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Structures of 1,4,6,9,11,14,16,19-tetraoxacycloeicodane (THF-based 16-crown-4 derivative, ionophore 1), its
derivatives, and the derivativeation (Lit, Na*, K*, and H") complexes have been optimized using ab
initio Hartree-Fock (HF) and single point second-order Mo—Plesset (MP2) methods. The geometric
structures of ionophore |, tetraMe-ionophore, and tetraMe-ionophore are optimized to macrocyclic cages

with C, symmetry. Four oxygen atoms which are the binding sites of the cage are located at the bottom of
the ionophore derivative. The cavity sizes of the derivatives are expanded by the symmetric substitution of
the methyl groups. The symmetrically expanded derivatives can easily capture the cations to go through the
cavity. In ionophore-M* complexes, M is coordinated with four oxygen atoms of the derivatives and located

at the center. i is disposed in the plane of the cyclic frame. The van der Waals radius ditsiwell with

the cavity size of the derivatives. While, the van der Waals radii of &led K are larger than the cavity

size, N& and K" are disposed on the lower side of the mean plane of the cyclic frames. Meanwhile, in
ionophore-H*™ complexes, H is optimized to be bridged between two neighboring oxygen atoms. As the
ionic size increases, the distanc&d) between two opposite oxygen atoms as well as the distafess (
between a cation and the oxygen atoms also increase. The atomic chargésue less positive than those

of the other cations, and the charges of the oxygens are more negative than those of the carbon atoms. The
ratio of the (atomic charge/ionic radius) of'Léonverges to 1. The binding energies front ko K* decrease
monotonically.

. Introduction Recently, Kim’s groug? 2! has suggested that the 16-crown-4
derivatives containing the tetrahydrofuran backbone as a lipo-
Using macrocyclic ligands containing oxygen, nitrogen, and phjlic compound have high selectivity for lithium ion. Espe-
sulfur atoms, studies for the design of ion-selective liquid cjally, 14-crown-4 ether has high selectivity for'LiLipophilic
membranes have been extensively performed by both experi-tetraazacrown ether of 16-membered rings having four pyrrole
mentat~3! and theoretic&F*° approaches. The macrocyclic  units is also applied as a Agselective electrod® Although
ligand has a hydrophilic cavity formed from hydrophobic alkyl Hg* provides some interference, the selectivity is good enough
chains}~9 and it makes a complex with the metal cations to go to ensure technical applicatio®sKobuke and co-worket3
through the lipophilic biological membran&s:3! The binding examined the lithium coordination chemistry of a tetrameric
between a cation and a macrocyclic ligand has high selectivity. THF-based ionophore and found remarkably strong binding.
The binding of the cations depends on their ionic diameters and This strong binding probably arises in large measure from the
the site of the interactions (chargdipole, dipole-dipole). conformationally “stiffened” nature of the ionophore. These
Several metal ion-selective electrodes were developed fromionophores containing THF units lack the conformational
macrocyclic polyether materials such as noncyclic polyether freedom which characterizes most of the crowns. The con-
diamides, phenanthroline derivatives, and crown ether mole- nectivity of these ionophores constrain the donor atoms to
cules~® The macrocyclic ligands such as the crown ethers with positions commensurate only with the coordination of lithium.
13—16 membered rings have been applied to the ion-selective X-ray diffraction of the lithium complex has revealed a square-
electrodes for heavy metal iof%:3! Particularly, tetrahydro-  pyramidal coordination sphere with four oxygen donor atoms
furan-based 16-crown-4 derivatives having tetrahydrofuran disposed on one side of the mean plane of the ionopHore.
(THF) as a principal chain component have been successfully  Although investigations for the design of ion-selective liquid
applied to the ion-selective liquid membranes of the hgsiest membranes have been performed by many research gtotips,
complexeg®-3! The lipophilic compounds containing tetrahy-  the structures and relative stabilities of the ionophatxali
drofuran units are formed as macrocyclic chain components metal cation complexes have not been studied much in detail.
containing electronegative atoms. These lipophilic compounds Due to the limited information of the ion-selective characteristics
containing THF units also occur in natural products as in the for the THF-based 16-crown-4 derivatives, further studies of
antibiotic ionophores. Some electronegative atoms of the their structures and hydrophilic cavity sizes seem to be worth
lipophilic cyclic ligands have potential utility because of their carrying out on the basis of the following points. (i) The
greater electron donor ability as well as the hydrophilic and geometric structures of the cyclic frames of the ionophore
lipophilic balance. Until now, many research efforts have been derivatives can be modified by replacing the hydrogen atoms
focused on the design of the macrocyclic ligand. by methyl groups. Are the geometric structures (cavity shapes)
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of the cyclic frames influenced by the binding of cations? That two methyl groups on two opposite methylene backbones and
is, is the binding between cations and the derivatives influencedvertically by two methyl groups on the two other opposite
by the steric hindrance of the bulky group? (ii) The cavity of methylenes is denoted as \gtraMe-ionophore.

16-crown-4 derivatives is the best fit for'tas the ionophOFe The geometric structures of tb{raMe_ionophore and
lithium cation Complexes. Are the CaVity sizes of the ionophore V-tetraMe_ionophore are Optimized to symmetric form Wﬁh
derivatives related to the size of the cations? That iS, how is Symmetry. A|th0ugh four methy| groups are substituted hori-
the cavity size of the 16-crown-4 derivatives dependent on the zontally and vertically, the cyclic frames of the two ionophores
kinds of cations (Lf, Na", K*, and H")? (iii) Is the interaction  are similar to the structure of ionophore I. IntdtraMe-
between a cation and four oxygen atoms taking place equally?jonophore, the four hydrogen atoms on four THF units are
(iv) Do the negative charge densities on the four oxygen atoms girected toward the inner side of the cavity, while, four methyl
varies with the number of methyl groups? And is the ratio of groyps are directed toward the outer side. Four oxygen atoms
(atomic charge/ionic radius) of the cations related to the ionic gre |ocated at the lower side of the cyclic frame. ItetraMe-

selectivity? To solve these questions, we optimized the geo- jonophore, the four oxygen atoms and the four hydrogen atoms
metric structures of the THF-based 16-crown-4 derivatives and gre sjtuated along the central lower and upper sides, respectively.

its cation (LI, Na*, K*, and H") complexes. The four methyl groups of the ionophore are pointing toward
the axial side. Although the four hydrogen atoms and the four
Il. Computational Methods oxygen atoms of two derivatives are located at the cavity center,

. . the cavity size of the cyclic frame is expanded symmetrically.
The geometric structures of THF-based 16-crown-4 derivative gacause of the symmetric structure and expanded size of the

and its derivatives substituted by methyl groups were fully yeriyatives, it complexes with some cations to go through the
optimized using ab initio HartreeFock (H_F) and single point. cavity. Therefore, hetraMe-ionophore and the tetraMe-
second-order Miéer—Plesset methods with the 6-31G* basis jononhore can function as molecular sieves to capture the
set. To obtain the optimized structures of the complexes between. 4tions.
cation and the derivatives, calculations were performed on model Th i truct fth h derivati
systems with a cation approaching the optimized derivatives € geomelrc  structures o the .Ot er erivatives
from long distances. Structures of the complexes between the("-Me-ionophore,  hdiMe-ionophore, = vhdiMe-ionophore,
optimized derivatives and the alkali metal cations*(LNa", vh-tetraMe-ionophore, vhectaMe-ionophore, v,hdiMe-iono-

and K") as well as hydrogen cation (i were also optimized. phorer,] v,htetraMe-thnpprljorte, (;/Mte-lt()réophore, %d \d|(l]\|/lg-
To examine the accuracy of the computational results, the lonophore) are optimized to distorted cages withand C;

geometric structures of some of the complexes have also bee ymmetries, respectively. Becau_se Qf the flexibility .Of the ring
calculated at the Hartredeock/6-31-G** level. After the rame, the structures of these derivatives are more distorted than

optimizations, the harmonic vibrational frequencies were evalu- that of ionophore I. In the derivatives, two opposite hydrogen

ated to confirm the existence of a stable structure at the HF &0MS and two opposite tetrahydrofuran units on the cyclic frame

level. All the calculations were performed using the Gaussian are directed toward the inner side of the cavity, While_the other
98 packagé! two hydrogen atoms and two tetrahydrofuran units direct

themselves to the outer side. Due to the steric hindrance, the
horizontal and vertical methyl groups on the cyclic frame are
directed toward the outer and lower sides of the cavity,

Optimized geometric structures of ionophore | and THF-based _respectively. By distortion of th(_ase derivatives, the cavity size
16-crown-4 derivatives are shown in Figure 1. The geometric S decreased. As a result, a cation can only approach the lower
structure of ionophore | is optimized to a cyclic cage form with Side of the cavity. Meanwhile, in the \detaMe-ionophore, eight
C4 symmetry. The cage is formed by a chain consisting of four hydrogen atoms on four methylene groups are substituted by
tetrahydrofuran units and four methylene groups. In the top view, €/ght methyl groups. To reduce the repulsive force between
four oxygen atoms and four hydrogen atoms of the four Methyl groups, the structure of wetaVie-ionophore is opti-
tetrahydrofuran units are directed inward. In the side view, four Mized to distorted cages wit, symmetry. The optimized
oxygen atoms of the binding site are located at the bottom of Structure of the viectaVle-ionophore is similar to the experi-
the cage, while the four hydrogen atoms of the four THF units Mmental result=3!
are pointing toward the central upper side. With an increase in  Vogel's grouf§ synthesized tetraoxaporphyrin derivatives and
the number of methyl groups, the geometric structures of the investigated the characteristics of the hydrophilic cavity in their
derivatives are more distorted than those of the correspondingcenter. Three kindsD{(q, center of symmetryC;) of the
ionophore |. That is, by symmetric substitutions with two, four, geometric isomers of the derivatives were represented using
and eight methyl groups, the structures of the derivatives are X-ray structure analysis. In the derivative withy symmetry,
optimized to cages witl, symmetry, while, by unsymmetric ~ four furan units are located as an axial direction of the mean
substitutions, the structures are optimized to ellipsoidal cagesplane of the cyclic frame. The geometric structure cannot be a
with C; symmetry. The shortest distance between two opposite cavity as a moleculer sieve to capture a cation. In the derivatives
atoms of an ionophore derivative is denotedcasity size with a center of symmetry, four oxygen atoms are directed
lonophore derivatives substituted by four methyl groups as a toward the inner side of the cavity of the derivatives. The
horizontal and a vertical directions of the four bridged methylene distance between two opposite oxygen atoms is shorter than
backbones are denoted agdtraMe-ionophore and \tetraMe- that of the derivative witlD,q symmetry. When a cation passes
ionophore, respectively. The ionophore derivative simulta- through the cavity of the derivatives with a center of symmetry,
neously substituted horizontally and vertically by two methyl the cation can easily capture the cyclic derivative. By the HPLC
groups on a bridged methylene backbone and simultaneouslyanalysis of the ionophore derivativéshe cis isomers of the
substituted horizontally and vertically by two methyl groups derivatives bind to the silica surface through the intraannular
on an opposite bridged methylene is denoted asetfiaMe- ether oxygens. The relative binding energies depend on the
ionophore. The ionophore derivative substituted horizontally by number of ether oxygens of the ligand that simultaneously can

I1l. Results and Discussion
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Figure 1. Geometric structures of 1,4,6,9,11,14,16,19-tetraoxacycloeicosane and its ionophore derivatives substituted by some methyl groups,
optimized using the ab initio Hartred-ock/6-31G* level. The top view is indicated as (a); the side view is indicated as (b).

be oriented into binding positions. In the cis derivatives, four the cage. Those experimental results are in line with our
oxygen atoms of the binding site are located at the bottom of optimized structures.
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Figure 2. Geometric structures of 1,4,6,9,11,14,16,19-tetraoxacycloeicosdkedi metal cation complexes substituted by some methyl groups,
optimized using ab initio HartreeFock/6-31G* level. The top view is indicated as (a); the side view is indicated as (b).

As shown in Figure 2, geometric structures of the ionophkore  vh-octaVie-ionophore-Li is a distorted cage wit@, symmetry.
cation (Lit, Na*, and K) complexes are optimized to a circular  In the top view, four hydrogen atoms of four tetrahydrofuran
disk form. Cations are located at the center of the complexes. units are directed inward. In the side view; lis located at the
Li* is located in the plane of the cyclic frame, while the other bottom of the cage, while two hydrogen atoms and two methyl
cations (Na and K") are complexed at the lower side of the groups are pointing toward an axial direction of the mean plane
mean plane of the cyclic frames. Because of the dipolerge of the cyclic frame. The geometric structures are similar to the
interaction between the cation and the derivative, the structuresX-ray structurel” As a result, the symmetric structure (cavity
of the complexes are more symmetric than those of the size) of the cyclic frame plays an important role on the binding
corresponding derivatives. That is, the cyclic frames of the of Li™.
complexes are flatter than those of the corresponding derivatives. According to the experimental results of Kim’s grotfp3!

The notations of the ionophoreation complexes such as  with the increase in the number of methyl or ethyl groups, the

h-tetraMe-ionophore-M or v-tetraMe-ionophore-M are simi- Lit selectivity of the electrodes based on the ionophore
lar to those of the corresponding derivatives. The optimized decreases. Bulky substitutents such as ethyl or diethyl groups
structures of vhdiMe-ionophore-M, vh-tetraMe-ionophore-  on the bridged carbons have more influence on the complexation
M*, v,h-diMe-ionophore-M, and v,htetraMe-ionophore-M between ionophore derivatives and LDue to the steric effects,
are not represented in Figure 2. Li* cannot easily complex with the cyclic ligand substituted
The structures of letraMe-ionophore-Li and vietraMe- with bulky groups. Kobuke and co-workéthave investigated

ionophore-Li- haveC, symmetry. Li- complexed with the four ~ the geometric structures of the ionophetithium complexes.
oxygen atoms is located at the central bottom of the cyclic frame. In the kinitic studies of the transport of metal cations through
In these complexes, tican complex with the four oxygen aliquid membrane, the best carrier for a given cation is a ligand

atoms from both sides. The van der Waals radius df fits that gives a moderately stable rather than the very stable
well with the cavity size of the derivatives. The geometric complex in the extraction. By strong binding with the charge
structures of the other complexes haeand C, symmetries. dipole interaction, the ionophores containing the THF unit is

By distortion of these derivatives, the cavity sizes are reduced. conformationally “stiffened”, so considerable conformational
The cation can complex with these derivatives on the lower freedom is lost. In the HPLC experiment of Weber's gréup,
side (one side) of the cavity. Particularly, because of the steric the relative binding energies depend on the number of ether
hindrance of the eight methyl groups, the geometric structure oxygens of the ligand that simultaneously can be oriented into
of vh-octaMe-ionophore-Li is hardly optimized with the HF/  binding positions. The number of methyl groups that sterically
6-31+G** level. That is, vhectaMe-ionophore substituted by interfere with binding to the surface depends on the configu-
the eight methyl groups is hindered to be complexed with the ration of the ligands. The maximum binding strength is attained
lithium cation from long distances. The optimized structure of in the all cis isomers in which all four ether oxygens can
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TABLE 1: Distances (A) and Atomic Charges (au) of lonophore | and Its lonophore Derivatives Substituted by Some Methyl
Groups

expte
Rod? roo” oe C C*® Cd Roo loo
ionophore 1(6-31G*) 4.451 3.211 —0.655 0.001 0.365 0.037
ionophore 1(6-3%+G**) 4.460 3.216 —0.659 0.003 0.368 0.039
h-Me-ionophore 4.940 3.488 —0.666 0.006 0.362 0.030
h-diMe-ionophore 4.941 3.490 —-0.670 0.005 0.368 0.031
h-tetraMe-ionophore 5.372 3.799 —0.681 0.039 0.355 0.029
vh-diMe-ionophore 4.947 3.492 —0.668 0.008 0.364 0.029
vh-tetraMe-ionophore 4978 3.502 —0.673 0.037 0.372 0.029
vh-octaMe-ionophore 5.039 3.551 —0.689 0.079 0.390 0.023
vh-octaMe-ionophore(6-3+G**) 5.021 3.563 —0.692 0.049 0.407 0.031 5.003 3.581
v,h-diMe-ionophore 4,948 3.494 —0.668 0.008 0.363 0.030
v,h-tetraMe-ionophore 4.983 3.523 —0.672 0.021 0.363 0.029
v-Me-ionophore 4971 3.516 —0.664 0.010 0.358 0.029
v-diMe-ionophore 4.974 3.518 —0.669 0.013 0.358 0.029
v-tetraMe-ionophore 5.454 3.819 —0.680 0.039 0.350 0.030

a Average distance between two opposite oxygens in the ionophore derivafiverage distance between two neighboring oxygens in the
ionophore derivative$ Average charge density of four oxygen atoms in the ionophore derivdtAserage charge density of carbon atoms at four
bridged methylene groupsCharge density of the first carbon atom bonded to the oxygen atom in the tetrahydrofurdiCbaitge density of the
second carbon atom from the oxygen atom in the tetrahydrofurandéference 17.

participate in the binding. All four methyl groups are then on to the results calculated with the HF/6-31G* level. In ionophore
the opposite side of the ligand, pointing away from the silica |, Roo and roo are 4.460 and 3.216 A, respectively. With
surface. These experimental results are in good agreement withincreasing methyl group&oo androo increase monotonically.
our results. Roo and rop of the derivatives are larger than those of the
Theoretically, Cuthbertson and Glidew@ldetermined the corresponding ionophore |. Due to reduce the intramolecular
structures and conformations of ionophore derivatives using anonbonding interactions (between two methyl groups), the
semiempirical method. The optimized structure of the derivative conformational structures of the cyclic frame consisting four
hasS, symmetry. Four oxygen atoms of a derivative are in an methylene groups are optimized to ellipsoidal forfRgo and
exactly planar array ob4, symmetry. Four furan units of the roo of the derivatives (We-ionophore, veliMe-ionophore,
derivative are not only tilted from the oxygen plane but skewed v-tetraMe-ionophore) vertically substituted by methyl groups
also. That is, the geometric structure of the derivative is a cage are larger than those of the corresponding derivativelsl€h-
form. Kim’s grou®—4° theoretically optimized the geometric  ionophore, hdiMe-ionophore, HtetraMe-ionophore) substituted
structures of the ionophorecation complexes. The optimized  horizontally. Particularly, by the symmetrization of the cyclic
structures of the complexes have a high degree of symmetriza-frames,Roo (5.372 and 5.454 A) antho (3.799 and 3.819 A)
tion. A cation is located at the center of the derivatives. The of h-tetraMe-ionophore and tetraMe-ionophore are larger than
cation is disposed in the plane of the cyclic frame. These those of the other derivativeRoo androo of the derivatives
theoretical results are very similar to our results. depend on the number of the methyl groups substituted on the
In ionophore-Na* and—K* complexes, Naand K" interact cyclic frame. Roo (5.029 A) androo (3.550 A) of the
with four oxygen atoms at the lower side of the derivatives. vh-octaMe-ionophore are in line wittRoo (5.003 A) androo
The cations are located outside the cyclic frame. Since the van(3.581 A) of the experimental resufts.
der Waals radii of the cations are slightly larger than the cavity By dipole-positive charge interaction between a cation and
size, the cations cannot pass through the cavity. Cations canfour oxygen atoms, the structures of the complexes are more
only approach the lower side of the derivatives. When a cation symmetric. That is, the form of the cavity size is more symmetric
approaches through the upper side, it hardly complexes with than those of the corresponding derivatives. Cation equally
four oxygen atoms due to the steric hindrance of four hydrogen coordinates with four oxygen atoms of the symmetrized
atoms. Meanwhile in ionophoreH™ complexes, H is bridged ionophore derivativesoo androp of the complexes are shorter
to two neighboring oxygen atoms of the cyclic ligand and the than those of the corresponding derivatives. ThaRis, (3.98
other two oxygen atoms are freetHbk located at a corner of A for ionophore-Li* and 4.44 A for ionophoreK*) of the
the cavity. Although the bridged structure betweenatd two complexes are shorter th&uo (4.46 A) of the corresponding
oxygen atoms is formed, the cyclic structures of the complexes ionophore 1.Roo and Roy of the ionophore-Li*, —Na*, and
are still distorted. Because of the small ionic radiug, ¢&n —K™* complexes are larger than those of the complexes
pass through the cyclic ligand."Htan be easily combined with  horizontally and vertically substituted by methyl groups. That
the electronegative atoms of the derivatives. The size consistencyis, Roo and Rom (3.98 and 2.00 A) of the ionophord.i* are
between the van der Waals radius and the cavity size greatlylarger than those (3.88 and 1.95 A) of the complexes horizontally
influences on the binding of the cations. and vertically substituted by methyl groups. As a result, by the
Optimized distances and atomic charges of the derivatives symmetrization of the cyclic frames of the complexgse and
and its complexes are listed in Tables 1 and 2. The averageRom of the ionophore-Li*, —Na*, and —K* complexes are
distances between two opposite oxygen atoms and between twdarger than those of ketraMe-ionophore-M* and vietraMe-
neighboring oxygen atoms are denoted Rso and roo, ionophore-M™, respectively. To examine the accuracy of the
respectively. The average distance between a cation and fourcomputational results, the geometric parameters ajataVie-
oxygen atoms is denoted Bsy. To examine the accuracy, some ionophore-Li* calculated at the Hartred=ock/6-3HG** level
geometric structures are optimized with the HF/G-&** level are compared with those of the X-ray structtifdoo (4.037
including the diffuse basis functions. These results are similar A) andRoy (2.044 A) of the vhectaMe-ionophore-Li* are in
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TABLE 2: Distances (A), Binding Energies (eV), Atomic Charges (au), and Ratio of the (Atomic Charge/lonic Radius) for
lonophore—Cation Complexes Substituted by Some Methyl Groups

exptl
Roo®  Rowm® BEC (M) (0 (o CY Cs" ()  Roo Rom

ionophore-H* 4039 1.116 -1.99 0588 -0.568 0.023 0.371 0.011
ionophore-Li(6-31G*) 3.989 2.004 —-457 0.647 -0.771 0.029 0.385 0.019 1.08
ionophore-Li*(6-31+G**) 3.980 1.998 —-457 0.612 -0.723 0.068 0.476 0.097 1.02
h-Me-ionophore-Li* 3.872 1946 —-495 0651 -0.771 0.043 0.353 0.030 1.09
h-diMe-ionophore-Li* 3.880 1.949 -—-484 0650 -0.772 0.042 0.362 0.029 1.08
h-tetraMe-ionophore-Li* 3.803 1954 —-476 0.649 -0.774 0.041 0.375 0.027 1.08
v-Me-ionophore-Li* 3.881 1949 -5.02 0.649 -0.770 0.044 0.352 0.031 1.08
v-diMe-ionophore-Li* 3.886 1951 -—-4.87 0.648 -0.771 0.043 0.360 0.030 1.08
v-tetraMe-ionophore-Li* 3.901 1957 —-4.80 0.648 -—0.773 0.043 0.371 0.030 1.08
vh-octaMe-ionophore-Li* 4076 2.099 -—-491 0.657 -—0.779 0.047 0.377 0.041 1.09
vh-octaMe-ionophore-Li(6-31+G**)  4.043 2.054 -5.03 0.661 -—0.788 0.075 0.416 0.052 1.10 4.052 2.086
ionophore-Nat(6-31G*) 4276 2.266 —3.26 0.732 -0.760 0.020 0.387 0.014 0.77
ionophore-Nat(6-31+G**) 4282 2269 —-325 0.724 -0.756 0.043 0462 0.064 0.73
h-Me-ionophore-Na* 4183 2175 -3.60 0.737 -—-0.760 0.040 0.356 0.025 0.78
h-diMe-ionophore-Na* 4185 2176 -3.57 0.733 —-0.761 0.039 0.365 0.023 0.77
h-tetraMe-ionophore-Na* 4188 2177 -—-352 0.731 -0.778 0.037 0.374 0.022 0.77
v-Me-ionophore-Na* 4187 2177 -3.63 0.729 -0.769 0.041 0.356 0.025 0.77
v-diMe-ionophore-Na*" 4189 2.178 -—-3.58 0.727 -—0.760 0.040 0.363 0.024 0.77
v-tetraMe-ionophore-Na* 4192 2179 -355 0.726 —0.776 0.040 0.372 0.024 0.77
ionophore-K*(6-31G*) 4427 2.604 —2.74 0791 -0.678 0.037 0.343 0.019 0.60
ionophore-K*(6-31+G**) 4441 2611 -—-2.75 0.786 —0.672 0.045 0.423 0.052 0.66
h-Me-ionophore-K* 4425 2592 -264 0799 -0.679 0.037 0.352 0.017 0.60
h-diMe-ionophore-K™* 4426 2595 -—-261 0797 —0.681 0.036 0.360 0.017 0.60
h-tetraMe-ionophore-K* 4428 2597 -258 0.795 -0.683 0.035 0.366 0.017 0.60
v-Me-ionophore-K* 4429 2601 -265 0.795 -0.677 0.037 0.351 0.018 0.60
v-diMe-ionophore-K* 4432 2603 -—-262 0794 -0.679 0.036 0.358 0.018 0.60
v-tetraMe-ionophore-K* 4436 2.604 —259 0.794 -0.680 0.036 0.363 0.017 0.60

a Average distance between the first and third oxygens in ionoptaaion complex® Average distance between cation and oxygen in ionophore
cation complex¢ Binding energy (exothermic reactionHI0) between cation and derivativéCation combined with the derivativé Average
charge density of four oxygen atoms in ionophecation complex! Average charge density of carbon atoms at four bridged methylene groups.
9 Charge density of the first carbon atom bonded to oxygen atom in the tetrahydrofurahQimitrge density of the second carbon atom from
oxygen atom in the tetrahydrofuran uriiRatio between calculated cationic charge and cationic radius in ionopbatien complex. Calculated
cationic charge divided by cationic radius. The ionic radii of 0.60 A for, 10.95 A for Na, and 1.33 A for K cited from ref 24 Reference 17.

line with Roo (4.052 A) andRow (2.086 A) of the experimental  absorbance of the picrate in aqueous phase was taken to be a
results. Because of the steric hindrance of the eight methyl measure of efficiencies of macrocycles as a complexing agent

groups, the geometric parameters of adtaMe-ionophore- for the cation. That is, ionophore | is easily complexed with
Li*™ are larger than those of the other complexes. the lithium cation, while it is hardly complexed with the
With increasing methyl groupoo and Row of the com-  Potassium cation. With increasing bulky substituents, a measure
plexes increaséRoo and Roy of the vMe-ionophore-M* (v- of efficiency for the binding of the cations is decreased. A clear
di|\/|e_i0n()phore—|\/|Jr and V{etraMe-ionophore—M*) are |arger tendency to be noted is the close relation between the CaVity
than those of the Me-ionophore-M* (h-diMe-ionophore- size of derivatives and the ionic diameter of cations to be
M* and htetraMe-ionophore-M*). As the van der Waals  Partitioned most favorably.
radius of the cation increasd?po andRoy also increase. That Binding energies for the complexes are listed in Table 2. The

is, the cavity sizes of the complexes are increased by the longerbinding energies for these complexes are calculated for the first
ionic radius.Roo andRoy of the ionophore-Li™ are 3.98 and time, and there are no previously reported results for comparison.

2.00 A, respectivelyRoo and Roy of the ionophore-K* are Thus the binding energies cannot be compared with previous
4.44 and 2.61 A, respectivelRom (2.00 A) of the ionophore results. Because of the positive chargipole interaction, the
Li* is three times the ionic radius (0.60 A) of'Liwhile, Rowm binding energies of the complexes have relatively large values.

(2.60 A) of the ionophoreK™ is two times the ionic radius  The binding energies of ionophor&i®™ complexes (4.57 eV)
(1.33 A) of K*. The relative valueRowfionic radius of Lit) of are larger than those of ionopherda®(3.25 eV) and
ionophore-Li™ complexes is larger than thodo/ionic radius —K*(2.75 eV) complexes. The binding energies of the
of Na" or K*) of ionophore-Na" or —K* complexes. There-  v-Me-ionophore-M* complexes (WiMe-ionophore-M* and
fore, the high selectivity of the THF-based 16-crown-4 deriva- v-tetraMe-ionophore-M™) are similar to those of the
tives for Lit is in good agreement with the experimental h-Me-ionophore-M* complexes (fdiMe-ionophore-M* and
results?8-31 h-tetraMe-ionophore-M™).

In the ion-selective experimenit%;3! the macrocyclic deriva- As shown in Tables 1 and 2, the average charge densities on
tives are characterized by a hydrophilic cavity in their centers four oxygen atoms of the derivatives and its complexes are
in which metal cations and small molecules are selectively negative, whereas those on the cations and the carbon atoms
bound depending on their ionic diameter. The selectivity in are positive. The charge densities of the cations and the oxygen
partitioning varied with the relative fit of the ionic radius of atoms are relatively large values, while those of the carbon atoms
the metal ion to the hole size of the cyclic compound. are smaller. Depending on the cations, the charge densities are
Particularly, in the experiment of Kobuke et ¥ metal picrate different from each other. The positive charge values df Li
is extracted with complex formation, and the decrease in are smaller than those of Nand K". The calculated ratio (1.09)
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Figure 3. Plots of the atomic charges (au) and ratio of the (atomic
charge/ionic radius) of ionophotr&ation complexes from results of
the HF/6-31G* calculations: (a) atomic charges of the oxygen atoms;
(b) atomic charges of the cations; (c) ratio of the (atomic charge/ionic
radius).

of the (atomic charge/ionic radius) of Liis larger than that
(0.77) of Na and that (0.60) of K. Units of atomic charge
and ionic radius are atomic unit and angstrom, respectively.
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complexes. The ratio of the (cationic charge/cationic radius) of
M* can be considered as a measure of the binding between
M* and four oxygen atoms.

IV. Conclusions

We optimized the geometric structures of ionophore |,
ionophore derivatives substituted by methyl groups, and its
derivative-cation complexes. Geometric structures of ionophore
I, h-tetraMe-ionophore, and tetraMe-ionophore are optimized
to stable cage forms wit8, symmetry. Four oxygen atoms are
located at the lower side of the cyclic cage. Although four
methyl groups are substituted on the cyclic frame, the cavity
size of the derivatives expanded symmetrically. The sym-
metrically expanded derivatives can capture cations to go
through the cavity, while the geometric structures of the other
derivatives are optimized to ellipsoidal forms with and C,
symmetries. With increasing methyl groups, the geometric
structures are unsymmetrically distorted by steric hindrance. The
cation can only approach the lower sidéhe symmetric
derivatives can be a molecular sie to capture the cations.
The symmetric caty size of the detiative plays an important
role on the binding of the cations

In ionophore-M™ complexes, L is located in the plane of
the cyclic frame, while, N& and K* are located outside the
frames. In symmetric ionophorei™ complexes, LT can
complexed with four oxygen atoms on both sides of the
ionophore derivatives. The van der Waals radius offits well
with the cavity size of the derivatives. In ionophetda™ and
—K™* complexes, the van der Waals radii of the cations are
slightly larger than the cavity size. In ionopherd™ complexes,

H* is bridged to two neighboring oxygen atoms of the
derivatives and the other two oxygen atoms are free. Due to a
small ionic radius, H can pass through the derivativéghe

size consistency between then der Waals radius of the cation
and the caity largely influences the binding of the cations

With increasing methyl group&oo androo of the derivatives
and its complexes increasRoo and rop of the symmetric
derivatives and complexes are larger than those of the other
unsymmetric compounds. Due to the interaction between cation
and four oxygen atomsRoo and roo of the complexes are
shorter than those of the corresponding derivatives. Along the
direction of the methyl group, the variations Bfo androo

The charge variations of the oxygen atoms and cations andare relatively small. As the van der Waals radius of the cation

the ratio of the (atomic charge/ ionic radius) of the cations in
the ionophore-M™ complexes have been represented in Figure
3. With increasing methyl groups, the charge variations of the
oxygen atoms of the derivatives are relatively large, while, in

increases,Roo and Rom of the complexes increase. The
symmetric derivativesRoo = 4.46 A) can capture L (radius
of 0.60 A) to go through the cavity, while Ngradius of 0.95
A) and K* (radius of 1.33 A) cannot pass through the cavity of

complexes, the charge variations of the oxygen atoms andthe derivativesThe relationship between the ionic radius and

cations are nearly constant. In ionopheté* complexes, the

the cavity size is a deciske factor in the design of the molecular

charge values of the oxygen atoms are more negative than thoseieve.

of the oxygen atoms of the ionopherbla® and ionophore
K*. The charge values of tiare less positive than those of
Na" and K*. The ratio of the (atomic charge/ionic radius) of
Li* converges to 1. That is, in ionopherki* complexes, the

In the derivatives and its complexes, the average charge
densities of the oxygen atoms have negative values, whereas
those of the cations and the carbon atoms are positive. With
increasing methyl groups, the charge variations of the oxygen

atomic charges of the oxygen atoms are more negative and theatoms of the derivatives are relatively large, while the charge

charges of Li are less positive. The strong charge-transfer effect

variations of the complexes are nearly constant. In ionophore

from the oxygen atom to the cation did not occur, and the strong Li™ complexes, the charges of'Lare less positive than those
binding between a cation and four oxygen atoms was not of the other cations, whereas the atomic charges of the oxygen

formed. If the strong charge-transfer effect from the oxygen

atoms are more negative than those of the oxygens of the other

atom to the cation occurs, the atomic charges of the oxygencomplexes. The strong interaction betweer hind the four

atoms must be more negative and the charges ofist be
more positive. It can be confirmed that there is no strong
interaction between tfiand four oxygen atoms. tican easily

oxygen atoms does not occur.*Léan easily complex with the
derivatives and can easily dissociate from the complexes. The
ratio of the (Li* charge/Li radius) influences the binding

complex with the derivatives and can easily dissociate from the between Lt and four oxygen atomg&.he ratio of (M" charge/
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M* radius) may be considered as a measure of the ionic

selectivity. On the basis of the symmetrization of theiita

Park
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shapes, the size consistency between the ionic radius and theg™ 35

cawity, and the ratio (atomic charge/ionic radius) of the cations,
the symmetric ionophore destives are found to be a good
molecular siee of Li* and to hae high lithium cation
selectuity.
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