each atom is re-
ferred to Fig. 6(c).

Concerning the novel compound 1 [6¢], it can be as-
sumed from our experimental study that the extracted
speciesisa 1:1 complex [M>"L*"], where M*" and L*~ de-
note the metal ion and the twofold deprotonated species
of 1, respectively. The optimized structures of each metal
complex are shown in Figs. 5(c) and (d). It is interesting to
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c 1:1 complex

d 1:1 complex

Fig. 5. Optimized structures of 3rd possibility of 1:1 complexes of 3, (a) and (b); optimized structures of each metal complex of 1 obtained at AM1

method, (c) and (d).

note that the structures of both Zn** and Cu** complexes
are similar to the complexation between the metal ions
and the second deprotonation on opposite phenol groups
of 3 (Figs. 5(a) and (b)). This may suggest that the com-
plex structure pattern depends on the position of the
deprotonated phenols. The steric hindrance of bulky
groups at lower rim does not modify the structural pat-
tern of the complex. Although other alternative coordina-
tion schemes concerning the contribution of bridging
sulfur, ether oxygen and phenolate oxygen were also
investigated, they were energetically less favourable than
those presented before. Therefore, they will not be consid-
ered in this comparative study.

Some relevant geometric parameters of the complexes
are gathered in Table 2. The AMI1 seems to overestimate
the values of almost all the parameters except the M—-O
distances when compared with X-ray crystallography re-
sults of the 1:1 Zn*" complex. Almost all the parameter
values in the Cu®" complex are smaller than in the Zn*"
complex except the O-M-O angle.

4.3. Energetics of the metal complexes
The energetic analysis of all the complexes at BALYP/

6-31G(d)//AM1 level is summarized in Table 3. Binding
energies, AE, are defined as the total energy of complex
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Fig. 6. Optimized structures of each 2:2 metal complex of 3 obtained at AM1 method.

minus the sum of total energies of the most stable iso-
lated moieties, i.e., the metal ion and the opposite phe-
nol twofold deprotonated forms of 1 and 3. The AE
value of the 1:1 Cu®*" complex with 1 is more negative
than Zn*". The coordination of both metals occur pref-
erably in the middle of the lower rim. The Zn>" ion pre-
fers to coordinate with two sulfurs and two phenolate
groups whereas Cu®" ion interacts with two ether oxy-
gens and two phenolate oxygens.

The AE values of 1st and 2nd possibility of the 1:1
Zn>" complex of 3 are almost identical whereas in 1:1
Cu*" complex the AE value of Ist possibility is lower
by about 1.2 kcal/mol. This supports the idea that the
migration of the proton in the complex does not influ-
ence its stability. Therefore, it is not surprising that a
previous theoretical study [15] found only the 2nd possi-
bility in the 1:1 Zn*" complex of 3, though, the value of
AE (—647.79 kcal/mol) is different from our study



Table 2
Structural parameters for the coordination of each complex of 1 and 3 with transition metals at the AM1 level

Compound 1 Compound 3 X-ray*
ZnL 1:1 CuL 1:1 ZnLH, 1:1 (Ist) ZnLH, I:1 (2nd) ZnLH, 1:1 (3rd) CuLH, I:1 (1st) CuLH, 1:1 (2nd) CulLH, 1:1 (3rd) [Zn; (LH,),]2:2 [Cu, (LH,),]2:2 ZnLH,
Bond distance ( A )

M-0, 2.04 2.04
M-0, 2.07 1.88 2.04 2.04 2.08 1.87 1.87 1.88 2.09 (2.09)° 1.89 (1.89)° 2.06
M-O4 2.04 2.02 2.04 1.86 1.87 2.04 2.09 (2.09) 1.89 (1.89) 2.06
M-O, 2.06 1.87 2.08 1.88

M-S, 2.65

M-S, 2.68

M-S, 2.44 243 2.65 2.36 2.36 2.50 (2.50) 2.39 (2.39) 2.68
M-S4 2.63

M-s/¢ 2.58 (2.58) 2.46 (2.46)

Bond angle (°)

0,-M-0, 93.0 77.0

0,-M-0; 93.0 123.6 120.6 171.3 171.6 101.8 109.0 (109.4) 159.0 (159.0) 96.3
0;-M-0, 85.5 77.0

0,-M-0, 85.5 101.9

0,-M-0; 163.1 167.6

0,-M-0, 161.9 168.8 161.7 169.3

0,-M-S; 97.0

04-M-S; 79.2

0, M-S, 788
0,MS, 951

0,-M-S; 90.0 90.9 79.3 89.9 89.0 85.5 (85.5) 88.1 (88.1) 76.9
03;-M-S; 90.0 91.0 87.6 88.5 85.5 (85.4) 88.1 (88.1) 76.0
04~M-S; 97.2

0, M-S, 986
0+M-S, 804

0,-M-§] 110.6 (110.5) 98.3 (98.3)
03-M-§| 110.5 (110.5) 98.4 (98.4)
S1-M-S; 1574
S, M-S, 1576
M-0,-Cs 111.6 110.0 107.8 106.9 115.3 (115.3) 108.3 (108.3)
M-0; Cg 107.0 110.1 103.7 106.4 115.3 (115.4) 108.4 (108.4)
M-S;-Cq 88.7 87.8 86.8 86.5 91.3 (91.3) 88.0 (88.0)
M-S;-C; 86.3 87.8 85.2 86.2 91.4 (91.3) 88.1 (88.0)
M-S,~C} 112.7 (112.7) 110.6 (110.5)
M-§,-C}, 112.7 (112.7) 110.5 (110.5)
@ Ref. [16].

® The values in parenthesis belong to the other unit of cone conformer in 2:2 complex.
¢ The italic characters concern the other unit of cone conformer in 2:2 complex.

0¢

90Z—-E61 (900Z) 0TE $218AYd [D2144dYD) | [V 12 DIPUDUDIIDANS '}
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Table 3

Energetic data for the complexes of 1 and 3 with Zn*" and Cu®" at B3LYP/6-31G(d)//AM1

Complex Total energy of Total energy of twofold Total energy of AE (kcal/mol) AE. (kcal/mol)
metal ion (a.u.) deprotonated species * (a.u.) complex (a.u.)
Compound 1
1:1 Zn** complex —1778.107014 —4442.046783 —6221.160827 —631.92 -
1:1 Cu®*" complex —1639.213796 —4442.046783 —6082.340837 —677.87 -
Compound 3
1:1 Zn*" complex
Ist possibility —1778.107014 —3445.615148 —5224.739266 —638.24 0.00
2nd possibility —1778.107014 —3445.615148 —5224.739238 —638.23 (—647.79)° 0.00
3rd possibility —1778.107014 —3445.615148 —5224.733591 —634.68 3.56
1:1 Cu** complex
Ist possibility —1639.213796 —3445.615148 —5085.904513 —674.93 6.55
2nd possibility —1639.213796 —3445.615148 —5085.902644 —673.76 7.72
3rd possibility —1639.213796 —3445.615148 —5085.914952

—1778.107014
—1639.213796

—3445.615148
—3445.615148

2:2 Zn*" complex
2:2 Cu*" complex

—681.48 0.00
—1330.03 (—665.02)° -
—1376.11 (—688.06)° -

—10449.563860
—10171.850859

% For compound 3, the opposite deprotonated phenol groups were chosen for the twofold deprotonated species.
° Ref. [15]. (Binding energies were calculated with respect to optimized structures at B3LYP/6-31G(d) level.)

¢ Binding energies per mole of metal ion in parenthesis.

(—638.23 kcal/mol). However, this discrepancy can be
explained by two reasons. First, the value obtained from
the single point calculation at B3LYP/6-31G(d)//AM1
slightly differs from the previous value obtained with full
optimization at B3LYP/6-31G(d) level. Second, our
binding energies were calculated with respect to the sec-
ond deprotonation on opposite phenol groups as the
most stable ligand, while the referred value has been cal-
culated with respect to the second deprotonation on
adjacent phenol groups.

Binding energies relative to that of the most strongly
bound complex in 1:1 complex of 3, AE,, are also re-
ported in Table 3. The AE, values can propose the sta-
bility ordering of 1:1 metal complex for 3. The stability
ordering of the Zn>* complexes was predicted to be 3rd
possibility < 1st possibility = 2nd possibility, whereas
the ordering of Cu®" complex is modified to 2nd possi-
bility < 1st possibility < 3rd possibility. The most
favourable Zn>" complex of 3 revealed the coordination
pattern via ligation of one bridging sulfur with coopera-
tive binding of the adjacent phenolate groups to form
two five-membered chelated rings as corroborated by
previous NMR and X-ray structural analysis [9,16]. By
contrast, the most stable Cu®>" complex of 3 adopted a

Table 4
Percent extraction (E%) for single ion experiments of Zn*" and Cu*"
with ligands 1 and 3

Metal ion 1 E% 3 E% pH
Cu*" 58.4 97.5 7.8
Zn*" 17.5 99.5 7.8

E% = Dy x 100/(Dy + 1), Experimental conditions: (a) aqueous
phase: 1x107*M M(ClOg4),, 5x 107> M NaClO,, HEPES/NaOH
buffer; (b) organic phase: 1 x 107> M ligand in CH,Cl.

distorted square planar coordination to the metal ion
with the four oxygens (Fig. 5(b)).

All the results support the higher complexation abil-
ity of both compounds to Cu?" than to Zn*", which
agrees well with the previous experiments of metal-ion
extractability of 3 [9]. The AE values of either metal
complexes with 3 are more negative than with 1, which
suggest the higher complexation ability of the former
compound. Concerning the compound 3, the AE values
of both the 2:2 metal complexes show higher stability
when compared with the 1:1 complexes. This is ex-
plained by the increasing binding sites in coordination
of the two metal ions.

4.4. Atomic charge distribution

Partial charges of some relevant atoms in both 1
and 3 and in their corresponding Zn*" and Cu®* com-
plexes were compared and all the information are
available as supplementary material. The charge distri-
bution was calculated from the Mulliken population
analysis at the same semiempirical method. The results
show an increase of negative charge of phenolate oxy-
gens upon the first and second deprotonation of 1 and
3. Interestingly, the charge of the metal ion is reduced
upon complexation which reflects an increase in the
charge of sulfur bridging atoms, especially the ones
contributing to the binding with metal ions. Conse-
quently, Mulliken analysis indicated some charge trans-
fer from metal to sulfur and oxygen in the
complexation, which may suggest an important role
in the stabilization of the complexes. The charge distri-
bution of Cu®" is more reduced than Zn*" in all com-
plexes, which supports the higher complexation ability
of the former with both compounds.
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Table 5
Percent extraction (E%) for competitive experiments from metal ion
mixture [Co®*, Ni**, Cu?*, Zn?* and Cd**]by 1 and 3

Metal ion 1 E% 3 E%
Co*" 0 98.1
NiZ* 0 98.4
cu*t 55.7 97.8
Zn*" 5.6 97.6
cd*t 0.3 97.5

Experimental conditions. (a) Aqueous phase: mixture of Co(ClOy),,
Ni(NO3),, Cu(ClO,);, Zn(ClOy4),, Cd(ClOy),, each 1x107* M;
5% 107> M NaNO;; HEPES/NaOH buffer with pH 7.8; (b) organic
phase: 1 x 107> M ligand in CH,Cl,.

4.5. Liquid-liquid extraction studies of 1 and 3 towards
transition metal ions

Extraction experiments has been performed for the
transition metal ions Co*", Ni**, Cu?", Zn*' and
Cd*" using the extraction system metal salt — inert
salt-H,O/ligand—-CH,Cl, or CHCl; in order to prove
the results of the theoretical calculations on the differ-
ences of complex formation of the thiacalix[4]arenes 1
and 3.

The results of single ion and competitive extraction
tests are summarized in the Tables 4 and 5. It is clearly
shown that ligand 3 possesses a high extraction effi-
ciency at pH 7.8 towards all metal ions studied. This
observation is in a good agreement with the previous lit-
erature data [9,10]. In contrast to that the new ligand 1
leads to significant lower extractabilities under identical
conditions for these metal ions. But it is interesting to
note the lower extraction power of 1 is connected with
a remarkable high selectivity for Cu*" over Zn®>" and
the other cations. Furthermore, it can be concluded
from additional extraction experiments measuring the
distribution ratios Dy of the metal ions (Dyv = Cm(ore)/
cM(w)) In dependence on both the ligand concentration
of 1 (LH,) and 3 (LHy) in the organic phase and the
pH of the aqueous phase that the extraction reaction
is characterized by the 1:1 complex formation (M:L) in
the organic phase and the release of two protons into
the aqueous phase

M, + LH,org) @ MLH(, 2)org) + 2H(;,,
with n = 2 and 4.

The corresponding experimental data including the
slope analysis for Zn>" are given in Supplementary
material section.

The extraction results confirm the calculated higher
stabilities of the metal complexes with 3 in comparison
with 1 and also the preference of the Cu®" binding over
Zn>" by both thiacalix[4]Jarenes. The differences between
theoretical and experimental results in view of the pre-
ferred metal complex composition for 3 (2:2 or 1:1 com-
plexes) can be caused by the chosen significant ligand

excess compared with the metal concentration in case
of the extraction studies. Such a concentration ratio is
necessary in order to keep the activity coefficients of
the components constant.

5. Conclusion

The structures of neutral and deprotonated species of
the cone conformers of 1 and 3 were studied by the semi-
empirical AM1 method. To improve the quality of the
predicted energies, single point calculations were addi-
tionally done at the B3LYP/6-31G(d) level. Two differ-
ent structures for the twofold deprotonated species
were found in 3, whereas only one was obtained in 1.
The results showed that the structure with two opposite
deprotonated phenol groups is more stable than that
with two adjacent deprotonated phenol groups. This
had never been mentioned in previous studies. The com-
parative study on the complexation features of 1 to-
wards two different transition metals, Zn>" and Cu2+,
were investigated and also compared with 3 at the same
theoretical method. Interestingly, the most stable 1:1
Zn*"complex with 3 revealed the role of one bridging
sulfur atom and two adjacent phenolate groups to form
a set of two five membered rings, which agrees well with
previous NMR and structural analysis. By contrast, the
most favourable 1:1 Cu*" complex adopted a distorted
square planar coordination using two opposite pheno-
late and two phenol groups. Each 2:2 metal complex
of 3 presents a higher stability than the corresponding
1:1 complex, which was evidenced by the more negative
binding energies. Concerning compound 1, each 1:1 me-
tal complex seems to prefer the distorted square planar
geometry at the middle of the lower rim using different
coordination sites. Two O~ and two O coordinate the
Cu®", whereas Zn>" interacts with two O~ and two S.
Interestingly, higher complexation ability of Cu®* was
found in either complexes of 1 and 3 when compared
with the Zn?*. This suggests the higher complexation
ability of 3 towards both metals. This extensive discus-
sion shows that the AM1 semiempirical method is suit-
able to study larger metal-ligand complexes in
thiacalix[4]arene systems. The experimental results for
the extraction ability of 1 and 3 towards Cu®" and
Zn*" also confirmed the higher complex stability of
the 3 towards these transition metal ions. This study
sheds some light on the understanding of the character-
istic host—guest properties of 1 and 3 towards transition
metals, especially to revise the general postulated view of
coordinated transition metals with 3 (Fig. 1). In partic-
ular, 1 is one example of the useful modified thiaca-
lix[4]arene to be used as the core unit in novel lysine
dendrimer. This study is expected to explain the com-
plexation properties of lysine dendrimer [28] towards
both metals in a forthcoming investigation.
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Appendix A. Supplementary data

Supplementary material includes relevant data for
both compounds 1 and 3, namely, geometric parameters
of all the neutral and deprotonated species, atomic
charges of free ligands and their metal complexes, pH
and ligand dependency of extraction ability towards
Zn*" ion. Material are free of charge and can be found
online via ScienceDirect: http://www.sciencedirect.com.
Supplementary data associated with this article can be
found, in the online version at doi:10.1016/j.chemphys.
2005.07.024.
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