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The complexation characteristics of tetramethy| (1) and tetraethy] esters (2) of p-fer-butylcalix[4]arene with
alkali metal cations have been investigated by w«h initio calculation. The structures of endo- or exo-
complexation of the hosts in cone conformation with alkali metal ions have been optimized using HF/6-31G
method followed by B3LY P/6-3 | G{(d) single point calculation. B3LY P/6-31G(d) calculations suggest that exo-
complexation efficiencies of sodium ion to the cavity of lower rim of hosts 1 and 2 are 27.1 and 25.8 kcal/mol
better than that of potassium ion, respectively. The exo-complexation efticiencies ot potassium ion to the cavity
of lower rim of hosts 1 and 2 are 33.3 and 3 1.5 kcal/mol better than the endo-complexation inside the upper rim
(four aromatic rings) as expected from the experimental results. BILYP/6-3 | G{(d) calculation of the ethy| ester
2 shows 29.5 and 30.8 kcal/mol better exo-complexation efticiency for both sodium and potassium ions than

the methyl ester 1.
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Introduction

Recently, there has been much progress in the computa-
tional approaches in supramolecular chemistry, which may
lead to the deeper microscopic insight into the structural and
thermodynamical features involved in the processes of
molecular recognition and supramolecular organization.'
The calixarenes having well-defined molecular framework
are particularly attractive as a basic skeleton for the
construction of new supramolecular systems.> The most
extensively studied properties of calixarenes are the recog-
nition of metal ions in the hydrophilic and polar region
created after functionalization of the lower rim, and the
inclusion of neutral molecules in the apolar cavity by the
interaction with the aromatic nuclei.™ Earlier, Chang ef af.
as well as McKervey group’ were attracted to the possibility
of introducing carbonyl containing substituents by the
expectation that ester moiety might be able to act coop-
eratively as efficient ligating groups attached to the
calixarene substructure in much the same way that ester
carbonyl groups participate in cation binding in natural
receptors such as valinomycin.® They reported the decisive
peak selectivity of sodium ion among alkali metal cations by
the calix[4]ary| esters. The functionalization of calixarenes
with alkoxycarbomethyl functions like in | and 2 has been
extensively employed in the design of numerous functional
ionophores.® 74!

Wipff group has performed molecular dynamics studies on
complexation characteristics of alkali metal cations with a
series of important ionophores derived from calix[4]arenes.’
Kinetics and mechanism of the sodium ion complexation by
tetramethoxy derivative of p-ieri-butylcalix[4]arene have
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been reported experimentally.'’

We have studied the structures and energies of the cone-
shaped p-rere-butylcalix[4]crown-6-ether and its alkyl
ammonium complexes using ab initio HE/6-31G method."!
By a series of calculations the central part of the crown
moiety is confirmed to be the primary binding site of p-fert-
butylcalix[4]crown-6-ether for the recognition of alkyl
ammonium guests in the cone conformation.

Hay et «l calculated the complexation behaviors of
sodium and cesium cations with tetramethoxycalix[4]arene
using a combined density-functional theory and second-
order perturbation theory.” We have also studied the
conformational characteristics of tetramethoxycalix[4]arene
using HF/6-31G** method. which reports that partial-cone
conformer is 0.31 kcal'mol more stable than cone."
However, our conformational study of tetraethyl ester (2) of
the p-fert-butylcalix[4]arene using B3LYP/6-311+G(d.p)//
HF/6-31G calculations suggests that cone conformational

R
1 CH,CO,CHs
2 CH,CO,CH,CHj3

Scheme 1. Chemical structures of calix[d]ary| esters.
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isomer is slightly more stable than partial-cone analogue.’*
Recently, esdo- or exo-complexation of calix[4]arene with
alkah metal cations has been analyzed bv HF, MP2 and DFT
calculations.” and the impact of multiple cation-z inter-
actions upon dehvdroxvlated calix[4]arene substrate binding
and specificity for alkali metal cations has been calculated
using B3LYP/6-31G(d) method.’®

Here, we have undertaken the relative binding affinity
study of cone-shaped terz-butylcalix[4]arv] esters toward
alkah metal cations focusing on the binding site of upper or
lower-nm pocket of the host molecules 1 and 2 using the
B3LYP/6-31G(d)//HF/6-31G calculation method.

Computational Methods

The mtial structures of p-ferf-butyvlcalix[4]arvl esters
were constructed by HyperChem.'” In order to find opti-
mized structures. we executed conformational search by
simulated annealing method.”® The alkali metal ion
complexes of tetramethyl (1) and tetraethyl esters (2) of p-
tert-butylcalix[4]arene obtained from MM/MD calculations
were fully re-optimized using ab /nifio methods to estimate
the absolute and relative energies for the different complexes
after semi-empirical AMI energy mummization. RHE/6-31G
optimizations of the complexes of 1 and 2 by Gaussian 98 on
supercomputer took more than 100 hours to reach an
optinum structure with error limit of less than 0.01 kcal/mol
(2x 107 atomic unit (AU.)) for each complex. After
optimization. B3LYP/6-31G(d) single point calculations of
the final structures are done to include the effect of electron
correlation and the basis set with polanzation function as
well as to reduce the basis sets superposition error (BSSE'®).
The large portions of the computations were carried out with
the use of the computer facilities at the Research Center for
Computational Science of The Okazaki National Research
Institutes of Japan.

Results and Discussion

The ab initio HF/6-31G full optimizations without any
constraint followed by B3LYP/6-31G(d) calculations were
carried out for the exofendo-complexes™ of sodium or
potassium ion with the tetramethy] and tetraethyl esters of p-
tert-butylcalix[4Jarene. The HF/6-31G optimized energies
are reported in Table 1. and B3LYP/6-31G(d) single point
energies are listed in Table 2.

Complexation characteristics of tetramethy] ester of p-
tert-butylcalix[4]arene. Figure 1 shows the calculated
stable complexes of tetramethyl ester of p-fert-butylcalix-
[4]arene with alkali metal ions. Exo-complexation efficiency
of sodium ion (Figure 1(a)) to the cavity of lower rim of host
1 is 31.8 (HF energy) or 27.1 (B3LYP) kcal/mol better than
that of potassium ion (Figure 1(b)) that is in line with the
experimental observations (see next section). And this exo-
complexation efficiency of potassium ion inside the cavity of
lower rim of host 1 is 45.7 (HF) or 33.3 (B3LYP) kcal/mol
better than the endo-complexation of K inside the upper rim
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Table 1. HF/6-31G Optimized Energies” of the Host, Guest, and
Complexes of p-rerr-Butylcalix[4]ary] Esters with Alkali [ons

Guest alkali ions

Ab initio HF/6-31G Na K*
-161.6393  -398.9700
Host Guest position  Complexes with host
e e (exo0) -3221.4591 -3638.7191
~305¢ (¢ o
S039.6079 1 (endo) C T 3638.6463
e (exo) -3377.5545 -3814.8182
~R21ST004 2 (endo) ¢ -3814.7478
Host 1 + Guest (exo) complexation’ -120.4 -88.6
Host 1 + Guest (endo) complexation® ¢ 429
Host 2 + Guest (exo) complexation® -122.3 -02.7
Host 2 + Guest (endo) complexation® ¢ -48.5

“Ervor limits in these calculations are about 2 x 10-% A U. Units for the ab
initio total energies are in A.U.. and units for complexation energies are
m keal‘mol converted using conversion factor 1 A.U. = 62750935 keal/
mal. bCompIexation energies (kcal'mol) = Ecouples = Eot = Ecues.
‘Spontaneously changed to exo-pasition during the geametry aptimization.

Table 2. DFT Energies” of the Host, Guest, and Complexes of p-
tert-Butylcalix[4]arv] Esters with Alkali Ions

caleulation atter HE/6- Na~ K

31G optimiztion

-162.0812  -399.7250
Host Guest position  Complexes with host
-, (exa) -3242.2687  -3679.8693
0800954 1 (endo) C 36798162
o amn (exa) -3399.5435 -3837.1461
2373251 2 (endo) < 3837.0959
Host 1 + Guest (exo) complexation’ -110.9 -83.8
Host 1 + Guest (enda) complexation® ¢ =505
Host 2 + Guest (exo) complexation’ -1404 -114.6
Host 2 + Guest (endao) complexation® ¢ -83.1

aliQee Table 1.

(four aromatic rings in Figure 1(c)) of 1. This relative exo/
endo-complexation efficiency is originated from the fact that
the cation-7 interactions in the upper rim are different from
the number and strength of electrostatic interactions of metal
ionic guest with the efficient ligand site of ether and ester
carbonyl functions in the lower rim. 4b initio calculated
binding strengths are explained in detail below.

The cation-oxygen and cation-7 interaction energies of
alkali metal ion with various conformers of tetramethoxy-
calix[4]arene have been calculated using BLYP/6-31G**
method.'~ where the binding energy of Na* with the four
oxygens of cone-type tetramethoxycalix[4]arene is reported
-76.2 kcal/mol. The cation-oxygen binding energies are
reported as -26.2 (Na") and -18.1 (K") keal/mol when cation
is binding to the O-H group of phenol from the HF/6-
311G(d.p) calculation.'* The cation-7 interaction energy of
alkali metal ion with a benzene ring and debutylated
calix[4]arene has been calculated using B3LYP/6-31G(d)
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Figure 1. (a) A5 initio calculated structure of 1 evo-complexed with sodium ion and (b) structure of 1 exo-complexed with potassium ion. (¢)
structure of 1 endo-complexed with potassium ion. Atoms that arc within a certain distance (the bond proximate distance) from onc another

were attomatically marked as bonded.”

method,'” in which Na'-benzene binding energy is reported
-28.5 keal'mol and Na'-cone-calix[4]arene binding energy
in upper rim is -54.8 kcal‘mol, and K'-benzene binding
energy is reported -18.7 kcal/imol and K*-cone-calix[4]arene
binding energy is -43.3 kcal/mol,

When we see endo-complexation of K inside aromatic
rings of I in Figure 1{c), the major portion of binding energy
is coming from four (2 strong and 2 weak) K™-7z interactions.
However, binding energy of alkali metal ion to the cavity of
lower rim of host 1 is contributed from four ether-oxygens
and four carbonyl oxygens of ester groups. Both factors ol
individual binding strength and the different number of
electrostatic interactions may explain the better binding of
exo-complexation than endo-analogue.

Endo-complexation of sodium ion inside the upper rim
was so unstable that Na™ ion {diameter = 1,.90A) in endo-
position spentaneously moved down through the annulus of
calix[4]Jarene backbone to more stable exo-position during
the geometry optimization of the complex. However, endo-
complexation of bigger K™ ion (diameter = 2.66A) inside the
upper rim was stable enough to stay inside the pocket of four
aromatic rings although this had weaker binding strength
compared to exe-position. An interesting thing to mention
about the endo-position structure (Figure 1{c)) of 1+K™ is
that the planes of four benzene rings show significantly
different dihedral angles for opposite rings. Two opposite
rings are almost parallel and the other opposite planes are
almost perpendicular, whereas exo-position structure (Figure
1(b)) of 1+K™ displays C.. symmetry. This result was also
repeated in the tetraethyl ester 2.

Table 3 reports the calculated distances between alkali
metal ion and the ether-oxygens and carbonyl-oxygens of
calix[4]aryl esters 1 and 2. In Figures 1 and 2, the guest ion
and the ligating atoms of the host in optimized structure,
which are within a certain distance (the bond proximate
distance) from one another, were automatically indicated as
bonded.”! However, these are not real coordinations or

Table 3. HF/6-31G Optimized Distances between Alkali Metal lon
and the Ether-oxygens and Carbonyl-oxygens of Calix[4]ary]
Lsters”

Distance lrom Exo-complex

alkali fon 1+Na' 2+Na' 1-K' 2+K'
lither-Oxygen (1) 2,406 2.440 2,677 2,679
Lther-Oxygen (2) 2,369 2.439 2.680 2,080
Lther-Oxygen (3) 2.406 2.440 2.676 2.679
Iither-Oxygen (4) 2.367 2434 2,677 2,078
Carbonyl-Oxvegen (1) 3.042 2.681 2.825 2.826
Carbonyl-Oxyveen (2) 2.448 2.624 2.825 2.829
Carbonyl-Oxyvgen (3) 3.050 2.682 2.829 2.822
Carbonyl-Oxyvgen (4) 2.451 2619 2.829 2.827

“In the structures given in Figures | and 2. atoms that are within a certain
distance (the bond proximate distance) from one another were
automatically marked as bonded.?' For Na® complex, the distances less
than 2,400 A were the cascs. For K™ complex, all cases arc less than
2.830 A and marked as bonded.

bonds. Alkali metal cations cannot have these many coordi-
nation numbers. For Na" complex, the distances less than
2.400 A were the cases. For K™ complex. all cases are less
than 2.830 A and marked as bonded. The potassium ion
complexed at the exo-position of I (Figure 1(b)) shows
electrostatic interactions with all of the ether- and the
carbonyl-oxygens of four branches of host 1. An interesting
fact deduced from the Table 3 is that the distance (~2.678 A)
between K™ and the ether-oxygens of both hosts 1 and 2 is
always ~0.149 A shorter than the value (~2.827 A) between
K* and the carbonyl-oxygens of hosts.

[n order to analyze the electrostatic interactions of the
alkali metal cation with ether- or carbonyvl-oxygens of the
host, we have tabulated the B3LYP/6-31G(d) calculated
partial charges of the atoms of exo-complexes in consider-
ation in Table 4, When we compared these values with the
partial charges of oxygens obtained from other calculation
methods such as HF or AM1 semi-empirical methods, they



830  Bull. Korean Chem. Soc. 2004, Vol. 25. No. 6
Table 4. B3LYP/6-31G(d)
oxygens. Carbonyl-oxygens
Cations in Complexes

Calculated Partial Charges ol Ether-
of Calix[4]ary! ester and Alkali Metal

Partial Charge" fxo-complex

I4+4Na'  24Na'  1+K! 24K
Ether-Oxygen (1} -0.574 <0571 -0574  -0374
Lther-Oxygen (2) -0.382  -0.371  -0.374  -0.574
Cther-Oxygen (3} -0.574 <0571 -0575 -0.574
Ether-Oxygen (4) -0.382 <0372 -0.575 -0.375
Avcrage Ether-Oxygen -0.578 <0571 -0.575 0374
Carbonyl-Oxygen (1) 0486 -0.489  -0494 0497
Carbonyl-Oxygen (2) -0.489 <0489 0494 0498
Carbonyl-Oxygen (3) 0486 <0490 0494 0497
Carbonyl-Oxygen (4) 0489 -0.490 -0.494 0498
Average Carbonyl-Oxygen  -0.488  -0.490  -0494  -0498
Alkali Mctal Cation +0.362  +0.350 +0.507  +0.491

“I'be partial charges of oxygen and alkali metal ion obtained from other
calculation methods were very much ditterent. > Therefore a lot of care
should be taken lor the mierpretation of ¢lectrostatic interactions
diflcrent situations.

were very much different,™ Therefore a lot of care should be
taken for the interpretation of electrostatic interactions in
different situations. The average partial charge (-0.578) of
the ether-oxygens of 14Na' complex is more negative than
that (-0.488) of carbonyl-oxygens of the complex, which
may suggest stronger interactions of the cation with ether-
oxygens of the hosts. A similar kind of characteristic
behavior is also observed in tetraethyl ester (2) of p-tert-
butylcalix[4]arene.

Complexation characteristics of tetraethyl ester of p-
tert-butylcalix[4]arene. [xperimental results®™’ reported
that the ethyl ester 2 provides betler extraction ol alkali
metal ions than the methy] ester 1 from the fact that longer
chains of the bottom of lower rim will improve the captivity
ol guest ion. So, we have also calculated the complexation

(b)
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efficiency of host 2 with the alkali metal cations, Figure 2
shows the calculated stable complexes of tetraethyl ester of
tert-butylcalix[4]arene.

Exo-complexation efficiency of sodium ion inside the
cavity of lower rim of host 2 is 26.2 (HF energy) or 25.8
(B3LYP) kcal/mol better than that of potassium ion inside
lower 1im as expected from experiments.™’ The extractions
of alkali picrates from basic aqueous solution into dichloro-
methane have shown that Na"=95% and K~ 49%.™
Thermodynamic stability constant measurements ot host 2
showed that complexation selectivity (A Na YK ")) = 400,
Another experiment’™ of stability constant reported that
(B(Na )/ B(KY) was about 100 for both methyl and ethyl
esters of p-fert-butylcalix[4]arene.

Exo-complexation efficiency of potassium ion by host 2 is
442 (HF) or 31.5 (B3LYP) kcal/mol better than the endo-
complexation inside the upper rim with aromatic rings of 2.
B3LYP calculation also suggests that the ethyl ester 2
exhibited 29.5 kcal/mol better exo-complexation efticiency
than the methyl ester 1 toward sodium ion, and 2 showed
30.8 kcal/mol better than 1 for the bigger potassium ion,

Conclusion

Using the ab initio method we have calculated the absolute
and complexation energies of the different complexes of the
tetramethyl (1) and tetraethy] (2) esters of p-feri-butyl-
calix[4]arene with alkali metal cation, The structures of
endo- or exo-complexation of alkali metal cation with the
cone-type hosts have been optimized uvsing RHIF/6-31G
method (ollowed by B3LYP/6-31G(d) single point calculation.
Exo-complexation efficiency of sodium ion inside the cavity
of lower rim of hosts 1 and 2 are 27.0 and 23.0 kcal/mol,
respectively, betler than that of potassium ion, And this exo-
complexation efficiency of potassium ion inside the cavity of
lower rim of hosts 1 and 2 are 33.0 and 31.5 kcal/mol better
than the endo-complexation inside the upper rim (four

(c)

Figure 2. (@) A initio caleulated structure of 2 exo-complexed with sodium ion and (b) structure of 2 exo-complexed with potassium ion. (¢)

structure of 2 endo-complexed with potassium ion.
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aromatic rings) as expected from expeniment. B3LYP/6-
31G(d) single point calculations show that the ethy] ester 2
has better exp-complexation efficiency than the methyl ester
1 for both sodium and potassium ions.

References

1. Computational dpproaches in Supramoleculor Chennstry: WiplL
G, Ed.: Kluwer Academic Publishers: Dordrecht. The Netherlands.
1994.

. Gutsche. C. D. Calixarenes. Roval Society of Chemistry:
Cambridge. 1989,

. Calixarenes: 4 Yersatile Class of Macrocvelic Compounds,
Vicens. J.. Bohmer, V. Eds.. Kluwer Acadenmc Publishers:
Dordrecht. The Netherlands, 1991.

4. Ungaro. R Pochini. A. In Frontiers in Supramolecular Organic
Chemistv and Photochemistrv. Schneider. H-J.. Durr. H.. Eds..
VCH: Weinheim. 1991: pp 57-81.

5. Andreetti. G. D. Ugozzoli. F.. Poclim, A, Ungaro, R. In
Inclusion Compounds. Atwood. 1. L. Davis. I. E. D.. Mac Nicol,
D. D.. Eds.: Oxtord Umversity Press: Oxford. 1991: pp 64-125.

6. (a) Chang. S.-K.. Cho. 1. Chem. Lett. 1984. 477, (b) Chang. S.-K..
Cho. L. J Chem. Soc. Perkin Trans. 1 1986.211. (¢) Chang. S.-K..
Kwon. S.-K.: Cho. I. Chens. Lett. 1987, 947,

7. (a) Schwing, M.-J.; McKervey, M. A_ in reference 3, pp 149-172.
(b) McKervey, M. A Seward, E. M. Ferguson. G.: Ruhl, B.:
Hams. S, 1 J Chem. Soc. Chem. Commun. 1985, 388. (c)
Arnaud-Neu. F.: Collins. E. M.: Deasy. M.: Ferguson. G.. Harris.
S. J. Kaitner. B.: Lough. A, J.. McKervev. M. A: Ruhl. B. L2
Schwing-Weill. M.-J.. Seward. E. M. J Am. Chem. Soc. 1989,
111, 8681. (d) Bamrett. G.: McKervey. M. A: Malone. J. F.;
Walker, F.. Amaud-Neu, F.; Guerra, L. Schwing-Weill, M.-J:
Gutsche. C. D.: Stewart. D. R. J. Chent. Soc. Perkin Trans. 2 1993.

tJ

Uy

Bull. Korean Chem. Soc. 2004, Vol. 25, No. 6 851

1475,

. Marrone. T. I.. Kenneth. M. M., Jr. J dm. Chem. Soc. 1995, 117.

779.

. (a) Guilbaud, P: Varnek, A, Wipfl. G. J dwmt. Chem. Soe. 1993.

115. 8298 (b) Varnek. A.: Wipff. G. J A Lol Swuruc. 1996. 363. 67.

). Blixt. I: Detellier. C. J dm. Chem. Soc. 1995. 117.8536.
. (a) Choe. I.-I.. Chang. S.-K.: Ham. S. W.. Nanbu. S.. Aovagi. M.

Bull. Korean Chem. Soc. 2001. 22. 1248, (b) Chee. I.-1.. Chang.
S.-K.:Nanbu, S. Bull. Korean Chem. Soe. 2002. 23, 891.

. Hay, B. P: Nicholas, J. B.: Feller. D. J dnt. Chent. Soc. 2000, 122.

10083,

. Choe. J.-1.. Lee. S. H.. Oh. D.-S. Bull. Koreain Chem. Soc. 2004,

25,55,

4. Choe. I.-1.: Lee. S. H. Bull. Korean Chem. Soc. 200M. 23. 3533 HF

6-31G optimization suggests that cone-shaped structure 15 1.26
keal‘mol more stable than partial-cone of 2. B3LYP:6-311+G(d p)
single point caleulation tells us that cone is 0.47 keal‘mol more
stable than partial-cone of 2.

. Bernardino. R. I Cabral. C. Supramol Chem. 2002, 14.57.
. Marcias. A. T.. Norton. I. E.. Evanseck. J. D. J Am. Chem. Soc.

2003. 125, 2351.

. HyperChem Release 6.3, Hypercube. Inc.: Waterloo, Ontario.

Canada. 2001.

. Choe. J.-1: Kim. K.. Chang. S.-K. Bull. Karean Chem. Soc. 2000,

21.465.

. Bovs. S. F.. Bernardi. F. Mol Piiys. 1970, 19. 553.
0. The notation of ende- or exo-complex denotes that the metal ionic

guest sits inside or outside the cone of the calixarene framework in
complex, respectively. Wipfl. G. In Calixarenes 2001: Asfari. Z..
Bohmer. V.. Harrowtield. J.. Vicens. J. Eds.. Kluwer. Dordrecht.
2001, pp 312-333.

. Chenmi3D  Molecular Modeling and  Analysis. Tersion 7.0.

Cambridge Soft: Cambndge. MA. US A 2001,

. Choe. J.-1.. Kim. K. Chang. S.-K. Butt. Korean Chem. Soc. 2000.

21.200.




