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The molecular structures of thiacalix[4]biscrown-5 (1) and p-fert-butylthiacalix[4]biscrown-5 (2) and their
alkali-metal-ion complexes were optimized using the DFT BLYP/6-31G(d) and mPW1PW91/6-31G(d,p)
(hybrid HF-DF) calculations. The total electronic energies, the normal vibrational modes, and the Gibbs free
energies of the mono- and di-topic complexes of each host with the sodium and potassium ions were analyzed.
The K'-complexes exhibited relatively stronger binding efficiencies than Na'-complexes for both the mono-
and di-topic complexes of 1 and 2 comparing the efficiencies of the sodium and potassium complexes with an
anisole and phenol. The mPW1PW91/6-31G(d,p) calculated distances between the oxygen atoms and the alkali
metal ions were reported in the alkali-metal-ion complexes (1*Na®, 1+2Na*, 1eK", 1:2K", 2¢Na", 2+2Na", 2:K",
2+2K"). The BLYP/6-31G(d) calculated IR spectra of the host 1 and its mono-topic alkali-metal-ion complexes

are compared.
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Introduction

Thiacalix[4]arenes represent a very promising group of
macrocyclic compounds with many applications in supra-
molecular chemistry.! The presence of the four sulfur atoms
instead of the methylene bridges imposes many novel, inter-
esting features in the thiacalixarenes > compared to classical
calixarenes.'” NMR studies have indicated that thiacalix-
arenes are conformationally much more flexible than ordinary
calixarene in solution. !

The complexation ability of thiacalix[4]arenes towards
metal ions has actively been investigated.'> The most appeal-
ing property of these compounds is their enhanced ability to
form metal complexes because of the presence of the sulfur
atoms and the enlargement of the calix skeleton that
provides a larger cavity.'® Thiacalix[4]arene-crown is one of
the obvious classes of ionophores that are suitable for selec-
tive complexation of alkali metal cations.'* Several research
groups have reported the synthesis of a number of 1,3-alt-
thiacalix[4]bis(crown-5 and -6) ethers.'> Recently, thiacalix-
[4]biscrown-5 (1) and its complexes with alkali-metal
cations have been calculated by density functional theory
(MPWBI1K/6-31G(d)//B3LYP/6-31G(d)) method.'®

In this study, the structures and energies of thiacalix[4]-
biscrown-5 (1) and p-tert-butylthiacalix[4]biscrown-5 (2)
and their alkali-metal-ion complexes were investigated using
the mPW1PW91/6-31G(d,p) (hybrid HF-DF) calculations.
The primary objective of this research was to determine the
selectivity of the mono- and di-topic complexations of hosts
1 and 2 with sodium and potassium cations. The secondary
objective was to compare the strengths of the cation-oxygen
interactions by measuring the mPWIPW91/6-31G(d,p)
optimized distances between the oxygen atoms of the hosts
and the alkali metal ions for the alkali-metal-ion complexes.
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Scheme 1. Chemical drawings of thiacalix[4]biscrown-5 (1), p-
tert-butylthiacalix[4]biscrown-5 (2) and p-fert-butylcalix[4]crown-
53 and 4).

The third objective was to compare the BLYP/6-31G(d)
calculated IR spectra of the host 1 and its mono-topic alkali-
metal-ion complexes.

Computational Methods

The initial structures of thiacalix[4]biscrown-5 (1 and 2)
and their alkali-metal-ion complexes were constructed using
the molecular mechanics (MM), molecular dynamics (MD),
and AM1 semi-empirical calculations of HyperChem.!” The
conformational search was executed using the simulated
annealing method, as described in a previous publication, in
order to determine the optimized structures.'® The host and
complexes of 1 and 2 with Na" and K" were fully re-
optimized using a DFT BLYP method in order to determine
the relative energies and structures of the complexes. The
DFT BLYP/6-31(d) calculation was also used to obtain the
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normal mode frequencies and the Gibbs free energies of the
optimized structures. Each vibrational spectrum did not ex-
hibit any negative frequencies, confirming that the optimized
structures existed in the energy minima. For direct compari-
son with experimental data, the calculated IR frequencies
were scaled by the recommended scale factor (0.893)."
Furthermore, broadened IR spectra are presented assuming a
Lorentzian line width of 10 cm™.

The modified Perdew-Wang 1-parameter (mPW1) calcu-
lation methods, such as mPW1PW91, are new hybrid Hartree-
Fock-density functional (HF-DF) models, which provide
remarkable results both for covalent and non-covalent inter-
actions.?’ In this work, Additional mPWI1PW91/6-31G(d)
and mPW1PW91/6-31G(d,p) optimizations were performed
using Gaussian 03! to obtain more accurate total electronic
energies and structures for the hosts (1 and 2) and their
alkali-metal-ion complexes.

Results and Discussion

The consecutive BLYP/6-31G(d), mPW1PW91/6-31G(d)
and mPW1PW91/6-31G(d,p) full optimizations without any
constraint were carried out for two types (mono- and di-
topic) of complexation modes of hosts 1 and 2 with the
sodium and potassium ions.

Tables 1 shows the BLYP/6-31G(d) calculated total elec-
tronic and Gibbs free energies and the mPWIPW91/6-
31G(d) and /6-31G(d,p) optimized total energies of host (1)
and its alkali-metal-ion complexes. Table 2 provides the
BLYP/6-31G(d) energies and the mPWI1PW91/6-31G(d)
and /6-31G(d,p) optimized total energies of host (2) and its
alkali-metal-ion complexes. The normal mode frequency
analysis was not performed for the bigger host (2) because
of the limited computation resources. Therefore, the Gibbs
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free energies are not listed in Table 2. Tables 1 and 2 also
report the total dipole moment obtained from the mPW1PW91/
6-31G(d,p) optimized structure.

From the mPWI1PW91/6-31G(d,p) calculated complex-
ation energies in Tables 1 and 2, the monotopic potassium-
complexes (1°K": =75.3 , 2¢K" : —68.8 kcal/mol) showed
about 20% weaker binding efficiency than the sodium ana-
logue (1°Na": —93.8, 2sNa": —89.0 kcal/mol). These results
were interesting because the complexation energy for the
potassium cation binding to an oxygen atom was approxi-
mately 25-30% smaller than a sodium ion. (The MP2/6-
311+G* calculations suggested that cation-oxygen binding
energy were —25.4 (Na*) and —19.6 (K*) kcal/mol when a
cation was bound to an anisole-oxygen.”” The cation-oxygen
binding energies were —26.2 (Na") and —18.1 (K") kcal/mol
when a cation was bound to the O-H group of phenol from
the HF/6-311G(d,p) calculation.?)

Therefore, we can conclude that the K'-complexes ex-
hibited relatively stronger binding efficiencies than the Na'-
analogues for both the mono- and di-topic complexes of 1
and 2 comparing the efficiencies of the sodium and potassium
complexes with an anisole and phenol. And the mPW1PW91/
6-31G(d,p) optimized binding energy of potassium-complex
(1eK": =75.3 kcal/mol) is bigger than the previously report-
ed value (1°K" : —58.4 kcal/mol)'® obtained from the single
point calculation by MPWB1K/6-31G(d) method using
the B3LYP/6-31G(d) optimized structure except for the
potassium ion which was computed by LANL2DZ basis set.

The binding efficiencies of the potassium cation toward
the ligands (1 and 2) were relatively better than sodium
cation to an oxygen atom of anisole because the diameter of
K" (2.66 A) provided a tighter fit than Na" (1.90 A) with
respect to the five ether-oxygen atoms in the crown-5 moiety
of the hosts (1 and 2). The necessary number of donor oxy-

Table 1. Calculated total energies of 1 and its alkali-metal-ion complexation energies

E (inau) AEcomplex” (in kecal/mol)
Host 1 1-Na" 1e2Na* 1eK* 12K*
BLYP/6-31G(d) —-3894.61736 -95.8 —-136.2 -77.1 -95.3
BLYP/6-31G(d) Gibbs free —3893.94098" —-87.1 -117.6 —68.3 -75.5
mPW1PW91/6-31G(d) —3895.06698 -94.1 -132.2 -75.1 -92.8
mPWI1PW91/6-31G(d,p) —3895.12626 -93.8 -132.7 -75.3 -92.1
Total dipole moment® 1.41 8.15 0.22 7.16 1.34

“AEcomplex is defined as the total electronic energy of the complex minus the sum of the total electronic energies of the free ligand and the cation(s).
AEcomplex = Ecomplex— (Enost + Ecations))- "Sum of the total electronic and thermal Gibbs free energy at 298 K. “Total dipole moment (Debye) obtained from

the mPW1PW91/6-31G(d,p) optimized structure.

Table 2. Calculated total energies of 2 and its alkali-metal-ion complexation energies

E (ina.u) AE omplex” (in keal/mol)
Host 2 2+Na* 2¢2Na* 2K* 202K*
BLYP/6-31G(d) —4523.18205 -91.4 —-140.5 -72.9 -104.8
mPWI1PW91/6-31G(d) —4523.94550 -79.8 -121.1 -60.7 -78.7
mPWI1PW91/6-31G(d,p) —4524.04724 -89.0 -136.6 —68.8 -100.3
Total dipole moment 1.94 10.30 0.61 9.68 0.29

“See the footnote in Table 1.
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Figure 1. mPW1PW91/6-31(d,p) calculated structures of 1 and its
alkali-metal-ion complexes that were drawn by Chem3D* without
any hydrogen atoms and PosMol® with all of the atoms. All of the
atoms that were within a certain distance (the bond proximate
distance) from one another were automatically marked as bonded.*
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Figure 2. mPW1PW91/6-31(d,p) calculated structures of 2 and its
alkali-metal-ion complexes that were drawn by Chem3D** without
any hydrogen atoms and PosMol*® with all of the atoms. The atoms
that were within a certain distance (the bond proximate distance)
from one another were automatically marked as bonded.?*
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gen atoms were available, but the crown-5 rings that were
attached to calix[4]arene were too large with a somewhat
restricted conformational motion, and therefore, appropriate
binding sites were not provided for the relatively small Na*
ion.

Interestingly, the mPW1PW91/6-31G(d,p) calculated mono-
topic binding efficiencies of p-fert-butylcalix|4]biscrown-5-
ether 2 (—75.3 kcal/mole) with K™ was slightly better than
those values calculated from the other p-fert-butylcalix[4]-
crown-5-ethers (—72.1 kcal/mole for 3 and —72.5 kecal/mole
for 4).

Figures 1 and 2 show the mPW1PW91/6-31(d,p) calcu-
lated structures of hosts (1 and 2) and their alkali-metal-ion
complexes that were drawn by Chem3D* without any
hydrogen atoms and PosMol*® with all of the atoms. From
the Chem3D and PosMol views (Figs. 1(a) and 2(a)) of free
hosts 1 and 2, some of the oxygen atoms in the crown-5
moiety did not converge to the center of the crown but
randomly pointed outward. In Figures 1(b)-1(e) and 2(b)-
2(e) for the different complexes of 1 and 2 with the mono-
and di-topic alkali-metal ions, all of the oxygen atoms in the
crown-5 moiety symmetrically converged to the center of
the crown because of the electrostatic attraction from the
cation(s).

The distances from the alkali-metal-ion to the oxygen
atoms (Table 3) and to the centroids of the benzene rings
(Table 4) of the ligands (1 and 2) were measured in order to
explain the relative binding energies of the different com-
plexes.

When the distances between the akali-metal-ion and the
oxygen-atoms were analyzed in Table 3, the bigger potassium
cation(s) were strongly bound to all five crown-5-oxygen
atoms of the ligands (see Figs. 1(d) and 1(e)). For the
distances from the potassium cation to the oxygen atoms of
the ligand in Table 3, most of the values in the potassium-
complexes (1°K* and 1¢2K*) were approximately 2.81
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(£0.12) A. However, for the smaller sodium-complexes
(1eNa*and 1+2Na"), only three (average 2.52 (+ 0.06) A) out
of the five crown-5-oxygen atoms participated in the strong
cation-oxygen interactions (see Figs. 1(b) and 1(c)). The HF/
6-311G(d,p) calculation suggested that the optimized bind-
ing distance between Na' and the oxygen atom of phenol
was 2.20 A, the value for K+ was 2.62 A2

The binding energies in the complexations of the alkali
metal cations with hosts 1 and 2 were caused by both the
multiple cation-oxygen interactions in the crown-5 and the
minor contribution of the cation-r interactions in the benz-
ene rings of the calix[4]aryl moiety. The B3LYP/6-31G(d)
calculations suggested that the cation-m binding energies
were —28.5 kcal/mol (Na") and —18.7 kcal/mol (K*) with
respect to the benzene ring.”*?’ The MP2/6-311+G(d) calcu-
lations suggested that the cation-nt interaction energies were
—26.8 kcal/mol (Na*) and —17.8 kcal/mol (K") with respect
to the benzene ring, and the perpendicular distances from the
center-of-mass of the benzene 7 system to the cation were
2.40 A (Na") and 2.90 A (K").? For the cation-7 interaction
in Table 4, most of the distances from the potassium cation

Table 4. mPW1PW91/6-31G(d,p) calculated distances (A) between
the arene centroid and the potassium cation(s) in the mono- and di-
topic complexes of 1 and 2

. 1-Complex 2-Complex
Distance
1eK* 12K* 2eK* 202K*
Centroid (1) 3.202 3.181 2.888 2.961
Centroid (2) 3.225 3.292 4.271) (4.071)
Centroid (3) 3.111 3.421
Centroid (4) 3.474 3.576

“Distance from the potassium cation to the arene centroids of the ligand
for strong cation-m interaction in the complex. The values in the
parentheses exhibited a weak interaction for the long distances from the
potassium cation.

Table 3. mPW1PW91/6-31G(d,p) calculated distances (A) between the oxygen atoms and the alkali metal ions in the mono- and di-topic

complexes of 1 and 2

Distance 1-Complex 2-Complex
from Cation to 1-Na* 1+2Na* 1K+ 12K* 2+Na* 2¢2Na* 2:K* 202K*
Oxygen (1) (2.884) (3.023) 2.769 2.804 2.425 2.459 2.697 2.826
Oxygen (2) 2.625 2.479 2.746 2.784 2.585 2.453 2.755 2.759
Oxygen (3) 2.496 2.379 2.922 2.839 (2.728) 2.519 2.901 2.806
Oxygen (4) 2.647 2.585 2.896 2.810 2.438 2.390 2.696 2.803
Oxygen (5) (3.040) (3.036) 2.794 2.802 (2.788) (3.100) 2.821 2.862
Average Crown (1)° 2.589 2.481 2.825 2.808 2.483 2455 2.774 2.811
Oxygen (6) (3.089) 2.838 (3.026) 2.760
Oxygen (7) 2.543 2.826 2.468 2.692
Oxygen (8) 2.381 2.725 2.446 2.789
Oxygen (9) 2.510 2.853 2.449 2.714
Oxygen (10) (3.060) 2.843 (3.019) 2.742
Average Crown (2)* 2478 2.817 2454 2.739

“Average distance from the cation to the oxygen atoms in the crown-5 moiety for the strong cation-oxygen interaction in the complex. The distances in
the parentheses were excluded from the average calculation because the cation-oxygen interactions were weak for those distances in the particular

cations.
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Table 5. RMS fits between the host 1 and its cation complexes

Compound A Compound B RMS fit (A)*
1 1+Na* 1.314
1 1+2Na* 1.266
1 1K* 1.253
1 12K* 1.235
1Na* 1K* 0.955
1+2Na* 12K* 0.916

“RMS deviation fit (Angstrom) between compound A and compound B
which are the mPW1PW91/6-31G(d,p) optimized structures.

to the arene centroids of the ligand for the 1-complexes were
approximately 3.20 (£ 0.20) A (see Figs. 1(d) and (e)).
However, the potassium-arene distances in the 2-complexes
were scattered (Figs. 2(d) and (e)). The monotopic complex
(1K) (2.888 A) exhibited a very strong (close) cation-m
interaction, whereas the other arene (4.271 A) for 1°K* did
not participate in the cation-mt interaction. The ditopic
complex (12K*) (2.961 A) exhibited strong cation-nt inter-
actions, whereas two arenes (around 3.50 (£0.07) A) for
1+2K" exhibited weak interactions, and the fourth one (4.071
A) for 12K* did not participate in the cation-r interaction.
Comparing the calculated C-S bond distances of the two
different quantum mechanical methods, the mPW1PW91/6-
31G(d,p) calculated bond distances (~1.780 A) between the
bridging sulfur and carbon atoms of 1 was 0.034 A shorter
than the average C-S values (~1.814 A) from the BLYP
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calculations of 1, but were closer to the experimental values
(approximately 1.77-1.78 A).%

In order to investigate the rigidity of the host, we have
tabulated the RMS fits between the mPW1PW91/6-31G(d,p)
optimized structures of the host 1 and its alkali-metal-ion
complexes in Table 5. These values report that the RMS
deviations of Na* and K™ complexes are very similar. These
calculated data show that the host is fairly rigid and support
an additional validity of the relatively stronger binding
efficiency of the bigger potassium than the sodium ion.

The BLYP/6-31G(d) calculated IR spectra of the host 1
and its mono-topic alkali-metal-ion complexes are compared
in Table 6 and Figure 3. The main features (frequencies and
intensities) of host 1 in Figure 5(a) are a little different from
its complexes in Figures 5(b) and 5(c). For example, the
peaks at 1212 cm™ of 1eNa"and 1213 cm™ of 1sK" complex
become much stronger due to the concerted vibrations
connected complexed cations, while the flexible free host 1
displays several weaker lines between 1168 and 1253 cm ™.
The detailed descriptions of the individual IR peaks are the
following:

The peaks at 683 cm™" of the host and 685 cm™ of the
complexes come from out-of-plane bending vibrations of
aromatic rings and the resulted out-of-plane C,-H wagging
motions. The peaks at 808 and 829 cm™ of the host 1 arises
from the Ce-Ce-Oetner bending vibrations of the crown-ether
ring. The peaks at 793 cm™' of the 1*Na“ and 787 cm™ of
1K" complexes are caused by the puckering motion of the

Table 6. Main features of calculated vibrational modes of 1 and its mono-topic alkali-metal-ion complexes

Host 1 1-Na’ 1.K*
Ener%?/” Int.b Vibrational mode Energly Int.® Vibrational mode Energly Int.®
/em /em /em
Out-of-plane bending of Out-of-plane bending
683 medium  aromatic rings + 685 weak of aromatic rings + 685 weak
Ca-H wagging Ca-H wagging
808-829  weak  Co-Car-Ouher bending 793 medium T uckering of molecular 787 medium
skeleton
r- r i + . . .
864 medium Ce Oc’}fc stretching 827-847 medium  Bending of crown-ether 816-829  medium
puckering of crown-ether
Symmetric Anti-symmetric
909 medium Y . 902 medium  Cg-Ocgner Stretching 909 medium
Cer-Octher stretching .
(in uncomplexed crown)
Anti-symmetric
958 strong Car Cy stretching 950 strong Cer-Octher stretching 954 strong
(in complexed crown)
Anti-symmetric Car-Obcther stretching
994 strong Cear-Obcther stretching 87 strong (in uncomplexed crown) 982 strong
1084 strong  Ca-Oether Stretching 1080 medium (;ar_oc’hcr stretching 1076 medium
(in uncomplexed crown)
. Ce-Hz wagging Co-Hz wagging
1168-1255 medium (various motions) 1213 strong (concerted motion) 1212 strong
2570-2704  strong ~ Numerous C-H stretching 2588-2704 strong Numerous C-H stretching 2593-2706  strong

“The BLYP/6-31G(d) calculated vibrational frequency (cm™) is scaled by multiplication by 0.893, adjusted it for favorable to comparison with

experimental observations.'® *Calculated infrared intensity.
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Figure 3. The BLYP/6-31G(d) calculated IR spectra of the free
host 1 and its mono-topic alkali-metal-ion complexes 1. (a) Free
host 1, (b) 1-Na*, and (c) 1°.K". These broadened IR spectra are
presented assuming a Lorentzian line width of 10 cm™.

molecular skeleton. The peaks between 816 and 847 cm™ of
the 1¢Na" and 1¢K" complexes come from the ring bending
vibration of two different crown-ether rings in uncomplexed
and complexed with a cation. The peaks at 902 and 909
cm! of the complexes arises from anti-symmetric Ce-Oether
(in uncomplexed crown-ether) stretching vibrations. The
peaks at 950 and 954 cm™' of the complexes comes from
anti-symmetric Cy-Ce (in complexed crown-ether) stretch-
ing vibrations. The peaks at 982 and 987 cm™' of the com-
plexes arises from Cq-Ce (in uncomplexed crown-ether)
stretching vibrations.

The peaks at 1076 and 1080 cm™" of the complexes comes
from C4-O bond (in uncomplexed crown-ether) stretching
vibrations. The peaks at 1212 cm™' of 1eNa"and 1213 cm™
of 1¢K” complex arise from the out-of-plane wagging motions
of C-H; in crown-ether ring. These lines become much
stronger than the several weaker peaks between 1190 and
1280 cm™! the flexible free host 1. The primary reason of the
stronger intensity is that the complexed crown-ether ring
causes the concerted vibrations of C-H, wagging motions.

The peaks between 2570 and 2706 cm™' of the host and
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complexes are composed of the numerous lines of various
C-H vibrations, such as Cy-H stretching or symmetric and
anti-symmetric C.-H, stretching. Particularly, the peaks at
2598 cm™! of 1eNa* and 1:K* complex become much stronger
due to the concerted C-H stretching vibrations, while the
flexible free host 1 displays weaker lines.

Conclusion

In this study, mPW1PW91/6-31G(d,p) was optimized for
thiacalix[4]biscrown-5 (1), r-butylthiacalix[4]biscrown-5 (2),
and their alkali-metal-ion complexes. These optimizations
suggested that the potassium-complexes of 1 and 2 exhibited
stronger binding efficiencies than sodium-complexes com-
paring the efficiencies of the sodium and potassium com-
plexes with an anisole and phenol. The bigger potassium
cation(s) formed strong bindings with all five crown-5-
oxygen atoms of the ligands. However, for the smaller
sodium-complexes, only three out of the five crown-5-
oxygen atoms participated in the cation-oxygen interactions.
The monotopic binding efficiency of #-butylthiacalix[4]bis-
crown-5 (2) with K™ was slightly better than the parent p-
tert-butylcalix[4]crown-5-ethers (3 and 4). The main IR
spectral features of host 1 are a little different from its the
alkali-metal-ion complexes, such that the peaks of CH, out-
of plane wagging vibrations at 1212 ¢cm™ of 1eNa" and at
1213 cm™" of 1eK" complex become much stronger than the
intensity of the flexible free host 1.
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