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A comparative study of the Zh and C@" complexation with thiacalix[4]arene is presented using density
functional theory methods. The structures and energetics of the possible binding modes of both metal complexes
are investigated in detail. Two types of patterns were found in the second deprotonated species, adjacent or
opposite phenolate groups, which determine the stability of the different binding modes. The most stable
structure for both metal ions was predicted to be a distorted square planar coordination at lower rim with
opposite phenolate groups, which has never been referred to in the literature. The results show a higher
complexation ability of C&" than Zr#* for all of the binding modes, which is in good agreement with the
previous study on liquietliquid extraction experiments. The analysis of the electrostatic potential surfaces of
the metal complexes allows us to conclude that the different complexation features can also be explained by
a bigger charge transfer from the metal to the coordinated atoms in the case oftheo@iplex.

1. Introduction bulky tert-butyl groups at upper rim do not play an important
role in the metal binding, therefore the thiacalix[4]arene may
be used as a good simple model to understand the characteristics
of complexation.

In the past decade, thiacalixaréneas proposed as a novel
member of the well-known calixarene family, and it has attracted
gﬂgi:ciiset:;lzbl_(rarigterrees;telgégeof??éﬂrzv&/;?ugr f;ilodn?sf, si::sptr:%ogctﬂzr In this work, the structural details of each conformer of

) P thiacalix[4]arene were investigated, and a comparative study

bridge methylene groups 1mposes many novg:l. features S.UCh adn their complexation ability toward the transition metal ions
excellent coordination abilities toward transition metal ions

chemical modification (oxidation) of bridges, different cavit ' Zr# and C#* was performed at BSLYP and PBE1PBFE
sizes, and conformational preferences ?ha{ have never b)tlaenhybrid density functional theory (HDFT) methods. Structural
P . . pr o . . and energetic information for each possible binding mode in
reported in the previous “classical” calixaredéhiacalixarenes L . . . "
g the coordination of both ions is reported. To discuss the ability
have already been explored as building blocks and/or molecular

latforms for interesting potential applications such as inclusion of thiacalix[4]arene to selectively bind transition metal ions,
P . gp pplica . .~ which is one fundamental aspect of heguiest chemistry, data
of a variety of guest molecules, recognition of metal ions, chiral

recoanition. novel anion recentors. and novel dendritic-shelied ©" the representation of the electrostatic potential over electronic
moIe%uIar r,ece tora? ptors, isodensity surfaces of some related systems are also reported.
Very recentl pth .r tical calculations using density functional The main goal of this work is to open new aspects of the
the:rg/y (Sf:?l_) ?’ﬁetﬁg dglggyct?a(\:/ueabgeﬁ l;zcc‘?esifjllg// ;p;;i: d ?n stronger ability of thiacalixarene to bind transition metals when
: mpared with “classical” calixarenes. In ition, the under-
the study of the structure and conformational equilibrium of g’?anzﬁ]gdof t:\e g:rfli)l%?(at(i:(?n f?aaetu(ra:s of ?ﬁgtcc:)m:)oir?d ?’a”
szgggx[l\j];fgfe?n?h';s g?&g&% agfd gg?]mgg%?g:?ngfrg’?' help future design of novel molecular receptors or molecular
tetraaminothiacalix[4]arene with Zhwere recently investigated ggx::?r? sbl?p?rz(?nz?e::r::gcratlzmﬂ?srter;e scaffold for many applica-
by high DFT levels. Complexation features qf-tert-butylthia- '
calix[4]arene toward transiti_on metal ions were intensi\_/ely 2. Computational Details
explored by solvent extraction meth&8,and spectroscopic . . .
measurement indicated that the2Zrromplexation is revealed The structures of the four main conformers of thiacalix[4]-
by the second deprotonated ligafdhis result suggested that ~ arene, namelycone, partial cone (paco), 1,2-alternate (1,2-
two adjacent phenolate and one sulfur took part in the metal 2lt), and 1,3-alternate (1,3-alf) were obtained by complete
ion coordination in order to form a set of two five-membered ©Ptimization without any geometrical constraints using HDFT
rings, and this proposal was also assumed for complexes of theM€thods based on the generalized gradient approximation
other transition metals in solutiéiOA theoretical study of the ~ (GGA) functional theory and including Hartre&ock (HF)
Zn?* complex! also showed good agreement with the solid- theory. Among these hybrid functlonals, the most popular,
state data2 Though some other possible binding modes might B3LYP.*° Becke’s three-parameter hybrid exchange functional
be proposed based on that assumption, no other structures haveombined with the correlation functional of Lee, Yang, and Parr,
been referred to in the literature. On the other hand, the four and the more recent PBE1PBE (or sometimes called PBED),
Perdew, Burke, and Ernzerhof’'s one-parameter hybrid exchange
*To whom correspondence should be addressed. Fe351)-226- functional combined with their correlation functional, were
082804. Fax:+(351)-226-082959. E-mail: almagalh@fc.up.pt. chosen to perform calculations with the 6-31G(d) basis set. The
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molecular structure of the first and second deprotonated forms The structure with patterhpresents two adjacent deprotonated
of coneconformer were also investigated at the same HDFT. phenol groups, and it is less stable by 1.23 kcalthtlan the

Zn and Cu were selected to carry out a comparative study structure with patterti , which shows two opposite deprotonated
on the complexation ability of the second deprotonated speciesphenol groups. This can be rationalized by the weaker repulsion
of thiacalix[4]arene toward transition metals. Several different felt by the negative phenolate groups in opposite positions as
structures based on the possible binding modes of the metalcompared with adjacent positions.
ion at lower rim of the thiacalix[4]arene were considered as  Some selected geometric parameters of the neutral and
starting points for complete geometry optimizations.The 6-31G(d) deprotonated species obne conformer obtained at different
basis set was used on “all electrons” of C, H, O, and S atoms, HDFT levels are reported in Table 2 (a more complete set of
and the relativistic effective core potentials (ECP) CEP-31G parameters can be found in Supporting Information). All
basis set (CEP is sometime referred to SBKJC potential, which calculations show that the neutral species posse8sasym-
stands for SteversBasch-Krauss-Jasien-Cundarif® were metry, in agreement with an earlier theoretical sthdhis is
used for Zn and Cu. All the “inner electrons” of the Zn and Cu  confirmed by the identical values of either the-@D; and Q—
atoms were replaced and described with a “core” potential while O, distances or the two anglgsbetween opposite phenol units
the other electrons (3s, 3p, 3d, 4s orbitals) were described with(see Table 2). By contrast, published X-ray structural data
a split valence basis set without an additional set of polarization indicates that the neutral form prese@tssymmetry?2 However,
functions. The binding energy was obtained as the difference g recent Fourier transform infrared spectroscopic study suggests
between the total energy of the metal complex and the sum of that thiacalix[4]arene may adopt tlene conformer withC,
the total energies of the most stable structures of the isolatedsymmetry in CCJ solution?® The majority of the structural
moieties. The basis set superposition error (BSSE) for all the parameters obtained at the B3LYP/6-31G(d) level seems to
Zn?*t complexes was estimated with the new counterpoise remain unchanged except the-C—O bond angles, which
method which automates the geometry optimization of the gecreased by about 4. @hen compared with the previous study
complexes on the potential surfaces that are corrected for thisat the B3LYP/6-31G(d,p) levélOn the other hand, PBE1PBE
error!” To understand the role that electrostatic interactions play yielded almost the same results as B3LYP with the same
in the complexation of both metal ions with thiacalix[4]arene, 6-31G(d) basis set. Although the comparison between the gas-
electrostatic potential surfaces of the most stable complexes wergynd condensed-phase structures cannot be done directly, there
calculated at the same B3LYP level. All the calculations s a good agreement between the theoretical predictions and
have been carried out with the GAUSSIAN 03 progréim.  the experimental X-ray crystal results for the thiacalix[4]arene.
the MOLDEN packagé? whereas the electrostatic potential ynchanged upon the deprotonation process except for#@ C
surfaces were constructed with the MOLEKEL 4.3 pack¥ge. and O-O bond distances and the-€—0 bond angles at both

HDFT levels. The GO bond distance of the phenolate is

3. Results and Discussion shortened by ca. 0.06 and 0.09 A for Hand LH,2~ species,
respectively, whereas the<C—0O bond angles is increased by
about 3.5 for LH3™ and 5.0 for LH,2~ when compared with
LH4. The PBE1PBE functional seems to yield almost the same

HDFT functionals point to theoneas the most stable conformer rgsults as B3LYP, which shqws that this ”.‘Odem hybrid func-
where a cyclic array of four hydrogen bonds in the lower rim tional can be a good alternative to study this molecular system.
seems to be the reason for the energy stabilization of this As expected, the optimized structures exhibit arrays of
conformer. Taking the total energy of the most stable structure hydrogen bonds that contribute to stabilize these species (see
as a reference, the energy differencAE] of the other Figure 2). Upon first and second deprotonation of the neutral
conformers are reported in Table 1. All the calculations point form, the number of hydrogen bonds between hydroxyl groups
toward the following stability ordering of the thiacalix[4]arene: are reduced from four to three and two, respectively. The
1,2-alt < 1,3-alt < paco < cone which is in good agreement  hydrogen bonding parameters for each species are reported in
with an early theoretical study done at B3LYP/6-31G(d,p) Iével. Table 3. The hydrogen bond angles of the deprotonated species
The energy gap betweeh,2-alt and 1,3-alt is reduced at increase, and the hydrogen bond distances seem to be shorter
B3LYP/6-31G(d) when compared with the previous study at than inthe neutral species. However, both HFDT provide similar
the B3LYP/6-31G(d,p) level. The AE values for all the results on these parameters.

conformers obtained at PBE1PBE are smaller than those 3.2. Structure and Energetic Analysis of the Metal
calculated with the B3LYP functional by ca. 6:9.9 kcal mof?® Complexes. Although no supporting experimental data on
using the same 6-31G(d) basis set. As shown in Figure 1, thethiacalix[4]arene complexes have been achieved yet, the com-
number of hydrogen bonds-MH---O at the lower rim is found plexation ability of a similar compound possessiegt-butyl

3.1. Structures and Hydrogen Bonds of Thiacalix[4]arenes.
The structures of the four main conformeimne pacq 1,2-alf,
and1,3-altof thiacalix[4]arene are presented in Figure 1. Both

to be four in theconeconformer, two inpacoand1,2-alt and groups at para positions, nampetert-butylthiacalix[4]arene,
none in thel,3-alt which is the same as found in calix[4]aréfle.  was previously investigatetf* Fortunately, the bulkyert-butyl
The very small energy difference betweg3-alt and 1,2-alt groups do not seem to interfere in the stabilization of the metal
may suggest that a sort of-@1:+-S intramolecular hydrogen  complex, therefore thiacalix[4]arene can be used as a smaller
bond may play a dominant role in the stabilization1o8-alt model in the complexation study with transition metals. Previous
and that they can even overcome the importance of the solvent extractio?®24 and NMR? studies suggested that the
O—H---O hydrogen bonds id,2-alt stoichiometry of the metal complexes pftert-butylthiacalix-

The optimized structures fmoneconformer of thiacalix[4]- [4]arene was as a 1:1 neutral complex?[Mi,L%"], where MF
arene in neutral (L, first (LH3™), and second (Lk#) and HL2~ denote the metal ion and the second deprotonated

deprotonated species are shown in Figure 2. Two different ligand, respectively. Two patterns of second deprotonated
possible structures for the second deprotonated species weretructures of thiacalix[4]arene, either with adjacent or opposite
found, which have never been mentioned in previous studies. phenol groups, were presented in the previous section; therefore
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1,2-alternate 1,3-alternate

Figure 1. Optimized structures of the four main conformers of thiacalix[4]arene obtained at B3LYP/6-31G(d) level.

TABLE 1: Total Energies (in Hartrees) for the cone several different ways. The various metal ion binding modes
Conformer of Thiacalix[4]arene and Relative Energy AE, are classified by the number and type of binding atoms. For
EZ?/I(;?SOI ) of the Other Conformers at Different HDFT example, O + O + S (adj) denotes the second deprotonated
species possessing adjacent pattern and the metal coordinated
total energy AE to one phenolate oxygen, one phenol oxygen, and one sulfur
partial 1,2- 1,3- atom. In concern with the local minima with relevant binding
method cone cone alternate alternate energies, four possible different binding modes were obtained
B3LYP/6-31G(d} —2817.84142 10.7 14.8 14.7 with adjacent phenolate groups, whereas only two different
PBE1PBE/6-31G(d) —2815.86846 9.8 14.1 13.6 binding modes were achieved with opposite pattern. These are
B3LYP/6-31G(d,p) —2817.88206 10.1 16.5 13.8 denoted as 20+ S (adj),1; O~ + O+ S (adj),2, O~ + O +
a2 Geometries optimized at this level of theoPyErom ref 5. S (opp),3; 20 + S (ad)),4; 20~ + 20 (adj),5; 20~ + 20

(opp),6 (see Table 4). In practice, all the calculations predicted
the structural and energetic analysis of the binding modes will only two and five distinct binding modes for Zn(see Figure
consider both patterns. Our interest is restricted to the binding 3) and for Cé" (see Figure 4), respectively.
modes in which phenolate and phenol oxygens and sulfur Two different arrays of hydrogen bonds labefedndB were
bridging atoms at lower rim coordinate to the metal ion in found in1 of both metal complexes (see Figures 3 and 4). The
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Second deprotonated species (1) Second deprotonated species (I1)

Figure 2. Optimized structures of neutral and deprotonated speciesradconformer of thiacalix[4]arene obtained at B3LYP/6-31G(d) level.

TABLE 2: Values of Some Relevant Structural Parameters for Each Species of theone Conformer of the Thiacalix[4]arene at
Different HDFT Methods (Atom Numbering Corresponds to Figure 2)

B3LYP/6-31G(d) B3LYP/6-31G(d,p) PBE1PBE/6-31G(d) X-rdy
LH,4 LHs-  LH2 (1) LHz2 (II) LH4 LH,4 LHs-  LH2 (1) LH2Z (1)  LHq4
Bond Distance (A)
S—Ci 1.80 1.80 1.81 1.81 1.80 1.79 1.78 1.79 1.79 1.76
C—C 141 1.42 1.43 1.43 141 1.41 1.41 1.43 1.42 1.41
C—0O; 1.36 1.34 1.31 1.32 1.36 1.35 1.33 1.30 1.31 1.36
Cs—0;, 1.36 1.30 1.28 1.27 1.36 1.35 1.29 1.27 1.26 1.36
Cs—05 1.36 1.33 1.27 1.32 1.36 1.35 1.32 1.27 1.31 1.38
C11— 04 1.36 1.34 1.31 1.27 1.36 1.35 1.33 1.30 1.26 1.36
0:—03 3.89 3.61 4.15 4.22 3.87 3.87 3.56 4.14 4.20 4.21
0,—0y4 3.88 4.07 4.18 4.14 3.87 3.86 4.07 4.14 4.13 3.60
Bond Angle ()
Cio—S—Ci 104.2 104.4 103.3 103.5 104.3 103.8 103.8 102.9 103.0 101.9
S—C—C, 120.7 121.1 120.8 121.3 120.7 120.4 120.6 120.5 121.0 120.3
C,—C,—0O, 118.1 118.5 119.1 119.3 122.2 118.2 118.4 119.4 119.4 119.4
C,—Cs—S, 120.8 122.0 1215 121.4 120.7 120.4 121.7 1211 1211 120.3
C,—GCs—0, 118.1 121.7 122.5 123.0 122.2 118.2 121.7 122.6 123.1 120.3
C;—Cs—0O3; 118.1 123.4 122.5 119.3 122.2 118.2 123.6 122.5 119.4 119.6
Ci0—Ci11—04 118.1 119.5 123.5 123.0 122.2 118.2 119.7 123.6 123.1 120.4
¢ (°) 77.8;78.4 97.5;66.5 68.3;81.8 77.2;74.9 772,774 76.6; 76.6 99.0;63.1 67.0;80.6 75.3;74.6 91.7;54.5

aFrom ref 5. From ref 22.

corresponding structures of the former type are predicted to becalculations it was concluded that the latter does not correspond
more stable than those of the latter one by ca. 0.5 kcat hadl to a local minimum in the potential-energy hypersurface. Two
the B3LYP level, but that energy gap is reduced 0.3 kcal ol  possibilities appear also for boBrand6 of the C#+ complexes,

at PBE1PBE. In the case @fof the C#" complex, only one but in the case of the Zh complexes, it was found only i6.
arrangement of hydrogen bonds is possible. On the other hand |t is worthwhile to note that the corresponding structur&Af

two different ways may be proposed3nnamely, the one shown has a lower energy tha6B for both metal complexes. By

in Figure 4 and an alternative structure where the two hydrogenscontrast, the corresponding structure5& is more stable than
interact with the same oxygen. However, through the DFT 5A in the C#" complex.4, where the metal is coordinated to
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TABLE 3: HDFT-Optimized Hydrogen Bonding Parameters for All the Neutral and Deprotonated Forms of cone Conformer
of Thiacalix[4]arene (Atom Numbering Corresponds to Figure 2)

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

PBE1PBE/6-31G(d)

LH,4 LHy  LH2 (1)  LHA (II) LH,4 LH, LHy  LH2 (1)  LHA (II)
Bond Distance (A)
O:—H; 0.99 1.04 1.07 1.04 0.99 1.04 1.07 1.04
H1—0; 1.83 1.53 1.42 1.50 1.82 1.83 1.50 1.39 1.47
O,—H> 0.99 0.99
H,—0Os 1.83 1.82 1.83
O3—Hs 0.99 1.01 1.04 0.99 1.01 1.04
H3—0O4 1.83 1.50 1.82 1.83 1.47
H3— 0O, 1.59 1.57
Os—Hgy 0.99 0.98 1.06 0.99 0.98 1.07
Hs—0Oy 1.83 1.92 1.82 1.83 1.93
Hs—0Os 1.43 1.39
Bond Angle ()
O;—H1—02 152.2 165.8 168.3 168.0 151.3 165.4 168.1 167.6
O,—H2—03 152.2 151.3
O3—H3—04 152.1 168.0 151.3 167.6
O3—H3—0; 160.8 160.3
Os—Hs—0O1 152.1 150.0 151.3 147.6
O4—Hs—0O3 168.4 168.0
aFrom ref 5.
TABLE 4: Energetic Analysis for Thiacalix[4]arene Complexes with Zr?* and Cu?t2
Zn?* cwt
binding modeé method AEping AEel AEping AE;el
20" + S (adj):1A B3LYP/6-31G(d) —622.22 (-613.71} 1.76 (2.58) —654.25 1.94
PBE1PBE/6-31G(d) —622.40 (-615.14) 1.81 (2.28) —652.65 1.10
20" + S (adj):1B B3LYP/6-31G(d) —621.90 (613.59) 2.08 (2.69) —653.75 2.44
PBE1PBE/6-31G(d) —622.38 (-615.23) 1.83 (2.19) —652.47 1.28
O~ + 0+ S (adj):2 B3LYP/6-31G(d) —639.50 16.69
PBE1PBE/6-31G(d) —634.72 19.03
O~ + 0+ S (opp):3 B3LYP/6-31G(d) —640.07 16.11
PBE1PBE/6-31G(d) —636.37 17.37
20+ S (adj):4 B3LYP/6-31G(d)
PBE1PBE/6-31G(d)
20~ + 20 (adj):5A B3LYP/6-31G(d) —648.44 7.75
PBE1PBE/6-31G(d) —644.88 8.87
20" + 20 (adj):5B B3LYP/6-31G(d) —653.91 2.28
PBE1PBE/6-31G(d) —651.07 2.67
20"+ 20 (opp):6A B3LYP/6-31G(d) —623.98 (-616.29) 0.00 (0.00) ~656.19 0.00
PBE1PBE/6-31G(d) —624.21 (617.42) 0.00 (0.00) —653.75 0.00
20"+ 20 (opp):6B B3LYP/6-31G(d) —621.52 (-613.58) 2.46 (2.71) —654.35 1.84
PBE1PBE/6-31G(d) —621.36 (-614.32) 2.85 (3.10) —651.71 2.04

aBinding energiesAEping, and relative binding energieAE;, are given in kcal mot. ? All binding modes of ZA™ and C@d" were optimized
at B3LYP and PBE1PBE using the 6-31G(d) and CEP-31G basis sets for second deprotonated species of thiacalix[4]arene and metal ion, respectively.
¢The values in parentheses are corrected for BSSE.

both adjacent phenol oxygens, was also considered in this studypredict the same stability ordering for all theZrcomplexes,
but no stable structures were obtained from the calculations. but some discrepancies are found for?CuFor example, the
The energetic analysis of all the binding modes carried out Stability ordering obtained at the B3LYP level establishes that
in this study is summarized in Table 4. Binding energieSging, 1B < 5B < 1A < 6B, whereas at the PBE1PBE level, it5B
are defined as the total energy of the complex minus the sum < 6B < 1B < 1A. However, the energy difference between
of the total energies of the metal ion and the most stable free these binding modes is less than 3.0 kcal Thauggesting that
second deprotonated species, that is, the opposite phenolateglternation among them can easily occur. The effect of BSSE
structure. TheAEying values for all the binding modes of Zh does not modify the binding energy ordering ofZcomplexes
were corrected for BSSE. These correcidthi,q values are also  at B3LYP, whereas some permutation betw&érand1B was
presented in Table 4. The BSSE can slightly reduceABgnq found at the BSSE-corrected PBE1PBE values. Once again, the
results of each binding mode by ca. 8 kcal midior B3LYP small AEying between those binding modes (less than 1.0 kcal
and 7 kcal mot! for PBE1PBE calculations. All the results mol™Y) may suggest the possibility of interconversion between
support a stronger complex with Euthan with Z#+ for all each other.
types of binding modes, agreeing well with the previous  Some relevant geometrical parameters of all the binding
experimental results which proposed higher complexation ability modes are gathered in Tables® The M—O~ bond lengths
of p-tert-butylthiacalix[4]arene to Cif.%224 Binding energies are always shorter than the-MD bond lengths, which reveals
relative to that of the most stable complexE., are also the importance of the electrostatic component in the interaction
reported in Table 46A is always the most stable binding mode with the metal ion. The most stable complexes for both metals
predicted by both B3LYP and PBE1PBE functionals. They also adopts a distorted square planar coordination to the central metal
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Figure 3. Binding modes for the coordination of Znby thiacalix[4]arene obtained at the B3LYP level, using the 6-31G(d) and CEP-31G basis
sets for free-second deprotonated ligand an# Zrespectively.
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Figure 4. Binding modes for the coordination of €uby thiacalix[4]arene obtained at B3LYP level, using the 6-31G(d) and CEP-31G basis sets
for free-second deprotonated ligand anc®Cuespectively.
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TABLE 5: Structural Parameters for the Complexes of Thiacalix[4]arene with Zn?ta (Atom Numbering Corresponds to Figure

3)
B3LYP/HDFT PBE1PBE/HDFT
1A 1B 6A 6B 1A 1B 6A 6B
Bond Distance (A)
M;—0O1 2.38 2.34 2.39 2.33
M;—0O; 1.85 1.84 1.83 1.85 1.85 1.83 1.82 1.83
M;—0s3 1.84 1.85 2.38 2.34 1.83 1.85 2.39 2.34
M1—0O4 1.83 1.81 1.82 1.80
M1—S; 2.49 2.49 2.46 2.46
Bond Angle ()
01— M1—0, 78.4 86.6 77.0 86.5
0,—M;—03 158.3 159.4 101.4 86.3 159.1 160.9 102.8 86.2
O3—M1—0q4 78.4 93.0 77.1 93.0
0,—M;—0y 101.4 93.4 102.6 93.3
01—M;1—03 162.9 161.4 160.9 159.6
0;—M1—04 178.8 177.4 178.5 176.9
O0,—M1—S3 90.8 91.1 91.1 91.2
O3—M1—S; 88.4 88.9 88.6 88.0
M;—0,—Cs 115.5 114.0 115.1 1145
M1—05—Cs 102.6 106.7 101.0 104.1
M;—S3—Cs 86.4 85.5 86.9 86.4
M1—S—C; 79.2 81.4 78.7 80.2
O1—H;—0, 146.5 127.8 107.9 101.6 144.9 119.9 108.0 101.5
O3—H3—04 107.9 107.9
O3—H3—0, 101.7 101.6
O4—Hs—0O4 149.5 149.1
O4—H4—05 137.3 136.1

2 All binding modes of ZA™ were optimized at B3LYP and PBE1PBE using the 6-31G(d) and CEP-31G basis sets for second deprotonated
species of thiacalix[4]arene and metal ion, respectively.

TABLE 6: Structural Parameters for the Complexes of Thiacalix[4]arene with Cu?tat B3LYP2 (Atom Numbering Corresponds
to Figure 4)

1A 1B 2 3 5A 5B 6A 6B

M1—O1 2.00 2.29 2.15 2.14 2.15
M1—0> 1.85 1.83 1.90 1.92 1.90 1.90 1.88 1.90
M1—0Os 1.82 1.85 2.01 1.86 1.90 2.14 2.15
M1—04 2.13 2.13 1.88 1.84
M1—S, 2.55

M1—Ss 2.38 2.37 2.49

0,—M1—02 147.3 76.5 78.0 80.4 85.5
0,—M;—03 166.1 167.4 146.7 106.7 107.4 99.2 85.4
03—M1—0q4 93.9 79.3 80.4 93.9
04;—M;1—0y 82.5 95.0 99.2 93.9
0;,—M;1—03 173.6 173.1 170.1 166.1
0,—M1—0q4 158.8 1725 174.5 173.4
0,—M;—S; 84.9

0,—M;—S, 87.7

0,—M;—S3 91.3 90.7 88.2

0;—M;1—S3 87.6 88.3 86.3

M1—0;—C; 117.6

M1—0—Cs 113.9 113.1 106.9 1111

M1—03—Cg 102.2 106.3 115.7

M1—S$—Cs 89.9

M1—S—C4 81.8

M1—S:—Cs 87.8 87.4 85.0

M1—S—Cr 81.2 83.6 89.3

0,—H1—0> 149.4 132.2 155.5 124.6 119.6 1135 107.9
0O;—H1—04 153.9

O3—H3—04 153.8 1135

03—H3—0> 107.9
04—H;—0y 149.4 108.4

04—Hs—03 138.4 160.9 1175

2 All binding modes of C&" were optimized at B3LYP using the 6-31G(d) and CEP-31G basis sets for second deprotonated species of
thiacalix[4]arene and metal ion, respectively.

ion in 6A, as shown in Figures 3 and 4. The-®1—0O bond coordination when compared with However, the formation
angles of the Ct complexes are closer to the standard square of O—H---S hydrogen bond seems to be more important than
planar structures (90.0 and T$@han those of Z#" complexes. O—H---O hydrogen bond in the stabilization of bdshand 6.
This is in a good agreement with the known preference 6fCu  This is corroborated by the range of the-B—S angles,

to form four-coordinated complexes. On the other hand, the 125.0-127.0 and 123.8127.5 for the Zr#t and C¥* com-
CW complex in6 prefers a slightly distorted square planar plexes, respectively, which are larger than theH3-O angles,
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TABLE 7: Structural Parameters for the Complexes of Thiacalix[4]arene with Cu?Tat PBE1PBE* (Atom Numbering

Corresponds to Figure 4)

Suwattanamala et al.

1A

1B

2

3 5A

5B

6A

6B

M1—0O,

M1—0O;

M1—03

M1—0q4

M1—S,

M1—S3

0,—M1—0;
0,—M1—0s
03—M1—04
04,—M1—0q
0,—M1—0s
0;—M1—0O4
0,—M1—S,
0:—M1—S,
0,—M1—S3
0:—M1—S5
M1—0,—C;
M1—0,—Cs
M1—03—Cg
M1—S—Cs
M1—5—-C4
M1—S—Cs
M1—5—-C;
0;—H:1—02
O;1—H1—0q4
O3—H3—0q4
O3—H3—0;
0O4,—H4—0,
0O4—H;—03

1.84
1.82
2.34

167.1

91.6
87.9

113.7
100.9

88.4
80.8
147.7

148.7

1.82
1.85
2.34

167.9

914
87.9

113.6
104.0

88.3
82.6
124.9

136.5

2.00
1.90

2.47

145.1

85.8
88.8

117.3
105.4

91.2
82.2

154.6

160.3

2.24
1.93 1.88
2.02 1.84

2.11

241

76.7

142.1 106.8

93.2

173.1

159.0
89.7
87.2
110.0
115.5
86.1

155.9 123.8

153.7

107.5

211
1.89
1.89

2.11

78.1
107.8
78.8

172.8
172.4

119.0

118.0

211
1.87
211

1.87

80.5
99.0
80.5

169.7
174.0

113.0

113.0

211
1.89
211

1.83

85.2
85.2
94.1

165.6
173.1

107.7

107.7

a All binding modes of C&" were optimized at PBE1PBE using the 6-31G(d) and CEP-31G basis sets for second deprotonated species of
thiacalix[4]arene and metal ion, respectively.

101.5-108.0 for Zn*" complex and 108:86119.5 for Cu2* theoretical study for the Zn and Cd+ complexes obtained at
complex. the AML1 level?* This is rationalized by the increasing binding
1is the other interesting binding mode where the metal forms sites in the coordination of the two metal ions.
two five-membered chelated rings with the contribution of one  3.3. Molecular Electrostatic Potential Surface.To under-
bridging sulfur and two adjacent phenolate groups, as proposedstand the role of the electrostatic interactions in metal com-
by previous NMR and X-ray structural analy8i¥:12 The plexation, molecular electrostatic potential (MEP) surfaces are
O—M-—0 bond angles in this binding mode are larger by about presented in Figure 5 for the most stable binding modes. An
8° for the C#" complex than for the ZAt complex, whereas  electron density isosurface was constructed for the stable metal
the O-M—S bond angles seem to remain unchanged. The two complexes, and then the MEP was mapped onto the calculated
O—H---O hydrogen bonds seem to also play an important role electron density isosurface of 0.03 €fby a texture-mapping
in the stabilization of this binding mode (see Figures 3 and 4). technique?® For the surfaces, a spectrum of colors from red to
It is interesting to note that the position of the deprotonated blue was established representing a range of values-forh76
phenols might affect the binding pattern of metal complexes. to +0.235 au, respectively. The MEP surfaces (see Figure 5)
1A is the preferential binding mode in the case of adjacent show that, obviously, the phenolate oxygen atoms have a more
phenolates, in contrast with the opposite phenolates case, wher@egative potential than the phenol oxygen atoms. However, one
the 6A is the most stable binding mode. Our theoretical results of the phenolate oxygen atoms is stabilized by phenol hydrogen
suggest that the 4-fold coordination of metabiis more stable atom in1, which is evident from the less negative potential of
than the coordination it. These last theoretical predictions do that phenolate oxygen when compared with the other one. The
not agree completely with the previous experimental re$¢%? formation of a type of bifurcated ©H---S hydrogen bond
but the discrepancy may be explained by the small energy appeared inl as we can observe from the increase of the
difference between both binding modes, which is less than 2.5 electrostatic potential of sulfur atoms involved in those bonds.
kcal/mol (see Table 4). It is thus possible that the alternation The MEP surfaces also show the more favorable-KD--S
between both structures can easily occur upon complexation.interaction in6 when compared to the-€H---O hydrogen bond.
In addition, the X-ray crystallographic data has indicated a This is explained by the presence of the central metal ion, which
double€one structure for several metal complexes ptert- prevents hydrogen bonding toward the oxygens. Those two
butylthiacalix[4]arene, which revealed that the extracted speciessulfur-bridging atoms show less negative potential than the other
may be 2:2 complexes [pMH.L),] having a similar double- ones. It is interesting to note that the electrostatic potential of
conestructure!® In that proposed complex, two,H?~ ligands Cw? is lower than ZA" for both binding modes and that they
in adjacent deprotonated form are connected to each other vishave more positive potential itA than in 6A. The sulfur-
coordination of two metal ions using the OS, and O donor bridging atom that interacts with the metal ion has more positive
atoms. The protons on the two phenol oxygens are stabilized potential than the other ones. These points indicate that some
by hydrogen bonding to the neighboring phenolate oxygens. electronic charge has been transferred from metal to sulfur,
Consequently, the 2:2 complex inhas a higher stability than  which may indicate an important role in the stabilization of the
the 1:1 complex in6, which is supported by a previous complexes. The MEP surfaces support the stronger interaction
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. -0.05276
-0.07332
-0.09388
-0.11444
-0.13500
-0.15556
-017612

6A : Zn2+ complex 1A : Zn2+ complex

6A : Cu2+ complex 1A : Cu2+ complex

Figure 5. MEP representing a maximum potentigl, = 0.235 au, and a minimum potentigl, = —0.176 au, mapped onto an electron density
isosurfaces op = 0.03 eA3 of the most stable binding mode for the coordination o#Zand Céd*. The most negative and positive electrostatic
potential are depicted in red and blue, respectively.

of CU%" in both binding modes, which is in a good agreement were analyzed in detail. Two and five distinct binding modes
with the higher complexation ability of Gt obtained from the for Zn?" and C@", respectively, were obtained and ranked in
previous liquid-liquid extraction studies of thiacalix[4]aref@?* terms of their relative stability. The position of the deprotonated
On the other hand, the MEP surfaces help us to visualize the phenols seems to influence the structural pattern of binding
stronger interaction of both metals in thevhen compared with modes. For instance, considering the adjacent phenolates pattern

1 we found a stable 1:1 metal complex where the coordination is
_ made by one bridging sulfur and two phenolate oxygen atoms
4. Conclusion forming a set of two five-membered rings, which agrees with

The four main conformers of thiacalix[4]arene were studied Prévious experimental studies. However, the most stable of all
by two different HDFT methods, namely, B3LYP and PBE1PBE. the_blndlng modes was pred|cte<_j to_be a 151 metal complex in
All the results predict theoneto be the most stable conformer, 2 distorted square planar coordination, using two phenol and
which agrees well with a previous theoretical work. The WO phenolate groups in an opposite pattern. The two structures
intramolecular hydrogen bonds at lower rims seem to be a have an energy gap of ca. 2 kcal mblbut the latter one has
dominant factor in the stabilization of the different conformers. Never been referred to in the literature. The results point to the
However, the orientation of the hydrogen bonds toward sulfur- Stronger binding interaction of €t as compared to Z# in
bridging atoms plays a crucial role in the stabilizing of tha- all thg binding modes, which is consistent with the avaylable
alt conformer. The structures of neutral and deprotonated speciesxperimental data. The modern PBE1PBE functional yielded
of the coneconformer were also investigated at the same HDFT almost the same results as B3LYP, though a little discrepancy
level. Two different patterns for the second deprotonated specieswas found in the stability ordering of binding modes. The
were found. The results showed that the structure with two PBE1PBE can be an alternative hybrid functional to apply for
opposite deprotonated phenol groups is slightly more stable thanthe study of structure and energetics of the transition metal
with two adjacent groups. complexes of thiacalix[4]arene.

The comparative study on the complexation features of The analysis of the MEP surfaces can be a very useful
thiacalix[4]arene toward the transition-metal iongZand Cd+ qualitative guideline to understand the different binding interac-
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tions between Z# and C@" complexes. For instance, it shows
the importance of the bridging sulfur atoms in the coordination

of the metal ions which has never been presented in the

“classical” calix[4]arene. This work sheds some light on the
characterization of the hosguest properties of metal binding

Suwattanamala et al.
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thiacalix[4]arenes platforms in future.
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